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ABSTRACT

Nuclear power reactors generate highly radioactive spent fuel assemblies. Initially, the
spent fuel assemblies are stored for a period of several years in an on-site storage facility
to allow the radioactivity levels of the assemblies to decay. As the radioactive fission
product isotopes in the fuel decay, they generate significant amounts of thermal energy
producing high temperatures in the spent fuel. The spent fuel from nuclear power plants
will eventually have to be transferred to a federal geoclogic repository in a spent fuel
transportation casks. The purpose of this research project is to characterize the relative
importance of the heat transfer mechanisms of radiation, conduction, and convection in
a dry horizontally-oriented nuclear spent fuel assembly, for eventual application in spent
fuel transportation cask design.

To determine the relative importance of each heat transfer mode, an experiment was
designed and operated to characterize the heat transfer in an 8x8 square heater rod
array (similar to a Boiling Water Reactor fuel assembly) in a horizontal orientation. The
experimental apparatus was operated with the following variable parameters and their
ranges: Power to Heater Rods (Controlling Temperatures from 40°C to 250°C); Heater
Transfer Medium (Air, Nitrogen, Argon, and Helium); Pressure of the Heat Transfer
Medium (15 psig, 0 psig, 24 inches of mercury); Power to Boundary Condition Box (not
controlled). The experiment was designed, fabricated, and operated under the Sandia
National Laboratories-approved MIT Nuclear Engineering Department Quality
Assurance Program developed in this work specifically for this project.

The test data obtained from the experimental apparatus was analyzed with the lumped
k,q/h 4, model developed by R.D. Manteufel at MIT, in related work on this research
project, and the Wooten-Epstein relationship developed at Battelle Memorial Institute.
The test data was used to validate the lumped k,g/h,;,, model. Good agreement was
found between the lumped k,q/h,,, model and the test data in each Test Campaign with
the exception of Below Atmospheric Pressure data. The difference is believed to be due
in part to the underestimate of the importance of convective heat transfer in the lumped
Ko/ Nggee model but the full reason for the deviation is not known.

Thesis Supervisor: Dr. Neil E. Todreas
Title: Professor of Nuclear Engineering
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CHAPTER i: INTRODUCTION

1.1 PURPOSE AND SCOPE

Nuclear power reactors generate highly radioactive spent nuclear fuel assemblies.
Initially, the spent fuel assemblies are stored for a period of several years in an on-site
storage facility, typically a water filled pool, to allow the radioactivity levels of the
assemblies to decay. As the radioactive fission product isotopes in the fuel decay, they
génerate significant amounts of thermal energy producing high temperatures in the spent
fuel. The spent fuel from nuclear power plants will eventually have to be transferred to
a federal geologic repository via spent fu_el transportation casks. Drawings of a typical
spent fuel transportation cask, a Boiling Water Reactor (BWR) fuel assembly, and a
Pressurized Water Reactor (PWR) fuel assembly are shown in Figures 1-1, 1-2, and 1-3,
respectively. These casks and the spent fuel assemblies inside them are shipped in a
horizontal configuration. One of the key limiting factors in the design of a horizontal
spent fuel cask is heat dissipation. The maximum centerline temperature of the spent
fuel assemblies in the cask limits the total amount of fuel which can be loaded in a
transportation cask. The centerline temperature requirement requires spent fuel to be
cooled at the generating reactors in on-site spent fuel pools for an extended period of
time. Current methods of calculating maximum centerline temperatures of dry horizontal
spent fuel assemblies have assumed that only radiation and conduction heat transfer

mechanisms are important contributors. These calculations have typically neglected any
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contribution from natural convection heat transfer. The purpose of this research project
is to characterize the relative importance of radiation, conduction, and convection in a
dry horizontally-oriented nuclear spent fuel assembly. With this information, future
transportation cask designs can be designed to accommodate more spent fuel and higher
heat load per assembly of spent fuel, and current generation transportation casks will be
able to hold higher thermal power spent fuel (which means less cooling time in the spent
fuel pool) while still meeting the maximum centerline temperature constraints stated in

the Code of Federal Regulations Title 10 Part 71 "Packaging and Transportation of

Radioactive Material" [C-1].
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1.2 BACKGROUND

Experimental work to simulate the heat transfer in a dry, horizontal nuclear power
reactor spent fuel assembly has been the focus of several previous research projects. A
complete literature review for experimental and theoretical heat transfer in an enclosed
rod array was performed by R.D. Manteufel in his PhD Thesis at the Massachusetts
Institute of Technology, 1991 in related work for this research project [M-1].
Experiments using electrically heated rods configured in a horizontal square array have
been carried out by J.S. Watson at Oak Ridge National Laboratory in 1963 [W-1], R.L.
Cox in a PhD Thesis at the University of Tennessee-Knoxville in 1976 [C-2], and Kyung-
Jin Choi in a PhD Thesis at the University of Wisconsin-Madison in 1983 [C-3].

However, each of these previous works has concentrated on only one heat transfer

mechanism.

The work on this research project is aimed at formulating a unified overali model
of heat transfer. The goal of current research work by Sandia National Laboratories, of
wilich this thesis is a part, is "to develop a fundamental understanding of the heat
transfer mechanisms in a dry horizontally-oriented nuclear spent fuel assembly," and to
characterize "the magnitude of thermal conductance offered by radiation, conduction, and
convection” and the relative importance of each heat transfer mode [S-1]. This thesis
work designed and operated an experiment to simulate the heat transfer characteristics

of an 8x8 square heater rod array (similar to a Boiling Water Reactor fuel assembly),

20



and recorded the temperatures inside the heater rods at a variety of power levels. The
" reduced data from this experiment has been utilized to verify a model developed to
predict the maximum pin surface temperature in a fuel assembly and to characterize the
relevant heat transter mechanisms in a fuel assembly. This model was developed by
R.D. Manteufel in his PhD Thesis at the Massachuseits Institute of Technology, 1991 in

related work for this research project [M-1].
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1.3 ORGANIZATION OF THIS WORK

Chapter 2 presents the Quality Assurance Program developed at MIT for this
research project. The Program was developed to provide a high level of confidence that
the experimental system or individual components will perform satisfactorily in service
and that the data recorded from the experiment will be useful and referenceable by
outside parties. The Program has been audited by the Sponsor (SNL) and has been

deemed effective. The approval process is described in this chapter.

Chapter 3 presents the components of the experimental apparatus individuaily and

as a whole. The design considerations for each major component are addressed.

Chapter 4 discusses the Test Campaigns, procedural processes and general results
of the data taken on the experimental apparatus. The Test Campaigns are Atmospheric
Pressure Testing in Air, Above Atmospheric Pressure Testing in Different Fill Gases,
Below Atmospheric Pressure Testing, and Specific Testing that was not originally
identified and was deemed necessary as testing progressed. The variable parameters in

the Test Campaigns and the procedural processes for data acquisition are also discussed.

Chapter 5 presents the overall scheme of analysis/reduction of the data taken in
each Test Campaign. The test data is used in this chapter to verify an effective

conductivity model developed by R.D. Manteufel in related work on this research project
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[M-1]. Section 5.2 presents the process for reduction of Air and Nitrogen data. An

error analysis of the experimental data is also provided.

Chapter 6 summarizes the experimental design, fabrication, and quality of the
experiment and the data acquired in test runs of the experiment. This chapter also

provides recommendations for future work.

Appendix A contains the most recent revision (as of August 9, 1991) of the MIT
Nuclear Engineering Department Quality Assurance Program Plan and Administrative

Procedures developed for this experiment.

Appendix B contains the pertinent MIT Quality Documents referenced in this

thesis.

Appendix C contains the analysis for the selection of the length and thickness of

the Heater Rods used in the experiment.

Appendix D contains the data acquisition computer code for the experimental

apparatus.

Appendix E contains the experimental data presented on formatted data sheets

for each Test Campaign.
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Appendix F contains the process of data reduction for the data taken above
“atmospheric pressure in Helium and in Argon and the data taken below atmospheric

pressure.

Appendix G contains the computer code and its results for determining the

experiment’s end heat losses for correction of the experimental data.
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CHAPTER 2: QUALITY ASSURANCE PROGRAM

2.1 INTRODUCTION

Prior to assembly of the experimental apparatus, a Quality Assurance Program
was developed at MIT by the author as imposed by Sandia National Laboratories (SNL)
in June 1990. The requirement was imposed by SNL to satisfy their Cask Systems
Development Program (CSDP) Quality Assurance Program Plan (QAPP) [S-2]. Their
plan states the ultimate objective of the program as follows:

"The objective of the Department of Energy’s (DOE) Office of Civilian

Radioactive Waste Management (OCRWM) Cask Systems Development

Program is to design, develop, fabricate, test and certify a family of

prototypical casks to be used to transport spent nuclear fuel and high-level

radioactive waste to Federal facilities in a national system for disposal of

such waste in accordance with the Nuclear Waste Policy Act. Prototype

casks will be designed to minimize life cycle costs and ff;ﬁricated and

tested to ensure acceptability for the eventual cask fleet."

The certification and acceptability of this experimental research is derived through the
development and implementation of a Quality Assurance (QA) Program. The QA
Program is required to provide a high level of confidence that the experimental system
or individual components will perform satisfactorily in service and that the data recorded

from the experiment will be fully useable and referenceable by outside parties.
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2.2 MIT NUCLEAR ENGINEERING DEPARTMENT QA PROGRAM

The MIT Nuclear Engineering Department (NED) Quality Assurance Manual was

developed to fulfill the QA requirements imposed by SNL. The MIT NED QA Manual

contains the most recent revisions of the MIT NED Quality Assurance Program Plan

(QAPP) [M-2] and the MIT NED Administrative Procedures (APs) [M-3]. The MIT

NED QAPP dictates general quality requirements for this experimental research. The

processes of implementing these general quality requirements are documented in the

MIT NED APs. The latest revision to the MIT NED QA Manual (as of August 9, 1991)

is provided in Appendix A.

The major points of the MIT NED QA Program will be discussed in this section.

They are:
(D
)
&)
(4)
&)
Q)

Identification of a Quality Level of Effort,
Documentation of Activities Performed,
Retention of Documents,

Calibration of Measuring and Test Equipment,
Inspection of Activities Performed, and

Certification and Training of Personnel.

The MIT NED QA Program has a tri-level Quality Assurance System to allow

identification of the appropriate quality level for any task performed by its degree of risk
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to public radiological health and safety. Quality Level 1 (QL1) is the most stringent
level. It should be assigned to activities when error could directly impact public
radiological health and safety. Quality Level 2 (QL2) should be assigned to activities
with an indirect relationship to adverse radiological effects, such as, an error or failure
which could lead to circumstances that would require a QL1 item to perform its safety
function. Quality Level 3 (QL3) is the least stringent level of quality. It is selectively
assigned for importance other than radiological safety. Further details regarding each
Quality Level can be found in MIT NED AP-5.6, "Quality Program Levels of Effort," in

Appendix A.

The Quality Level of Effort for this research project is QL2. MIT NED AP-5.6
Appendix C "Quality Level Assignment Checklist" was completed for this research
project, as a whole, to determine the most stringent Quality Level that could ever be
assigned to any individual project task. QL2 was assigned to all project tasks and
requires full compliance with the MIT NED QAPP and AFs. This level was not
recorded on individual documents but is the understood level as documented in the
Lovett to Todreas Memorandum of Understanding dated April 2, 1991 regarding "Project
Tasks Quality Level” [L-1]. A copy of this Memorandum of Understanding is provided
in Appendix B. This research project could indirectly impact the design of the heat

removal capabilities or thermal safety features of a transportation cask.

The MIT NED QA Program requires documentation of activities or tasks

27



performed for this research project. If tasks are repetitive, they should be performed
with approved procedures to ensure the task is controlled and performed consistently.
Operating logs are also an acceptable form of documenting activities. If a
nonconformance exists, it should be reported and resolved as discussed in MIT NED AP-
5.8, "Control of Nonconformances." Resolution of a nonconformance may be by
repairing the item, replacing the item, or accepting the item as-is. Additionally, the MIT
NED QA Program requires retention of Quality Documents to demonstrate that tasks
have been done completely and correctly. Document retention also provides task

traceability during the project and for future verification.

The MIT NED QA Program requires that measuring and test equipment be
calibrated and "this calibration shall be directly traceable to the National Institute of
Standards and Technology (NIST) primary standards” [M-2]. Calibration with traceability
to NIST standards is required to ensure conformance of instrumentation to the
manufacturer’s specified tolerances. This conformance ensures the reliability of the test
data. Calibration is procedurally controlled to ensure each instrument used has a current
calibration with an expiration date affixed to the front of the instrument where possible

and provides a means to restore an out-of-calibration instrument back into calibration

or control. Certification is a quality record.

The MIT NED QA Program requires inspection of activities performed to verify

quality. Inspection includes task verification to ensure that a task was performed
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correctly and receipt inspection to ensure a procured item conforms to procurement

" specifications. Any inspection performed is required to be documented as directed in

MIT NED AP-2.10 "Inspection” and is a quality record.

The MIT NED QA Program requires certification and training of personnel to
ensure each individual has an acceptable understanding and knowledge of tasks they are
assigned to perform. Training includes continuous familiarization with the Quality
Program, job responsibilities and authority relating to QA, and qualification for special
tasks on the basis of education, experience, and procf of principle. Certification and

training are required to be documented and retained as a quality record.

Details regarding sponsor approval of this QA Program are provided in the

following section.
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2.3 PROGRAM APPROVAL BY SANDIA NATIONAL LABORATORIES

On October 19, 1990, the MIT NED QAPP (Revision A) was approved by MIT
and issued to SNL for review and approval. The program was written to closely emulate
the SNL CSDP QAPP [S-2). On December 17, 1990, the MIT NED QAPP was
conditionally approved by SNL’s Division 6320 QA Coordinator, Mr. Richard M. Baehr
[S-3]. On January 25, 1991, Mr. Baehr’s concern was resolved by MIT’s commitment to
revise the MIT NED QAPP [M-4]. A copy of each of these letters is provided in

- Appendix B.

During the week of March 25, 1991, Revision B to the MIT NED QAPP and
Revision A to the MIT NED Administrative Procedures (APs) were approved and issued
to Controlled Document Holders as the MIT NED QA Manual with an effective date
of April 1, 1991. The MIT NED APs were written to closely emulate applicable SNL

CSDP Program Directives (PDs) [S-4].

On April 4, 1991, a SNL representztive, Mr. Richard M. Baehr, audited the MIT
NED QAPP and APs for effectiveness. Shortly thereafter in early April 1991, MIT was
formally notified through the Quality Assurance Audit Report for SNL Audit No. MIT-
A91-1 [S-5] that the MIT QA Program is effective and satisfied the QA requiremeﬁts for
SNL Contract 42-5638 [S-1]. As written in the cover letter from Mr. Bachr dated April

9, 1991, "there were no reported Audit Findings or Observations and Audit MIT-A91-1
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is closed out" [S-6]. A copy of Mr. Baehr’s letter and SNL Audit No. MIT-A91-1 is

provided in Appendix B.

During the month cof May, the MIT NED QA Program documents were reviewed
and revised. The Program was modified to remove specific reference to SNL so that the
Program could be applied to any research project at MIT. MIT NED QAPP Revision
C and Revision B to 12 MIT NED APs were issued and distributed to Controlled

Document Holders on May 28, 1991.

During the month of July, several MIT NED APs were revised to remove
reference to the QA Coordinator by name. Revision B to 2 MIT NED APs and

Revision C to 4 MIT NED APs were issued and distributed to Controlled Document

Holders on July 31, 1991,
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24 CHAPTER SUMMARY

As required by Sandia National Laboratories’ Cask Systems Development
Program Quality Assurance Program Plan, a Quality Assurance Program was developed
and implemented for this research project. The QA Program was audited by a SNL
representative and has been deemed effective. The MIT NED QA Program documents

are written in a format that can be applied to any experimental research project at MIT.
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CHAPTER 3: EXPERIMENTAL APPARATUS -

DESIGN AND CONSTRUCTION

3.1 INTRODUCTION

The conceptual design of each experimental component was chosen to emulate
an actual 8x8 Boiling Water Reactor (BWR) spent fuel assembly and its containment in
a transportation cask. To ensure the design would work, a proof of principle experiment
was constructed and tested. The proof of principle experiment was a 4x4 square array
of electrically heated rods five feet in length with a pitch to diameter ratio of 1.3 placed
in a galvanized steel box contained in a metal tube assembly. Each major component,
from the heater rods to the containment vessel, was constructed in-house. Additional
information and experimental results from the proof of principle experiment can be
found in F. Jay Bennett’s Bachelor of Science thesis, "An Experimental Study of Thermal

Radiation and Convection in a Horizontal Spent Fuel Cask," June 1990 [B-1].

There are several lessons learned from the proof of principle experiment that
were incorporated into the 8x8 square array experiment. The lessons learned are that:
(1) for the tolerances of each component to be precise and quantifiable, the experiment’s
components should be fabricated by professional manufacturers with working Quality
Assurance Programs, and (2) for the recorded results from the instrumentation to be

reliable and referenceable, the instruments should be calibrated and certified to NIST
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standards. These lessons learned were incorporated into the 8x8 experiment through the

“ development and implementation of the MIT NED Quality Assurance Program Plan and

Administrative Procedures.

Chapter 3 presents a description of the major components of the experiment.

The major components are:

(1)  the Heater Rods;

(2)  the Rod Support Plates;

(3) the Boundary Condition Box;
(4)  the Containment Vessel;, and

(5) the Instrumentation and Control Equipment.

This chapter also describes the assembly of the Experimental Systems and identifies each
item with a unique identification label by the item’s system, function and a sequential
number of similar items in the system as directed by MIT NED Administrative Procedure
2.9 "Handling, Storage and Shipping." A copy of MIT NED AP-2.9 is provided in

Appendix A.
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3.2 HEATER RODS

The Heater Rods are special order cartridge heaters manufactured by Watlow
Electric Manufacturing Company in St. Louis, Missouri. The manufacturer’s code
number is G24AX58A. The manufacturer’s drawing of a Heater Rod is provided in
Figure 3-1; and a list of Heater Rod’s as-built specifications is provided in Table 3-1.
Note that these specifications in Table 3-1 are less restrictive than the specifications
provided in Figure 3-1. This difference is due to the difficulty in fabricating the rods to
the tolerances shown in Figure 3-1. Table 3-1 lists the acceptable specifications and

tolerances as agreed upon with the manufacturer.

The Heater Rods are 0.375 inch diameter, 24.5 inch long copper sheathed
electric-resistance cartridge heaters with a 23.5 inch nickel-chromium conductor wire
heated region and a type K thermocouple (Chromel, (+) lead; and Alumel, (-) lead)
located at the centerline of the Heater Rod insulated in compacted magnesium oxide
[W-2]. The maximum operating temperature of the heater rods is 370°C. Each
individual Heater Rod is rated for a maximum capacity of 30 Volts/150 Watts; however,
per the manufacturer, these specifications may be exceeded to a limited degree. The
limiting factor is the power density delivered to each Heater Rod. This limit is 44 Watts
per square inch. With the assembled electrical configuration of the Heater Rod's, the
Heater Rods could be operated with 120 Volts/600 Watts. The heater rods are

electrically configured with 4 parallel sets of 16 heater rods in series as shown in Figure
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Table 3-1: List of Heater Rod Specifications

Physical Description:

The Heater Rods are 0.375 inch diameter, 24.5 inch long copper sheathed electric-
resistance cartridge heaters with a 23.5 inch nickel-chromium conductor wire heated
region and a type K thermocouple (Chromel, (+) lead; and Alumel, (-) lead) located
at the centerline of the Heater Rod insulated in compacted magnesium oxide.

Specifications:

Material

Minimum Sheath Thickness
Length

Diameter

Maximum Operating Temperature

Internal Thermocouple
Location

Type K (Alumel/Chromel)
Thermocouple Wire Resistance

Power Lead
Resistance (cold)

Volts
Watts

Power Density

Copper sheath
0.049 inch

24.5 inches = 0.5
0.375 inch + 0.004

370°C

11.5 inches * 0.5 (from the non-lead end)

470 =04

57003
30 Volts per rod
150 Watts per rod

44 Watts per square inch
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3-2. In future purchases, the Heater Rods should be specified to operate at 120

Volts/600 Watts individually. This change would give more flexibility when electrically

configuring the Heater Rod array.

The Heater Rods were ordered and received prior to the development and
implementation of the MIT NED Quality Assurance Program. To ensure the quality of
the Heater Rods before use, each Heater Rod was inspected and assigned a unique
identifigation number. The Heater Rods were inspected in eight full sets of nine Heater
Rods each and one partial set of four Heater Rods. Each set was given an alphabetic
identifier and then each rod in the set was assigned a numeric identifier from 1 to 9
(example: A-2 is the second rod inspected in Set A). The purpose of the inspection was
to ensure each Heater Rod’s physical characteristics were within specified tolerances.

These characteristics were recorded for each Heater Rod. The inspected characteristics

and allowed tolerances are:

Length 24.5 inches + 0.5

Diameter 0.375 inch + 0.004

Thermocouple Wire Intact with Chromel and Alumel Wires
Resistance 4.7 ohm; + 04

Power Leads Intact with Ceramic Beads

Resistance (coid) 5.7 ohms = 0.3
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Power in {1)

1 - -3 24 2-5 2:6 -7 &)

Power ot (1] —AAA——AAR~——AAA—— AN ——NAA——AAA———AAN——ANN—
31 38 37 38

Power in (2] —AAN——AAR——AA———ARA— AR ——AAA——AA——AA—

4-1 4 4- 4.4 4. 4-6 4-7 48
Power out {2}_~W—~\3-—wi—'vw——4v&——-«m—wv—w—

51 & 3 5-4 5-5 &6 7 58
Power in {3} AN AAA AR A AN —— AN ——AAA——AAN——AM—

81 & 3 6-4 6-5 66 67 68
Power out {3}—%——%——%—%——%—%—%—%—

71 7- 73 7-4 7.5 7.8 7.7 78
Power in {4} —W\:—N\k—"VW—W\r'—‘VW—'—WV—‘\Mr-—J\Mr—

81 & ] 84 " 85 86 87 88
Power ot {4} —AVAV——AAA——AAA——AAA—— AN A A —— A —

Legend: ANy - Heater Rod
x-x - Heatsr Rod Position
~— - Electrical Connection

Figure 3-2: Electrical Configuration of the Heater Rods in the
: Experimental Apparatus
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This inspection found ten (10) unacceptable Heater Rods. Eight of these Heater Rods
have subsequently been repaired or replaced by the manufacturer. One Heater Rod was
destructively tested to ensure that the internal thermocouple was located 11.5 inches (+
0.5) from the non-lead end of the Heater Rod. The thermocouple was located within

tolerance; therefore, the remaining unrepaired Heater Rod did not need to be

destructively tested.

Additionally, the thermocouples of the Heater Rods were calibrated in-house
using externally attached thermocouples that had been calibrated to NIST standards.
The thermocouples of a 10% random sampling of the Heater Rods (eight) were
calibrated from approximately 0.0°C (Ice Bath) to approximately 300°C (Heated Rods).
The thermocouple in each Heater Rod was calibrated at Room Temperature. The
acceptable tolerance for these tests was + 1.8°C. This tolerance was chosen to exceed
the calibration tolerances of the NIST certified thermocouples (= 0.6°C) and the NIST
certified digital thermometer (+ 1.0°C) used during in-house calibration of the internal

centerline Heater Rod thermocouples. This tolerance was not exceeded by any of the

Heater Rod thermocouples.

The length of the Heater Rods, 24.5 inches, was chosen for several reasons. An
analysis was performed by R.D. Manteufel to determine the optimal the length of the
Heater Rods accounting for thermal end effects on the centrally located thermocouple

and for structural support needed to hold the rods in a pitch to diameter ratio of
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approximately 1.3. A copy of this analysis is provided in Appendix C. Additionally, the
length, 24.5 inches, is the approximate distance between the grid spacers of a typical

Light Water Reactor spent fuel assembly [A-1]{N-1]{P-1])[W-3].

The material, copper, and the wall thickness, a minimum of 0.049 inch, of the
Heater Rods were chosen to ensure that the exterior rod wall temperature was as
uniform as possible. A copy of the analysis for selecting the material and thickness,
performed by R.D. Manteufel, is provided in Appendix C. However, the large wall
thickness required made the Heater Rod fabrication difficult and caused the final
product to be extremely delicate. The swaging process used in Heater Rod construction
caused the thermocouple and power wires to neck and become prone to breaking.
Seven of the ten defective Heater Rods discovered during the receipt inspection
discussed earlier had either disconnected thermocouple and/or power leads. The Heater
Rod manufacturer recommended a new minimum wall thickness of 0.025 inch for more

durable Heater Rods in future purchases.

These Heater Rods are arranged in an 8x8 square array with a rod pitch to
diameter ratio of approximately 1.33 using Rod Support Plates located one inch from
each end of the Heater Rods. Figure 3-3 shows the arrangement of the Heater Rods
in the 8x8 array identified by their unique identification number. The Rod Support

Plates are discussed in Section 3.3.
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Figure 3-3: Arrangement of Heater Rods in 8x8 Array by Unique

Identifying Numbers
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3.3 ROD SUPPORT PLATES

The Rod Support Plates are speciai order machined plates fabricated by Sheffield
Progressive, Incorporated in North Reading, Massachusetts. The manufacturer’s drawing
of the Rod Support Plates is provided in Figure 3-4; and a list of the Rod Support Plates’

specifications is provided in Table 3-2.

The Rod Support Plates are two identical 4.5 inch square 1095 Carbon Steel
plates, 0.032 inch thick, with an 8 square array of 0.380 inch holes (64 total) centered on

each plate. The pitch between the holes is 0.500 inch.

The thickness of the plates, 0.032 inch, was chosen to minimize the amount of
heat conducted from the Heater Rods to the plates while still providing adequate
structural support for the Heater Rod array. The material, 1095 Carbon Steel, was

chosen due to its availability, strength, and low cost.

Due to incomplete delivery of the purchase order by the manufacturer, the Rod
Support Plates were initially held as non-useable items until the engineering drawing was
received. Upon receiving the drawing, the Rod Support Plates were inspected and found
to be acceptable. The QA hold was lifted, and the Rod Support Plates were determined

useable on October 24, 1990,
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Table 3-2: List of Rod Support Plate Specifications

Physical Description:

Two identical 4.5 inch square 1095 Carbon Steel Plates, 0.032 inch thick, with an 8
square array of 0.380 inch holes (64 total) centered on each plate (center to center
between holes is 0.500 inch).

Specifications:

Material 1095 Carbon Steel

Length 4.500 inches * 0.002
Width 4.500 inches = 0.002
Thickness 0.032 inch + 0.002

Array of holes 8 x 8 (total 64 holes)
Diameter of holes 0.380 inch + 0.002, - 0.000
Center to center

between holes (Pitch) 0.500 inch = 0.005

Center hole location Center of plate = 0.005
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The Rod Support Plates hold the Heater Rods in an 8x8 square array with a pitch
to diameter ratio of approximately 1.33. The resulting 8x8 square array of Heater Rods
rests in a Boundary Condition Box. The Boundary Condition Box is discussed in Section

3.4.
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3.4 BOUNDARY CONDITION BOX

The Boundary Condition Box provides the boundary condition for the Heater Rod
array. The box has two components: a metal box known as the Boundary Condition
Box Support Structure and the heaters attached to the support structure. These

components are discussed individually.

The Boundary Condition Box Support Structure (BCB-8S-1) is a special order
machined aluminum box fabricated by Sheffield Progressive, Incorporated in North
Reading, Massachusetts. The manufacturer’s drawings of the Boundary Condition Box
are provided in Figures 3-5 and 3-6; and a list of the Boundary Condition Box’s

specifications is provided in Table 3-3.

The Boundary Condition Box Support Structure is made from 2 sets of 2 identical
6061 Aluminum pieces. When these pieces are assembled, they form a rectangular box:
6.55 inches square outside with a 1.00 inch wall thickness, 4.55 inches square inside, and
25.00 inches in length. These pieces are held together with removable screws for easy
assembly/disassembly. The 6.55 inch wide piece has eight screw holes and the 4.55 inch
wide piece has eight screw taps. Sixteen 1.75 inch long screws structurally hold the
pieces into the box form. In addition to the assembly screw holes and taps, each piece

has four 0.50 inch screw taps for the attachment of strip heaters.
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Table 3-3: List of Boundary Condition Box Specifications

Physical Description:

The Boundary Condition Box Support Structure is made from 2 sets of 2 identical
6061 Aluminum pieces. When these pieces are put together, they form a rectangular
box: 6.55 inches square outside with wall thickness 1.00 inch, 4.55 inches square
inside, and 25.00 inches in length. These pieces are held together by removable
screws for ease of assembly/disassembly. The 6.55 inch wide piece has eight (8) screw
holes and the 4.55 inch wide piece has eight (8) screw taps. Sixteen (16) 1.75 inch
long screws structurally hold the pieces into the box form.
assembly screw holes and taps, each piece has four (4) 0.50 inch screw taps for

attachment of strip heaters.

Specifications:

Material

Piece No. 1

Piece No. 2

Quantity

Width
Length
Thickness

Locations:
Screw holes
Screw taps

Quantity

Width
Length
Thickness

Locations:
Screw holes
Screw taps

6061 Aluminum
2
6.55 inches + 0.01

25.00 inches + 0.05
1.00 inch = 0.01

specified distance (inches) * 0.01
specified distance (inches) * 0.01
2

4.55 inches = 0.01

25.00 inches = 0.05
1.00 inch = 0.01

specified distance (inches) = 0.01
specified distance (inches) = 0.01
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The material, aluminum 6061, and the wall thickness, 1.00 inch, of the Boundary

Condition Box Support Structure were chosen to ensure that the interior box wall

provided a nearly isothermal boundary.

The second component of the Boundary Condition Box is the heaters attached
to the box. Three types of are heaters used: strip heaters, flexible heaters, and ribbon

heaters. Each heater type is discussed individually.

The strip heaters are stock order Mica Strip Heaters supplied by Watlow Electric
Manufacturing Company in St. Louis, Missouri. The Watlow stock number is S1J23NU3.
The strip heaters are 23.75 inch long, 1.5 inch wide stainless steel sheathed heaters with
a 21 inch long heated region with precut mounting holes. Each strip heater is rated for
120 Volt/750 Watts with a maximum power density of 24 Watts per square inch [W-2].
Two strip heaters are attached to each support structure side for a total of eight strip
heaters. They are electrically configured with 4 parallel sets of 2 heaters in series as

shown in Figure 3-7. Two additional heaters are available for backup use if necessary.

The flexible heater is a stock order Silicone Rubber Rectangle (Etched-Foil
Construction) supplied by Watlow Electric Manufacturing Compaﬁy in St. Louis,
Missouri. The Watlow stock number is FO60050C7. The silicone heater is a 5 inch long,
6 inch wide heater with an etched-foil resistance element vulcanized between two thin

layers of fiberglass-reinforced silicone rubber; it is approximately 0.018 inch thick. The
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Power out Power i
3) e
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Lagend: /\/\/\/ - Box Side Strip Healer

BCB-HTR-{#} - Box Heater identification Numbet
- Blectricai Connection

Figure 3-7:  Electrical Configuration of the Boundary Condition Box
Strip Heaters in the Experimental Apparatus

52



silicone heater is rated at 120 Volts/300 Watts with a maximum power density of 10
~ Watts per square inch [W-2). This heater is attached to the non-lead end of the support
structure with RTV106 Silicone Sealant manufactured by General Electric Company.

One spare heater is available for use if necessary.

Due to potential outgassing problem with the silicone rubber heater at extremely
low pressures, an additional type of flexible heater was purchased. This other flexible
heater is a stock order Kapton® Heater supplied by Watlow Electric Manufacturing
Company in St. Louis, Missouri. The Watlow stock number is K050050C3. The
Kapton® Heater is a § inch long, 5 inch wide heater with an etched-foil resistance
element in a Kapton® film which is coated on one side with a layer of FEP teflon; it is
approximately 0.007 inch thick. The Kapton® Heater is rated at 120 Volts/125 Watts
with a maximum power density of 5 Watts per square inch [W-2). This heater type was
not used on this experimental apparatus since testing was not performed at extremely

low pressures. Two heaters are available for use if necessary.

The ribbon heater is a stock order Heavy Insulated Ultra-High Temperature
Heating Tape supplied by Omega Engineering Incorporated in Stamford, Connecticut.
The Omega stock number is STH051-060. The heating tape is a 6 feet long, 0.5 inch
wide ribbon heater with fine gage (36-40) stranded resistance wires surrounded with
Samox® braiding insulation. It is rated at 120 Volts/470 Watts with a maximum power

density of 13 Watts per square inch [O-1]. The heating tape is wound between the lead
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end of the Heater Rods in the configuration shown in Figure 3-8. One spare heater is

available for use if necessary.

The Boundary Condition Box provides the boundary conditions for the
experimental apparatus and supports the Heater Rod array arranged by the Rod Support

Plates. The Box is centered in the Containment Vessel. The Containment Vessel is

discussed in Section 3.5.
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3.5 CONTAINMENT VESSEL

The Containment Vessel (CV-VS-1) is a special order pressure/vacuum vessel
fabricated by Massachusetts Ehginccring Company in Avon, Massachusetts. The
manufacturer’s drawing of the Containment Vessel and Form U-1A "Manufacturer’s
Data Report for Pressure Vessels" are provided in Figures 3-9 and 3-10, respectively; and

a list of the Containment Vessel’s specifications is provided in Table 3-4.

The Containment Vessel is an ASME approved and stamped pressure (75
psig)/full vacuum vessel constructed from 18 inch outside-diameter, 62 inch long SA53-B
Carbon Steel pipe with a 0.375 inch wall thickness sealed at each end with 150 pound
SA105 Carbon Steel flanges. The Containment Vessel ends are sealed with a standard
18.25 inch inside diameter gasket between the flanges. The vessel has a total of 13-3/4
inch female NPT threaded tap penetrations at locations shown in Figure 3-9. Additional
features provided on the vessel are lift lugs on each blank flange and on the vessel itself
for lifting the vessel and two 6 inch high cradles to support the vessel weight of 900

pounds.

Nine of the thirteen penetrations are utilized in the experiment. One penetration
is used for the dual pressure safety relief valves; one penetration is used for the
compound pressure gauge; one penetration is used for power feedthroughs; five

penetrations are used for thermocouple feedthroughs; one penetration is used for the
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Table 3-4: List of Containment Vessel Specifications

Physical Description:

ASME Code approved and stamped pressure-vacuum vessel constructed from 18 inch
(outside diameter) pipe that is 5 feet long with bolted and blind flanges at each end.
The vessel has a total of 13 3/4 inch female NPT threaded tap penetrations.

Specifications:

Material (pipe)

Length (pipe w/o flanges)
Outside Diameter

Penetrations

Design Pressures

Design Temperature

Design Fill Gases

SA 53B Carbon Steel
60 inches = 1
18 inches = 0.1
Total of 13 3/4 inch female NPT threaded taps
Locations:
A. 9 inches = 0.25 from end of pipe
Number: 4 radially spaced 90

degrees * 2 starting
from the top of the

vessel
B. 30 inches = 0.25 from end of pipe
Number: 1 at the top of the
vessel

C. 54 inches = 0.25 from end of pipe
Number: 8 radially spaced 45
degrees + 2 starting
from the top of the
vessel

Minimum:  Full Vacuum
Maximum: 75 psig % 1

200 degrees C = 5

N,, He, A, SF4, CO,
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Containment Vessel Pressure System; and one penetration is used for the Containment

Vessel Vacuum System. Figure 3-11 shows the Containment Vessel System.

The dual pressure safety relief valves are Anderson Greenwood Type 83 Safety
Relief Valves supplied by Piping Specialties in Needham, Massachusetts. The
manufacturer’s part number is 83546-4L. The valves have a Kalrez® perfluoroelastomer
O-Ring seat for its severe heat and chemical resistant properties. The valve body and
trim are 316 Stainless Steel with 1/2 inch female inlet, 3/4 inch female outlet, and a
packed lift lever [A-2]. One valve (CV-PRV-1), serial number 90-22437, has a set lift
pressure of 20 psig and blowdown capacity of 28 standard cubic feet per minute air; the
other valve (CV-PRV-2), serial number 90-22438, has a set lift pressure of 24 psig and
a blowdown capacity of 31 standard cubic feet per minute air. These valves are directly

installed on the Containment Vessel with a threaded Tee-fitting.

The gauge (CV-PG-1) is a Marshalltown Compound Pressure and Vacuum Gauge
supplied by McMaster Carr Supply Company in Dayton, New Jersey. The supplier’s part
number is 4004K35. The gauge is a phosphor bronze bourdon tube (ANSI Grade B -
2% Accuracy) with a 4.5 inch dial indicating 150 psig to 30 inches Hg total graduations

[M-5]. The gauge is installed directly in one of the top vessel penetrations.

The power feedthrough and the thermocouple feedthroughs were fabricated in-

house for budget/economics reasons. Due to safety and legal (State of Massachusetts)
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concerns, these in-house fabricated feedthroughs limited pressure operation of the vessel

to no higher that 20 psig.

The power feedthrough and the thermocouple feedthroughs were fabricated from
compression fittings, epoxy, and solid strand wire. The power feedthrough wire is THHN
Premium Building Wire supplied by McMaster-Carr Supply Company in Dayton, New
Jersey. The supplier’s part numbers are 7125K72 (color: black) and 7125K82 (color:
white). The power wire is 12 AWG solid copper conductor with PVC insulation (UL 83
and 1063) rated for 600 Volts [M-5]. The black and white wires are paired as power in
and power out respectively. There are 12 pairs of power wires in the power feedthrough.
The thermocouple feedthrough wire is Multipair Thermocouple Extension Cable supplied
by Omega Engineering Incorporated in Stamford, Connecticut. The supplier’s catalog
number is 20KX20PP. The thermocouple cable is 20 AWG type K (Chromel, (+) lead;
and Alumel, (-) lead) with 20 twisted and marked pairs [O-2]. The thermocouple

feedthroughs each have 30 thermocouple pairs.

The power feedthrough and the thermocouple feedthroughs were assembled
identically. Each feedthrough wire is held together with a 3/4 inch NPT Thermo Electric
steel compression fitting centered on 2 feet of wire. The fitting has a rubber bushing
that compressed around the feedthrough wire as the fitting was tightened [T-1]. To
ensure an air tight feedthrough, Devcon® epoxy adhesive was applied between the wires

in the compression fitting and to the end of each feedthrough wire.
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The Containment Vessel Pressure System is the system used to pressurize the
Containment Vessel with the desired heat transfer medium. The Pressure System
consists of a compressed gas cylinder, an isolation valve (CV-VAL-3) and a regulator
valve (CV-VAL-2) for the compressed gas cylinder, and an isolation valve (CV-VAL-1)
between the vessel and the compressed gas cylinder regulator valve. The gas cylinders
with the desired heat transfer medium are stock order AIRCO products supplied by MIT
Laboratory Supplies in Cambridge, Massachusetts. The MIT stock numbers are 340090,
340000, and 330020 for Nitrogen, Helium, and Argon, respectively. Table 3-5 lists the
purity specifications for each heat transfer medium. The Containment Vessel Pressure
System Operating Process is discussed in Section 4.3. After operation with one heat
transfer medium is completed, its compressed gas cylinder is removed from the system

and replaced with the next desired heat transfer medium’s compressed gas cylinder.

The Containment Vessel Vacuum System is used to operate the experimental
apparatus at below atmospheric pressure. The Vacuum System consists of a vacuum
pump (CV-VP-1) and an isolation valve (CV-VAL-4) between the vessel and the vacuum
pump. The vacuum pump is a Sargent-Welch Scientific Company Model 1405 belt-
driven two-stage vacuum pump. The vacuum pump in-take line has an MDC Vacuum
Products Corporation Model KTX-075-2 Foreline Trap installed. The foreline trap
prevents backstreaming of hydrocarbons. These vacuum components are on loan from
another research project at MIT. The Containment Vessel Vacuum System Operating

Process is discussed in Section 4.3.

63



Table 3-5: Heat Transfer Medium Purity Specifications [E-1]}

Heat
Transfer
Medium

Pre-Purified
Nitrogen

Commercial
Grade
Helium

Commercial
Grade
Argon

Purity

99.995%

99.995%

99.997%

Oxygen

Content

< 5 ppm

< 10 ppm

< 5 ppm

64

Moisture
Content

< 10 ppm

< 15 ppm

< 10.5 ppm



The Containment Vessel System was operated and observed to determine
appropriate leakage rates. In the above atmospheric pressure operating range with
Helium as the heat transfer medium, the vessel was observed to leak 5 psi in
approximately 9 hours starting at a pressure of 20 psig. In the below atmospheric
pressure operating range, the vessel’s observed inleakage was 1 inch Hg in approximately

28 hours starting at a pressure of 26 inches Hg.
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3.6 INSTRUMENTATION AND CONTROL

The experiment’s instrumentation can be broken down into two types of
Instrumentation and Control Systems. These systems are: the Data Acquisition System

and the Power Systems. Each system type is discussed individually in this section.

As directed by MIT NED Administrative Procedure 2.8, "Control of Measuring
and Test Equipment,” instruments used for support of data gathering activities "shall be
calibrated utilizing reference standards whose calibration is certified as being traceable
to the National Institute of Standards and Technology (NIST)" [M-3]. A copy of MIT
NED AP 2.8 is provided in Appendix A. Each instrument used on this research project

has a current calibration to NIST standards.

The Data Acquisition System in comprised of Hewlett Packard compeonents on
loan from several research projects at MIT. The Data Acquisition System consists of a
data acquisition/control unit (DAU-DAU-1) with 5 multiplexer cards (DAU-M-1 through
5) and an integrating voltmeter (DAU-V-1) installed, a computer with a central
processing unit (DAU-COM-1) and a data storage unit (DAU-COM-2), and a printer

(DAU-PRT-1). Figure 3-12 shows the Data Acquisition System.

The data acquisition/control unit is a Hewlett Packard Model 3852A. This unit

has the ability to support 8 plug-in function modules. The plug-in function modules used
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are five Hewlett Packard Model 44708A modules, 20 Channel Relay Multiplexers, and
" one Hewlett Packard Model 44701A module, a 5 1/2 digit Integrating Voltmeter. These
modules were chosen due to their ability to reject common-mode noise. Additionally,
the relay multiplexers automatically handle thermocouple compensation [H-1]. As
advised by Hewlett Packard through General Electric Company in a letter from Mr.
Robert S. Sellon to the author dated March 1, 1991, Hewlett Packard Model 44708A
relay modules do not require calibration since they "are relays and have no effect on the
system’s accuracy” [S-7]. A copy of this letter is provided in Appendix B. Both the data

acquisition/control unit and the integrating voltmeter have current calibration to NIST

standards.

The computer used in the Data Acquisition System is a Hewlett Packard 9000/300
Series Model 9153A with a 10 Megabyte hard drive and a 3 1/2 inch floppy drive. The

printer is a Hewlett Packard ThinkJet Model 2225A.

The thermocouple wire used to connect the penetrations to the multiplexers is
Multipair Thermocouple Extension Cable supplied by Omega Engineering Incorporated.
The thermocoupie cable is 20 AWG type K (Chromel, (+) lead; and Alumel, (-) lead)

with 20 twisted and marked pairs [O-2].

The experimental apparatus has two separate control systems for power. The first

is the Heater Rod System; the second is the Boundary Condition Box System. Each of
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these systems are discussed in this section. Figures 3-13 and 3-14 show the Heater Rod
System and the Boundary Condition Box System, respectively. To limit the voltage input
to each system, variable transformers were placed between the power supplies and the
control units. These variable transformers are used to limit the thermal stresses to the
Heater Rods in the Heater Rod System and to limit the power to the Boundary
Condition Box heaters so that their power ratings are not exceeded. The variable

transformers are on loan from other research projects at MIT.

The Heater Rod System controls and monitors the power delivered to the Heater
Rods. Electronic Control Systems (ECS) Control/Alarm Model 6400-K-4-1-1-2-1 is the
unit that controls the power delivered to the Heater Rods. The unit’s Control Module,
ECS Model 6414, (ROD-C-1) provides the control function. It controls the power by
controlling the temperature of the Heater Rod in Position 4-4. The unit’s Alarm
Module, ECS Model 6460, (ROD-ALA-1) is a safety feature. [t monitors the
temperature of the Heater Rod in Position 5-5 and will disconnect power to the Heater
Rods if its setpoint is exceeded. During operation, the alarm setpoint is set 10° higher

than the control setpoint.

Redundant instrumentation for current, voltage, and power are provided in the
Heater Rod System to monitor the power delivered to the Heater Rods. Each function
is monitored with an analog instrument and a digital instrument. Current is monitored

with a Simpson Model 59 Analog AC Ammeter (ROD-A-2) and a Simpson Model 2869
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Digital AC Millivolt Meter (ROD-A-1) with a General Electric Model EM/HA-10-100
(10 amp:100 millivolt) Shunt (ROD-AS-1). Voltage is monitored with a Simpson Analog
Voltmeter (ROD-V-2), a Newport Model 201AN-AC6 Digital AC Voltmeter (ROD-V-
1), and a Hewiett Packard Model E2377A Multimeter selected to the AC Voltage
function (ROD-V-3). Power is monitored with a Simpson Model 79 Analog Wattmeter
(ROD-W-2) and an ECS Model 6558-1-2-4-3-2-0-0-0 Watts Transducer (ROD-W-1) with
an installed General Electric Type JA1-0 Current Transformer (ROD-CT-1) calibrated
with 5 primary turns. Each instrument was purchased from an approved vendor and has
current calibration to NIST standards. A list of approved vendors is provided in

Appendix B.

The instruments were electrically connected with insulated 14 AWG braided

copper wire with fuses installed in-line to protect the instrumentation from power spikes.

The Boundary Condition Box System controls the power delivered to each box
side and end. Each box side and end has its own controller. Omega Model CN9111
Microprocessors (BCB-C-1, BCB-C-2, BCB-C-3, and BCB-4) control the power delivered -
to the box sides heaters (top, right, bottorm, and left sides, respectively), and Omega
Model CN9111A Microprocessors (BCB-C-5 and BCB-C-6) control the power delivered
to the box ends heaters (lead and non-lead ends, respectively). These microprocessors
control the power to the box sides by controlling the temperature of centrally attached

thermocouples and to the box ends by controlling the temperature of the thermocouple
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attached to the end of the Heater Rod in Position 2-7. The box sides microprocessors
" function as on/off controllers due to installed Omega Model MC1-2-30-120 Mechanical
Relays in each power line to prevent excessive cycling of the microprocessors.
Additionally, fuses have been instalied to prevent a pdwer spike from affecting the
instrumentation. As mentioned earlier, the voltage is limited by a variable transformer
(BCB-VARIAC-1). The current is monitored with a Simpson Model 59 Analog AC
Ammeter (BCB-A-1). Each instrument was purchased from an approved vendor and
calibrated to NIST standards. A list of approved vendors is provided in Appendix B.

The instruments were electrically connected with insulated 14 AWG braided copper wire.
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3.7 ASSEMBLY OF EXPERIMENTAL SYSTEM

This section describes the assembly of the experimental system. It provides detail

on how the equipment is assembled and other details that should be noted.

Prior to assembly of the experimental system, the Heater Rods were inspected as
discussed in Section 3.2. After inspection, the Heater Rods, Rod Support Plates, and the
interior walls of the Boundary Condition Box were painted black. These components
were painted so that their emissivity could be approximated at 0.9. The paint used for
this purpose was black Krylon High Heat Spray Paint. The paint withstands
temperatures up to 315°C for long periods of time without deteriorating, and dries within

5 minutes to prevent runs and drips.

After painting the items, the assembly of the experimental system began. Eight
Heater Rods were placed in the Rod Support Plates one row at a time. After each rod
was inserted in the Rod Support Plates, the rod was electrically connected to its nearest
neighbor with VOLTREX® Non-insulated High-Temperature Butt Connectors. After
each rod was connected, continuity was checked using a multimeter to ensure that the
power wires were connected to the Heater Rod and that there was no short between the
Heater Rods and the Rod Support Plates. After a row of ‘8 Heater Rods was insialled
and connected, the non-insulated connectors were coated with a mixture of Sauereisen

Electric Heater Cement (No. 6 Powder) and water. The cement coated connectors were
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dried with heated air from a forced heating unit. The Heater Rods were electrically
connected in 4 sets of 16 Heater Rods connected in series. Figure 3-2 shows the
electrical configuration of the Heater Rods, and Figure 3-3 shows the arrangement of the
Heater Rods in the 8x8 array by their unique identifying numbers assigned during the

Heater Rod Inspection.

The Heater Rods, now supported in a square array by the Rod Support Plates,
were then placed in the Boundary Condition Box. The box had already been assembled
with Mica Strip Heaters and the Ribbon Heater as described in Section 3.4. To ensure
the equipment would work, the Heater Rods and Boundary Condition Box side heaters
were electrically connected for testing to their respective Instrumentation and Control
components described in Section 3.6 and illustrated in Figures 3-13 and 3-14, respectively.
The box side heaters were operated with temporary thermocouples attached to the
surface of each box side. The equipment performed as expected and was ready to be

placed inside the Containment Vessel.

A support stand was fabricated to center the Boundary Condition Box inside the
Containment Vessel. The support stand was designed to have minimal contact with the
box. The stand was fabricated out of bolted DEXION metal strips coated with a mixture
of Sauereisen Electric Heater Cement (No. 6 Powder) and water, at the points were the
stand would contact the Boundary Condition Box. The cement was used to prevent a

potential short circuit path from the electrically heated components to the Containment
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Vessel and to minimize the heat conducted from the box to the support stand and to the
Containment Vessel. The support stand was placed inside the Containment Vessel

above the Containment Vessel Vacuum System penetration (see Figure 3-11).

After the support stand was situated in the Containment Vessel, the Boundary
Condition Box was placed horizontally inside the Containment Vessel on the support
stand. A Starrett No. 130 Precision Iron Bench Level was used to ensure that the box

was horizontally level inside the Containment Vessel.

The penetration components discussed in Section 3.5 were then installed on the
Containment Vessel. The power wires of the Heater Rods and the Boundary Condition
Box side heaters were attached to the power feedthroughs with non-insulated butt
connectors and insulated with high temperature electrical tape. As each wire was
attached to a feedthrough wire, a label was attached to the exterior penetration wire
identifying the wire path. The thermocouple wires of the Heater Rods were then
attached to the thermocouple feedthroughs. As each Heater Rod thermocouple was
attached to the interior penetration, the Heater Rod identifying label was removed from
that thermocouple and placed on the exterior penetration. The electrical continuity of
these connections were continually checked and verified with the multimeter’s continuity
function. During the continuity check, the thermocouple of the Heater Rod in Position
3-2 (Rod ID No. G-8) was discovered to have an open circuit. Therefore, this position

does not have a functioning thermocouple. The exterior power penetration feedthrough
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wires and the controlling thermocouple were then attached to the Heater Rod System

and the Boundary Condition Box System (see Figures 3-13 and 3-14, respectively).

After the Heater Rod thermocouples were attached to the thermoccuple
feedthroughs, thermocouples were installed on the Boundary Condition Bex surface and
the ends of 5 Heater Rods. Four type K thermocouples were attached to the surface of
each box side with high temperature and high thermally conductive epoxy; one positioned
2 inches, two positioned 12.5 inches, and one paositioned 23 inches from the end of the
box. One type K thermocouple was attached to the end of each Heater Rod in the
following positions (with the same type of epoxy): Position 1-1, Position 2-7, Position 4-4,
Position 5-5, and Position 7-3. The epoxy used is OMEGABOND® 200 which is
recommended for accuracy to 260°C for beaded wire thermocouples. The epoxy cures
at elevated temperatures: 8 hours at 120°C or 2 hours at 200°C [O-2]. Both the Heater
Rods and the Boundary Condition Box side heaters were operated to cure the
thermocouple epoxy. This curing process also provided proof that the experimental

apparatus was operational.

It is noted at this point that during the Debugging Phase, discussed in Section 4.5,
the epoxied thermocouples were determined not to provide an accurate measurement
of the actual wall temperature. To rectify this, thermocouples were mechanically
attached to the Boundary Condition Box sides. This problem and its solution are

discussed in Section 4.5.
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After the thermocouples had properly cured, the Boundary Condition Box non-
" lead end flexible heater, Silicone Rubber Rectangle, was attached to the 1 inch thick box
support structure with RTV106 Silicone Sealant. This sealant cured at room

temperature in approximately 8 hours.

The epoxied thermocouples and the Containment Vessel environment
thermocouples (one located at the box end of the vessel and one located at the wire end
of the vgssel) were then attached to the thermocouple feedthrough. The identifying label
for each thermocouple was transferred to the appropriate exterior penetration wire. At

this time, all of the thermocouples were attached to the feedthroughs.

The final major step was to attach the exterior thermocouple feedthrough
penetration wires to the Data Acquisition Systems’ multiplexer modules. This step was
accomplished with hours of care and caution to ensure that each thermocouple

connected was assigned the appropriate multiplexer channel number.

After completing the thermocouple attachment to the Data Acquisition System
and verifying that the Containment Vessel internais were connected and cured, the
Containment Vessel ends were sealed. The experimental apparatus was now ready for

testing, beginning with the Debugging Phase discussed in Section 4.5.
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3.8 CHAPTER SUMMARY

Chapter 3 describes the design and construction of the experimental apparatus.

The major components of the experiment are:

(1)  the Heater Rods;

(2) the Rod Support Plates;

(3) the Boundary Condition Box;
(4)  the Containment Vessel; and

(5) the Instrumentation and Control Equipment.

The design and construction of each major component is discussed in detail. In addition,
each item in the experimental apparatus is identified by a unique identification label by
the item’s system, function and a sequential number of similar items in the system as
required by the Quality Assurance Program discussed in Chapter 2. Important points
to note from the assembly of the experimental apparatus are that constant use of a
multimeter’s continuity function and careful attention to detail in assembly, while
appearing to be tedious and time consuming, save time and many frustrations in the long

rim.
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CHAPTER 4: DATA ACQUISITION

41 INTRODUCTION

Chapter 4 presents the test campaigns, procedures and general results of the data
taken on the expeﬁmental apparatus. Section 4.2 discusses the test campaigns
performed. They include (1) Atmospheric Pressure Testing in Air; (2) Varied Pressure
Testing in Different Fill Gases; (3) Below Atmospheric Pressure Testing; and (4) Specific
Testing that was not originally identified and was deemed necessary as testing progressed.
The variable parameters in the test campaigns are also discussed. Section 4.3 discusses
the procedural processes used for data acquisition. Section 4.4 briefly discusses the test

data results and the format of the data sheets provided in Appendix E.
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42 TEST CAMPAIGNS

There are several variable parameters for the experimental apparatus. They are:
(1)  The power input to the Heater Rod System;
(2)  The controlling temperatures of the Boundary Condition Box System;
(3) The heat transfer medium in the Containment Vessel; and
(4) The operating pressure of the heat transfer medium.
These parameters were varied to enhance (accentuate) or eliminate each of the heat
transfer mechanisms individually. This section will discuss the test campaigns executed

with the experimental apparatus and the reasoning behind their selection.

The first parameter is the power input to the Heater Rods. The power is
controlled by the temperature of a centrally located heater rod (Position 4-4) with the
controller/alarm unit (ECS Model 6400-K-4-1-1-2-1). The controlling operating power
ranges from 70°C to 250°C. For physical reasons, the minimum is established to ensure
that the apparatus has a high enough power input for accurate temperature
measurement; the maximum is to ensure that neither the maximum temperature design
limitation of 370°C of the heater rods nor the maximum controller/alarm unit voltage
delivery of 125 Volts is reached or exceeded. Note that the centrally located heater rod
is not usually the hottest heater rod in the array. For fundamental heat transfer reasons,
low operating temperatures accentuate convection while high temperatures accentuate

radiation.
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The second parameter is the controlling temperatures of the Boundary Condition
Box. The box temperatures include each side of the box and each end of the box. The
box sides temperatures were capable of being controlled with individual Omega 9111
Microprocessors, and the box ends temperatures were capable of being controlled with
individual Omega 9111A Microprocessors. The box sides temperatures were not actually
controlled in any of the Test Campaigns. It was not necessary since the axial
temperature variation of each individual box side from the center to its own end was less
than 2 degrees. The box ends temperatures were controlled for one matrix in Test
Campaign 1. Both ends were controlled with thermocouples attached to the ends of the
heater rod located in Position 2-7. Controlling the temperatures of the box ends did not
produce useable results because the box end heaters’ power input was not measured or
quantified. Additionally, the heat from these end heaters adversely affected the
temperature profile by adding heat to the outer ring of the array causing the temperature
of the heater rod ends in the outer ring of the array to be higher than the centerline
temperature. Consequently, the end heaters were not utilized further. As a whole, the

box temperatures are not considered a controlled variable parameter in the Test

Campaigns.

The third parameter is the heat transfer medium in the fuel array and the
Containment Vessel. The variable mediums are Air, Nitrogen, Helium, and Argon. One
reason these gases were chosen is due to their practical application in transportation

casks. The other reason is due to their varied densities and thermal conductivities. A
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gas with a high thermal conductivity will accentuate conduction, and a gas with a high
'density will accentuate convection. The advantages and disadvantages of each heat
transfer medium are as follows. Air is advantageous because it is inexpensive (free) and
ubiquitous; however its purity level is unquantified. Nitrogen is inexpensive, does not
leak exczssively due to its large molecular size, and is a good heat transfer medium;
however, it is not a noble gas and could possibly react with the spent nuclear fuel and
become a carrier for radioactivity. Argon is reasonably priced, does not leak excessively
due to its large molecular size, has similar heater transfer characteristics to Nitrogen, and
is a noble gas and therefore not a potential carrier for radioactivity. Helium is-
comparatively expensive, is an exceptionally good heat transfer medium (high thermal
conductivity), and is a noble gas and therefore not a potential carrier for radioactivity;

however, it leaks easily due to its small molecular size.

The fourth parameter is the operating pressure of the heat transfer medium in
the Containment Vessel. The operating pressures are below atmospheric pressure
(approximately 24 inches of mercury), atmospheric pressure (0 psig), and above
atmospheric pressure (15 psig). The pressure range was chosen to accentuate convection
with high pressures (above atmospheric pressure) and to minimize convection with low
pressures (below atmospheric pressure). Additionally, the pressure range was specified
to ensure that the experimental pressure was maintained in the continuum regime shown
in Figure 4-1. A higher operating pressure would have been desirable to further increase

the convection effect; however, even though the Containment Vessel is rated for a
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Figure 4-1: Effective Gas Conductivity in a Typical PWR Assembly
as a function of Vacuum Pressure, including:
Free-Molecular Flow (P < 29.94 inches Hg),

Slip Flow (29.94 inches Hg < P < 29.90 inches Hg), and
Continuum Regime (P > 29.90 inches Hg) [M-1]
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maximum operating pressure of 75 psig, the power and thermocouple penetrations do
not have a certified rating and due to safety concerns could not be operated above 20

psig. Rated penetrations could not be purchased due to budget constraints.

The data acquisition is categorized into four Data Acquisition Campaigns in which
these parameters are varied. The Campaigns are: (1) Atmospheric Pressure Testing in
Air; (2) Varied Pressure Testing in Different Fill Gases; (3) Below Atmospheric Pressure
Testing; and (4) Specific Testing that was not originally identified and was deemed
necessary as testing progressed. These campaigns were broken into matrices to vary the

parameters further.

Test Campaign 1 Matrix 1 was performed at atmospheric pressure in air at 14
Heater Rod power levels with the centrolling temperature ranging from 40°C to 250°C
without the Boundary Condition Box side or end heaters operating and 10 Heater Rod
power levels with the controlling temperature ranging from 70°C to 250°C with the
Boundary Condition Box end heaters operating. Thé data acquisition in Test Campaign
i Matrix 1 prior to May 7, 1991 is the Debugging Phase. This Phase is discussed ih

Section 4.5. The purpose of Test Campaign 1 Matrix 1 is to produce a base set of data.

Test Campaign 2 Matrix 1 was performed at above atmospheric pressure (15 +
3 psig ) in three different heat transfer mediums (Nitrogen, Argon, and Helium) at 9

Heater Rod power levels with the controlling temperature ranging from 70°C to 250°C
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without the Boundary Condition Box side or end heaters operating. The purpose of Test
Campaign 2 Matrix 1 is to produce a set of data that accentuates conduction with

Helium and accentuates convection with Argon and increased pressure.

Test Campaign 3 Matrix 1 was performed at below atmospheric pressure (24
2 in. Hg) in air at 9 Heater Rod power levels with the controlling temperature ranging
from 70°C to 250°C without the Boundary Condition Box side or end heaters operating.
The purpose of Test Campaign 3 Matrix 1 is to produce a set of data that minimizes

convection.

Test Campaign 4 identified, after testing had begun, additional tests that should
be performed. Test Campaign 4 Matrix 1 expanded upon Test Campaign 2 Matrix 1
with above atmospheric pressure testing in the three heat transfer mediums with 6
additional Heater Rod power levels with a controlling temperature ranging from 70°C
to 240°C. Test Campaign 4 Matrix 2 expanded upon Test Campaign 3 Matrix 1 with
below atmospheric pressure testing in air with 5 additional Heater Rod power levels with

a controlling temperature ranging from 140°C to 240°C.

A summary of the Test Campaigns is provided in Table 4-1. This table specifies
each test with the heat transfer medium and pressure, Boundary Condition Box
controlling temperature, Heater Rod controlling temperature, a Run Identification

Number, and the date that the test was completed. Note that some of the tests were
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performed more than once, which is denoted by multiple dates under the "Date
Completed" coiumn in Table 4-1. Each combination of test parameters was assigned a
Run Identification Number to allow easy identification of the parameters that apply to

that set of tests. The Run Identification Number legend is given in Table 4-2.
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Table 4-1: Test Campaign Summary (page 1 of 4)

Test Campaign No. 1 - Atmospheric Pressure Air Testing

Matrix No. 1 - Uniform Power Input into Heater Rods
Central
Vessel Box Heater Rod
Pressure Filll Temperature Temperature Run
(psig) Gas (degC) (deg C) LD. No.
0 psig Air Not 40 11X0XXX040
Controlled S0 11X0XXX050
70 11X0XXX070
75 11X0XXX075
100 11X0XXX100
125 11X0XXX125
140 11X0XXX140
150 11X0XXX150
175 11X0XXX175
190 11X0XXX190
200 11X0XXX200
225 - 11X0XXX225
240 11X0XXX240
250 11X0XXX250
0 psig Air Guard (end) 70 11X0XXX070E
Heaters 80 11X0XXX080E
Controlled % 11X0XXX090E
by Position 2-7 100 11X0XXX100E
125 11X0XXX125E
150 11X0XXX150E
175 11X0XXX175E
200 11X0XXX200E
225 11X0XXX225E
250 11X0XXX250E

Date
Completed

04/3091*
04/30/91*
06/01/91

5n* 5723
4/22* 524 6/3
SNn* 5124
05/20/91

425* 527 6/A&S
5 5127
0572091

4/28* 5/28 6/8
52* 5728
517 5121
4/29* 521 5729

5/4* 5/7
5/6* 58
5/6* 59
05/10/91
05/11/51
05/12/91
05/12/91
05/1391
32* 514
5/4* 5/15

* ' As of 05/07/91, Experimental Apparatus modified to include a thermocouple under each box side
heater. Indicated data sets taken before this date consequently do not include these

additional thermocouple readings.



Table 4-1: Test Campaign Summary (page 2 of 4)

Test Campaign No. 2 - Various Pressure Testing in Different Fill Gases

Matrix No. 1

Vessel
Pressure

(psig)
15 psig

15 psig

15 psig

- Above Atmospheric Pressure Testing using the following gases:
1. Nitrogen (N,)

2. Argon (Ar)
3. Helium (He)

- Uniform Power Input into Heater Rods

Fill

Gas

Ar

He

Box

Temperature

(deg C)
Not

Central

Heater Rod
Temperature

(deg C)
70

Controlled 85

Not

100
125
150
175
200
225
250

70

Controlled 85

Not

100
125
150
175
200
225
250

70

Controlled 8

100
125
150
175
260
225
250

89

Run
L.D. No.

2INPXXX070
2INPXXX085
2INPXXX100
2INPXXX125
2INPXXX150
2INPXXX175
2INPXXX200
2INPXXX225
2INPXXX250

21APXXX070
21APXXX085
21APXXX100
21APXXX125
21APXXX150
21APXXX175
21APXXX200
21APXXX?225
21APXXX250

21HPXXX070
2ITHPXXX085
21HPXXX100
21HPXXX125
2IHPXXX150
21HPXXX175
21HPXXX200
21HPXXX225
21HPXXX250

Date
Compieted

06/09/91
06/05/91
06/10/91
06/11/91
06/11/91
06/11/91
06/12/91
6/13 7/10
06/13/91

07/10/1
07/1191
07/11/91
07/12/91
07/12/91
07/12/91
07/13/91
07/13/91
07/14/91

06/14/91
05/14/91
06/15/91
06/16/91
06/16/91
06/1791
06/17/91
714 /6
canceled



Table 4-1: Test Campaign Summary (page 3 of 4)

Test Campaign No. 3 - Below Atmospheric Pressure Testing

Matrix No. 1 - Below Atmospheric Pressure Testing

- Uniform Power Input into Heater Rods

Central

Vessel Box Heater Rod

Pressure Fill Temperature  Temperature  Run

(in Hg) Gas (deg C) (deg C) LD. No.

24 in Hg Air Not 70 31XVXXX070

Controlled 85 31XVXXX085

100 31IXVXXX100
125 3IXVXXX125
150 31XVXXX150
175 3IXVXXX175
200 31XVXXX200
225 31XVXXX225
250 31XVXXX250

Test Campaign No. 4 - Specific Testing

Matrix No. 1 - Above Atmospheric Pressure Testing using the following gases:

Vessel

Pressure Fill
(psig) Gas
15 psig N,

1. Nitrogen (N,)

2. Arpon (Ar)

3. Helium (He)
- Uniform Power Input into Heater Rods

Box
Temperature

(deg C)

Not
Controlled

70
115
140
165
190
240

Central
Heater Rod
Temperature

(deg C)

90

Run
LD. No.

41INPXXX070
4INPXXX115
41INPXXX140
41INPXXX165
4INPXXX190
41NPXXX240

Date
Completed

0772291
07/23/91
7/23 728
724 7129
07/25/91
07/25/91
07/26/91
07/2791
07/2791

Date
Completed

07/06/91
07/07/91
07/08/91
07/08/91
07/09/91
07/09/91



Table 4-1: Test Campaign Summary (page 4 of 4)

Test Campaign No. 4 - Specific Testing (continued)

Matrix No. 1 (continued)

Vessel
Pressure

(psig)
15 psig

15 psig

Matrix No. 2

Vessel
Pressure

{in Hg)
24 in Hg

Central
Box Heater Rod
Fill Temperature  Temperature  Run
Gas (deg C) (deg C) LD. No.
Ar Not 70 41APXXX070
Controlled 115 41APXXX115
140 41APXXX140
165 41APXXX165
190 41APXXX190
240 41APXXX240
He Not 70 41HPXXX070
Controlled 115 41HPXXX115
140 41HPXXX140
165 41HPXXX165
190 41HPXXX190
240" 41HPXXX232

- Below Atmospheric Pressure Testing
- Uniform Power Input into Heater Rods

Central
Box Heater Rod
Fill Temperature Temperature Run
Gas (deg ©) {deg C) LD. No.
Air  Not 140 2XVXXX140
Controlled 165 42XVXXX165
190 2XVXXX190
215 42XVXXX215
240 2XVXXX240

Date
Completed

07/14/91
07/15/91
07/15/91
07/16/91
07/16/91
07/17/91

07/0191
07/01/31
07/02/91
07/03/21
07/03/91
07/05/51

Date
Compieted

077261
07/30/91
073191
073191
82 83

* Control Setpoint was modified to 232°C due tc the inability of the apparatus in its present
electrical configuration to reach 240°C.
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Table 4-2: Run Identification Number Legend

Alphabetic
Designation

C

Run ID No. Key: CMFPBBBHHHE

Meaning in Run ID No.

Campaign Number

M Matrix Number
F Fill Gas Identifier X = Air
N = Nitrogen
A = Argon
H = Helium
P Containment Pressure 0 = Atmospheric Pressure
V = Below Atmospheric Pressure
(24" Hg = 2)
P = Above Atmospheric Pressure
(15 psig = 3)
BBB Boundary Condition Box (Sides) Controlling Temperature
(Note: XXX means that the BCB is NOT Controlled)
HHH Central Heater Rod (Position 4-4) Controlling Temperature
E End Heater Operating Status Blank = not operating
E = operating
Example:  Run ID No. 31XV100150 means

Campaign - 3; Test Matrix - 1; Fill Gas - Air;
Pressure - Below Atmospheric (24" Hg = 2);
Boundary Condition Box (Sides) Temperature - 100°C;
Central Heater Rod Controlling Temperature - 150°C;
Boundary Condition Box End Heaters - not operating.
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4.3 TEST PROCEDURES

This section describes the procedures used during data acquisition. This

information was recorded in the Operating Log for the experiment.

A computer program was written by S. Friedenthal and the author to aid in data
acquisition and data presentation. The computer program is written in the language
Hewlett Packard Basic 5.13. A copy of the data acquisition program for temperature
measurement of the experimental apparatus is provided in Appendix D. The program
scans each of the multiplexer channels one hundred times and takes an average of each
channels’ readings. After thermocouple data acquisition, the program requires user input
of the Heater Rod System’s voltage and current. The program also requires user input
to assign a run identification number. After the user inputs the required information into
the computer program, a printout of the formatted data is provided. The program
determines the average of each multiplexer channel temperature with its corresponding
channel number and presents the data formatted in an 8x8 array for the corresponding
heater rod thermocouple readings, a box format for the Boundary Condition Box side
thermocouple readings, and a list of the corresponding other thermocouple readings
under their appropriate heading: Containment Vessel environment temperatures; and
Heater Rod end temperatures. The program saves the data in a file identified by the

run identification number. This computer program was used for each set of data taken.

93



There are essentially three procedural processes to be followed in preparing the
- experimental apparatus for data acquisition. They are:

(1) the Heater Rod System Operating Process,

(2) the Containment Vessel Vacuum System Operating Process, and

(3) the Containment Vessel Pressure System Operating Process.

Each of these processes is discussed below.

The Heater Rod System Operating Process is considered the basic process for
operating the experimental apparatus. It is utilized each time the experimental
apparatus is prepared for data acquisition. This process requires only the Heater Rod
System to be in-service and was the only process used in Test Campaign 1 Matrix 1,
Atmospheric Air Testing. Power is provided to the heater rods through a power
controller, ROD-C-1 (ECS Model 6414). Section 3.6 discusses the Heater Rod System,
and an electrical drawing of the system is provided in Figure 3-13. Prior to allowing
power into the Heater Rods, the setpoint for the system’s alarm, ROD-A-1 (ECS Model
6460), must be set 10° higher than the controlling setpoint for the particular data
acquisition run. Upon setting this alarm setpoint, the controlling setpoint is set, and
power is provided to the heater rods automatically. It takes approximately 7 hours for
the experimental apparatus to reach equilibrium at a nominal power input of 200 Watts.
This was determined by plotting the Boundary Condition Box Top temperature as a
function of time for several initial runs. When the experimental apparatus reaches

equilibrium, the Data Acquisition System is used to take a set of data with the data
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acquisition program. After the test data results are printed out, the alarm and control
setpoints are increased (decreased) to the next desired setpoints, repeating the process

described above.

The Containment Vessel Vacuum System Operating Process is used in conjunction
with the Heater Rod System Operating Process to prepare the experimental apparatus
for below atmospheric pressure operation. This process is also utilized in the
Containment Vessel Pressure System Operating Process to evacuate the Containment
Vessel in order to create an effectively pure fill gas medium by evacuating and filling the
Vessel twice in succession. The Containment Vessel Vacuum System Operating Process
requires the Containment Vessel Vacuum System to be in-service. Section 3.5 discusses
the Containment Vessel Vacuum System, and a Containment Vessel System drawing is
provided in Figure 3-11. The system is placed in-service by starting the vacuum pump
(CV-VP-1), and then immediately opening the system’s isolation valve (CV-VAL-4)
between the vacuum pump and the containment vessel. The Heater Rod System
Operating Process is implemented while the vacuum pump is operating (or still
operational after completion of the previous Test Matrix). The vacuum pump should
continue to operate until the Containment Vessel Compound Gauge (CV-PG-1) indicates
approximately 25 inches Hg. During the time that the vacuum pump is operating, the
oil level and temperature of the pump should be monitored. Upon reaching the desired
low pressure, the Containment Vessel Vacuum System is taken out-of-service by

operating CV-VAL-4 to isolate the Containment Vessel and stopping the vacuum pump,
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CV-VP-1.

The Containment Vessel Pressure System Operating Process is used in
conjunction with both the Heater Rod System Operating Process and the Containment
Vessel Vacuum System Operating Process to prepare the experimental apparatus for
above atmospheric pressure operation. The Containment Vessel Pressure System
Operating Process first requires the Containment Vessel Pressure System in-service.
Section 3.5 discusses the Containment Vessel Pressure System, and a Containment Vessel
System drawing is provided in Figure 3-11. The system is placed in-service by opening
the system’s isolation valve (CV-VAL-1) between the compressed gas cylinder and the
containment vessel and carefully regulating the fill gas flow by opening the compressed
gas cylinder’s isolation valve (CV-VAL-3). The Containment Vessel Pressure System is
required to operate until the Containment Vessel Compound Gauge (CV-PG-1) indicates
at least 5 psig. Then the system is removed from service, in this case only, by operating
(closing) CV-VAL-1 and then quickly operating (closing) CV-VAL-3. This method is
used to eliminate impurities that may exist in the gas line and to ensure the gas line is

filled with the desired fill gas.

. The next step in the process requires the Containment Vessel Vacuum System to
be in-service utilizing the Containment Vessel Vacuum System Operating Process with
noted changes. The Containmient Vessel Vacuum System is used to create an effectively

pure fill gas medium. In this process, the vacuum pump is required to operate until the
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Containment Vessel Compound Gauge (CV-PG-1) indicates a vacuum in excess of 25
inches of mercury. At this point, the Containment Vessel Vacuum System Operating
Process should be completed by taking the Containment Vessel Vacuum System out-of-
service. Now the Containment Vessel Pressure System is placed back in-service. This
time the Containment Vessel Pressure System is required to operate until the
Containment Vessel Compound Gauge (CV-PG-1) indicates 20 psig. Then the system
is immediately removed from service by operating (closing) CV-VAL-3 and then
operating (closing) CV-VAL-1. The gas line regulator should indicate positive pressure
which denotes that the gas line is pressurized with the desired fill gas. The Vacuum and
Pressure Processes are repeated a second time to ensure an effectively pure fill gas
medium. The Heater Rod System Operating Process is implemented after the final

Pressure Process is completed (or still operational after completion of the previous Test

Matrix).

Only three basic operating processes were needed to prepare the experimental

apparatus for data acquisition as specified for the Test Campaigns. The test results are

discussed in the next section.
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44 TEST RESULTS

Test Campaign 1 Matrix 1 provides a base set of data; Test Campaign 2 Matrix
1 and Test Campaign 4 Matrix 1 provide a set of data that accentuates conduction with
Helium and accentuates convection with Argon and above atmospheric pressure
operation; Test Campaign 3 Matrix 1 and Test Campaign 4 Matrix 2 provide a set of
data that minimizes convection with below atmospheric pressure operation. The Test
Campaigns were run with the controliing temperature ranging from 40°C to 250°C. This
section presents all test results. The test data is analyzed in Chapter 5. A copy of each

data set is provided in Appendix E.

The data sheet for each data set is fbrmatted to show the temperature distribution
in the 8x8 Heater Rod array and the Boundary Condition Box sides. The data sheet
provides the time and date of data acquisition, the Heater Rod System’s voltage drop,
current and calculated power level, the Containment Vessel heat transfer medium,
operating pressure and environment temperatures at 2 locations, and the temperature
measured at the centerline of each Heater Rod, the centerline of each Boundary
Condition Box side, and on the ends of 5 Heater Rods. A sample data sheet is provided

in Figure 4-2 identifying the Heater Rod position designation.

The final composite test results are shown in Figure 4-3. This figure is a plot of

the test data for each heat transfer medium and its operating pressure for the Heater
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Date: Month Date, Year
Time: HH:MM:SS (military time)

Run ID No. CMFPBBBHHH (see Tabie 4-2 for guidance)

Voltage: VV.V Volts Fill Gas: fill gas used
Current: LI Amps Pressure: PP psig (PP in Hg)
Power: WW.WWW Watts

Vessel Temperature: Box End - TT.T deg C
TCEnd - TT.T deg C

'Heater Rod Temperature Distribution
(Note: {x-x} denotes Heater Rod position. Each rod position {x-x} corresponds to heater rod’s
central temperature {TTT.T})

1-1 1-2 1-3 1-4 1-5 1-6 1-7 1-8
2.1 22 23 2-4 2-5 26 2.7 2.8
3.1 3.2 3.3 3-4 3-5 3-6 3.7 3.8
4-1 4-2 43 4-4 4-5 4-6 4.7 4-8
5-1 5-2 5-3 5-4 5-5 5-6 5.7 5-8
6-1 6-2 6-3 6-4 6-5 6-6 6-7 6-8
7-1 7-2 7-3 7-4 7.5 76 747 7-8
8-1 8-2 8-3 8-4 8-5 8-6 8-7 8-8

Box Temperature Distribution
Top TT.T(epoxy) TT.TT(under htr)
Right TT.T(epoxy) TT.TT(under htr) Left TT.T(epoxy) TT.TT(under hir)

Bottom TT.T(epoxy) TI.TT(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 55 7-3
Temperature (deg C) TIT.T TTT.T ITT.T TTL.T ITT.T

Figure 4-2: Sample Test Run Data Sheet
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Rod power levels showing the differential temperature between the hottest heater rod
and the average box temperature as a function of power. Analysis of the data is

performed in Chapter 5.
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4.5 TEST DEBUGGING - LESSONS LEARNED

After assembly of the experimental apparatus, the apparatus was initially tested
to ensure the components and instrumentation performed as designed. The initial testing
results are provided in Appendix E Section 1. These results were examined to ensure
that the apparatus provided the desired information. One problem was discovered and

corrected and one discrepancy was noted.

The measured temperatures on the Boundary Condition Box walls were not as
high as expected. It was determined that the method of attaching the thermocouples to
the surface of the box did not provide an accurate measurement of the actual wall
surface temperature. The thermocouples had been attached in a perpendicular
orientation to the surface of each box side with high temperature and high thermally
conductive epoxy. This method did not prov1de an accurate measurement because the
thermocouple wire, being cooler than the thermocouple bead attached to the box, was
conducting heat away from the thermocouple bead and the Boundary Condition Box
surface to which the bead is attached. To correct this problem, a thermocouple was
placed at the centerline under a strip heater on each box side and mechanically held in
place. Each of these thermocouple beads is in direct contact with its appropriate box
side. This was ensured by using a multimeter to verify continuity between each
mechanically attached thermocouple. Approximately 10 inches of the thermocouple wire

length was also placed under the strip heater to put it in the same thermal environment
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as the thermocouple bead. Since the thermocouple bead and wire are in a similarly
heated region on the box surface, the measured surface temperature provides a more

accurate measurement of the actual surface temperature.

For consistency with the initial testing (prior to May 7, 1991), the "epoxy"
temperatures of the box sides are still recorded and documented on the Test Data Sheet
as well as the "under heater" temperatures of the box sides. These temperatures are

designated as such on the Test Data Sheet as "epoxy” and "under htr".

Also, it was discovered after comparing the differential temperatures on the five
Heater Rods with centerline and end thermocouples over the series of testing, that the
end thermocouple of the Heater Rod in Position 4-4 had become disconnected from the
end of the rod. For consistency with the initial testing (prior to May 7, 1991), the
temperature of the end thermocouple of Heater Rod Position 4-4 is still recorded and

documented on the Test Data Sheet.
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4.6 CHAPTER SUMMARY

The experimental apparatus was operated under four major campaigns where the
parameters of the apparatus were varied to enhance or eliminate each cf the heat
transfer mechanisms. The operation included Air, Helium, Nitrogen, and Argon as the
heat transfer mediums at a pressure range from below atmospheric pressure to above
atmospheric pressure at a minimum of 9 different Heater Rod System power levels. The
test data showed that each, heat transfer mechanism could be enhanced by varying the
operating parameters. In Chapter 5, an error analysis of the test data is provided, and
the test data is also reduced using the lumped keﬂ’/hedge model developed by R.D.
Manteufel in his Doctoral Thesis at the Massachusetts Institute of Technology, 1991 in

related work on this research project [M-1].
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CHAPTER 5: DATA REDUCTION/ANALYSIS

5.1 INTRODUCTION

Chapter 5 presents the reduction and analysis of the test data obtained from the
experimental apparatus. The complete set of the test data is provided in Appendix E.
Section 5.2 presents the methods of data reduction which are based upon the lumped
keg/Megge model developed by R.D. Manteufel at MIT in 1991 in related work on this
research project [M-1] and the Wooten-Epstein relationship developed at Battelle
Memorial Institute in 1963 [B-2]. This section also describes the process used for data
reduction and presents an example of this reduction using the Nitrogen/Air daia.
Appendix F contains the processes used for data reduction for Argon, Helium, and
Below Atmospheric Pressure data. Section 5.3 presents the error analysis of the test
data. Section 5.4 presents the comparison of the actual test data with the prediction
results from the lumped keﬁ/hedge model and the Wooten-Epstein relationship. The test
data is used to verify the lumped kq[}/hedge model. Section 5.5 prese;nts an assessment of

the comparison.
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52 METHODS OF REDUCTION

The methods of data reduction are based upon the lumped keﬁ'/hedge model
developed by R.D. Manteufel at MIT, 1991 in related work on this research project (M-
1] and the Wooten-Epstein relationship developed at Battelle Memorial Institute in 1963

[B-2]. The characteristics of each of these methods are discussed individually.

The Wooten-Epstein relationship has been used by spent fue!l shipping cask
designers to predict the maximum spent fuel cladding temperature given the peak basket
temperature. This relationship has flexibility because it has a variable input dependent
of the size of the spent fuel array; however, it is also written specifically for application
in a nitrogen heat transfer medium [B-2][M-1]. Therefore, in Section 5.4, this
relationship’s prediction is only compared with the Nitrogen/Air test data obtained from
the experimental apparatus. A comparison with Argon or Helium is not applicable. A
code was written by R.D. Manteufel (MIT) to use the Wooten-Epstein relationship to
calculate the predicted differential temperature between the maxiﬁnum heater rod
temperature and the average wall temperature. A copy of the code is provided later in

this section with the actual results from the code run.

The lumped k,g/h, 1, model predicts the maximum temperature in a heated rod
array. The model assumes a uniforin volumetric heat generation and uniform boundary

temperature [M-1]. The lumped keﬂ/hedge model has built in flexibility to allow the user
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to specify the array geometry (shape and size) and the heat transfer medium. In Section
5.4, this model’s predictions are compared with the Air/Nitrogen, Argon, Helium, and
Below Atmospheric Pressure test data obtained from the experimental apparatus. The
purpose of this comparison is to further the model validation begun in reference [M-1].
A lumped kgg'h, 4, code was written by R.D. Manteufel, using the computer software
Mathematica, to calculate the predicted differential temperature between the maximum
heater rod temperature and the average wall temperature. Since its publication in May

1991 [M-1], some changes have been made to the code.

The changes are:

(1)  Instead of one program, the code is broken into 3 individual programs:
(1) "gas.m"; (2) "keff.m"; and (3) "mit8x8.m". The first two programs are
generic and contain the undefined variables of the lumped keﬂ’/hedge model.
"gas.m" provides the thermal properties of four heat transfer mediums:
Air/Nitrogen, Argon, Helium, and Vacuum. "keff.m" provides the source
code of the lumped Kog/heqoe model. The third program, "mit8x8.m,"
provides input values specific to the experimental apparatus to yield the
differential temperature prediction which can be evaluated by comparison

with the test data.
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(2) A modification was made in the "keff.m" code to the edge-to-interior heat
transfer ratio,"f". The modification to "f" corrects the dependence of the
thermal conductivity of the heat transfer medium from dependance on the
maximum rod temperature to dependance on the average wall

temperature.

(3) A modification was made in the "mit8x8.m" code to include the conduction

factors for Argon and high and low Vacuums. Previously only conduction

factors for Air/Nitrogen and Helium were presented.

The two methods of data reduction, the Wooten-Epstein relationship and the
lumped keﬂ/hedy model, are applied to the data sets obtained from the experimental
apparatus. The generic process for reduction applied to each data set and a detailed
process of reduction for the Air/Nitrogen data set are presented in this section. The

processes of reduction for Helium, Argon, and Below Atmospheric Pressure data sets are

provided in Appendix F.
The generic process of data reduction has five steps. The steps are:

(1)  Obtain the Average Wall Temperature as a function of Power.

(2)  Evaluate the Wooten-Epstein relationship with the function obtained in

Step 1.
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(3)  Evaluate the lumped keﬂ/hedge model with the function obtained in Step 1.

(4)  Perform error analysis corrections to actual test data. The error analysis
is presented in Section 5.3.

(5)  Plot the outputs from Steps 2 and 3 along with the corrected test data
(after error analysis) for each heat transfer medium. These plot are

presented in Section 5.4.

The outputs from steps 2 and 3 provide the predicted differential temperatures between
the maximum heater rod temperatures and the average wall temperatures as a function
of power in the specified heat transfer medium that are plotted in Step 4 and presented

in Section 5.4.

In Step 1, the user must obtain the average wall temperature as a function of
power from the experimental data. The author used the Apple Macintosh software
Cricket Graph to obtain the function. The powers.and corresponding average walil
temperatures obtained directly from the experimental data sets were input into Cricket
Graph data files for different heat transfer mediums and then plotted individually. For
each plot, a second order polynomial function curvefit was obtained for the average wall
temperature as a function of power for each heat transfer medium. A curvefit was used

to smooth the scatter in the data. This function is used in Steps 2 and 3.

In Step 2, the user must evaluate the Wooten-Epstein relationship with the
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function obtained in Step 1. The author used the Apple Macintosh software
Mathematica to evaluate the Wooten-Epstein relationship, “"WE.m". Prior to executing
the program, the Average Wail Temperature function obtained from Step 1 must be
input into "WE.m". After inputting the function, the program is executed. The output
provides a table of the predicted differential temperatures between the maximum heater
rod temperatures and the average wall temperatures as a function of power in the

specified data set’s heat transfer medium.

In Step 3, the user must evaluate the lumped keﬁ’/hedg model with the function
obtained in Step 1. The author used the Apple Macintosh software Mathematica to
evaluate the lumped qu/hwge model. Prior to executing the programs, the Average Wall
Temperature function obtained in Step 1 and the heat transfer medium must be input
into "mit8x8.m". Additionally, the user must ensure the desired heat transfer medium’s
conduction factor ("Fcond") is available in "mit8x8.m". After inputting the function and
the heat transfer medium components, the three lumped k,q/h,,, model programs are

executed/evaluated in the following order: -

First "gas.m"
Second "keff.m"
Third "mit8x8.m".

The execution of the "mit8x8.m" program provides output, in a tabular form, of the
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predicted differential temperatures between the maximum heater rod temperatures and

the average wall temperatures as a function of power in the specified data set’s heat

transfer medium.

To provide for an upper and lower error bound for the lumped k,q/h, 4., model,
the three programs were executed two additional times using slightly different input
values. The error bound accounts for the unknown exact value of the Heater Rod
surface and Boundary Condition Box interior wall emissivities and the scatter in the
average wall temperature plot in Step 1. The upper bound contains a rod and wall
emissivity of 0.8 and a reduction of 10 degrees in the average wall temperature. The
lower bound contains a rod and wall emissivity of 1.0 and an increase of 10 degrees in
the average wall temperature. These error bounds were choszn to provide the maximum
esTor in the prediction. The lumped kg, model upper bound program is called

"'mit8x8.up" and the lower bound program is called "mit8x8.1o".

In Step 4, the error analysis of the test data is performed. The error analysis is

discussed in Section 5.3.

In Step 5, the user plots the outputs from Steps 2 and 3. The author used the
Apple Macintosh software Cricket Graph to plot these outputs. The powers and
corresponding predicted differential temperatures obtained from Steps 2 and 3 were

input into Cricket Graph data files by individual heat transfer mediums and then plotted.
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For each graph, a line plot was obtained for the differential temperature as a function
of power for each heat transfer medium. These prediction curves are compured with the
experimental powers and corresponding differential temperatures obtained from the
experimental apparatus for each corresponding heat transfer mediums overlaid on the

same graph. The results from this step will be shown in Section 5.4.

The detailed process of reduction for the Air and Nitrogen data sets will present
the generic process described above in-use and will present each prediction method’s
input code with its corresponding output. The Air/Nitrogen data set includes the data
taken at atmospheric pressure with air as the heat transfer medium {Appendix E.3) and
the data taken above atmospheric pressure with nitrogen as the heat transfer medium
(Appendix E.4). The Air (0 psig) and Nitrogen (15 psig) data were combined in the
reduction/analysis for several reasons. First, the lumped keﬂﬂ‘edge model only takes into
account the radiation and conduction heat transfer mechanisms. For radiation in an
essentially transparent gas, the density effect is minimal. Also, the thermal conductivity
of air is less than 1% different than the thermal conductivity of nitrogen at the same
temperature [K-2], and thermal conductivity is not a function of pressure [R-1]. Finally,
note that convective heat transfer is not accounted for which is acceptable in these cases
since the Rayleigh Number is below the critical value for the onset of significant natural

convection [M-1 Section 3.3). Hence these two sets of data were reduced and analyzed

together as Air/Nitrogen.
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The actual data reduction process applied to the Air/Nitrogen test data follows:

Air/Nitrogen Test Data Reduction Step 1.

In Step 1, the average wall temperature as a function of power is obtained for the
Air/Nitrogen daia. Using Cricket Graph, the actual power and average wall temperature
obtained from the experimental apparatus for Air/Nitrogen are input into a data file.
The data is then plotted in the form of Average Wall Temperature (y-axis) as a function
of Power (x-axis) and a second order polynomial curve fit of this data provides the
function input for Steps 2 and 3. The plotted Air/Nitrogen data with the curve fit is

provided in Figure 5-1. The input function for Air/Nitrogen is:

y = 37.371 + 0.42445 x - 3.8522(10% x®

where x is power and y is the average wali temperature.

Air/Nitrogen Test Data Reduction Step 2.

In Step 2, the Wooten-Epstein relationship is evaluated to provide a predicted
differential temperature between the maximum heater rod temperature and the average

wall temperature as a function of power for the Air/Nitrogen test data. Using

113



19M0J JO UoHOIUN} B SB PIUIqUio))
(Sisd ¢1) uoBomN pue (Sisd o) 1y Jo amerodway fem oferaay  :1-G 9anBig

(siiem) Jamod

009 00§ 00V 00¢ 00¢ 001 0
2 i 4 1 'y | 3 1 3 ] " o
(Bisd 612N} ML+ e
(Bisdoay) ML w i
- Ob
- 09
956'0 = 2vd oo
SvXP-92258'E - XSPber0 + 12ELE = A I (o Bap)
:Bisd g1 1e usBomn pue Bisd ¢ 1e 4y - 001 amjesadway
‘ L inem
v - 021 abeiany
- Ot
- 091
- 081

00¢

114



Mathematica, the function obtained from Step 1 is input into the "WE.m" program in the

following format:
37.371 + 0.42445 Q - 0.00038522 Q Q + 273

in the Input Section. Adding 273 converts the experimental temperature units (°C) to
the units used in the theoretical prediction caiculations (°K). After inputting the
function, the "WE.m" program is executed/evaluated. The output results are in table
form providing Power in the first column and Predicted Differential Temperature in the
second column. Note: AT(°K) = AT(°C). The "WE.m" program with its output results

is provided in Table 5-1.

Air/Nitrogen Test Data Reduction Siep 3.

In Step 3, the lumped ke;ﬂ’lhedge model is evaluated to provide a predicted
differential temperature between the maximum heater rod iemperature and the average
wall temperature as a function of power for the Air/Nitrogen test data. Using

"nn

Mathematica, the function obtained from Step 1 is input into the "mit8x8.m", "mit8x8.up"

and "mit8x8.10" programs in the following format:

37.371 + 0.42445 Q - 0.00038522 Q Q + 273
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Table 5-1:

Wooten-Epstein relationship code "WE.m" and its output
results for Air (0 psig) and Nitrogen (15 psig) Combined

Input[1]:
(* Wooten-Epstein Solution for MIT 8x8 *)

ClearAll[ Q, Tw, Tm };

La=2%*12*0.0254; (* axial length in meters *)
Lc=491.33 3/8 0.0254; (* circumferential length*)
A =Lalc; (* area *)

er=0.9;

ew = 0.9;

Cl=N[4/(8+2)];

C2=0.118 * 3.15459 (1.87(4/3));

Fpeak = 1.0;

ATWE[Q_, Tw_]:=Tm-Tw/.
FindRoot[ Fpeak Q/A == C2 (Tm - Tw)*(4/3) +
5.67Cl/(l/er + l/ew - 1) ((Tm/100)74 - (Tw/100)*4 ),
{Tm, Tw+150} ]

TableForm[ Table[ { Q. ATWE[
Q, 37.371 + 0.42445 Q - 0.00038522 Q Q + 273]},

{Q,1,500, 50}1]

Output[1]:

1 1.16124
51 32.1677
101 52.0082
151 67.2676
201 79.8084
251 9(0.6226
301 100.339
351 109.391
401 118.102
451 126.72
501 135.444
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in the Input Section. Adding 273 converts the experimental temperature units (°C) to
the units used in the theoretical prediction calculations (°K). Additionally, the heat
transfer medium (N2) is input into each of the "mit8x8" programs. The user should also
ensure ihat the appropriate "Fcond" factor is available in each "mit8x8" program.
Available means that the appropriate factor is not surrounded by comment characters,
"(*" on the left side of "Fcond" for N2 and a second "*)" at the end of the line. After
inputting these items, the lumped keﬂ/hedge model programs are ready to be
executed/evaluated. First "gas.m" is executed; second "keff.m" is executed; third
"mit88.m" is executed; fourth "mit8x8.up" is executed; and lastly "mit8x8.10" is executed.
The output results from "mit88.m", "mit8xi.up” and "mit8x8.10" are in table form
providing the Heat Transfer Medium (N2) in the first column, Power in the second
column, and the Predicted Differential Temperature in the third column. Note: AT{(°K)
= AT(°C). The "gas.m" program is provided in Table 5-2; the "keff.m" program is
provided in Table 5-3; the "mit8x8.m" program with its output results is provided in Table
5-4; the "mit8x8.up" program with its output results is provided in Table 5-3; and the

"mit8x8.10" program with its output results is provided in Table 5-6.

Air/Nitrogen Test Data Reduction Step 4.

In Step 4, the error analysis of the test data is performed. The error analysis is

discussed in Section 5.3.
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Table 5-2:  Lumped keﬂ/hedge Model Program 1 of 5: "gas.m” (page 1 of 2)

(* gas properties file *)

(*kin [W/m-K], T in [K] *)
ClearAll[atm,rho,new,alpha,beta,Pr,TCP k,gas,gs,T,P];
k[ gs_, T_ ] := Which[
gs == He,(a0 = 1.570322 10-2;
al = 6.7502003 10/-4,
a2 =-1.1871593 107-6;
a3 = 1.6446470 107-9;
ad = - 8.0368411 107-13;
((adT+a3)T+a2) T+al) T +a0)),
gs == N2,(al = 7.7524326 107-6;
al = 1.0136155 10/-4;
a2 =- 57331860 107-8;
a3 = 1.8781222 107-11;
(((a3 T+a2)T+al) T +al)),
gs == Ar,(a0 = - 2.4323518 107-4;
al = 7.2373876 10/-5;
a2 = - 4.8841994 10A-8;
a3 = 23910811 10~-11;
ad = - 4.5504155 10/-15;
((((a4 T +a3) T+ a2) T +al) T +a0)),
gs == Vac, k[N2,T],
gs == vac, k[N2,T],
1==1, dontknow ]

atm = 1.01 1075

rho[gas_, T_, P_] := P MW([gas] / (8314.0 T)
new(gas_, T_, P_] := p[gas, T} / rho[gas,T,P]
alphafgas_,T_P_] := k[gas,T]/(rholgas,T,P] cplgas,T])
beta[gas_,T_P_] :=1/T

Pr{gas_,T_,P_] := new[gas,T,P}/alpha[gas,T,P]

TCP{gas_,T_P_] := Which]
gas == Vac, 0,
gas ==vagc, 0,
1 == 1, (9.81 betafgas,T,P]/ (new{gas,T,P]
alpha[gas,T,P])) ]
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Table 5-2:  Lumped keﬂ/hedge Model Program 1 of 5: "gas.m" (page 2 of 2)

(*uin[Ns/m2} *)

K[ gas_, T_] := Which[
gas == He, 4.26688 107-7 T~0.67306,
gas == N2, 3.13545 10~-7 TM).70852,
gas == Ar, 2.9634 107-7 T~0.76065,
1==1, dontknow |

(* cpin [J/kg-K] *)

cpl gas_, T_] := Which([
gas == He, 5193.0,
gas == N2, 793.963 T70.047097,
gas == Ar, 533.703 T*-0.0039,
1==1, dontknow ]

MW gas_ ] := Which[
gas == He, 4.003,
gas == N2, 28.06,
gas == Ar, 39.94,
1==], dontknow }
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Table 5-3:

Lumped K g/h, 0 Model Program 2 of 5: "keff.m" (page 1 of 2)

(* keff file *)
(* evaluate gas.m file before this file *)

ClearAll[ ke krkeff kcw krw,hcw,hrw, heffw.f,qp.qppw,
Tw, Te, Tm, gas, Ra, Tf, Tfw, Q, geom, box, hex, cir,
pdr, wpr, w, d, p, La, Lc, Fpeak, Fcond, Crad, Cradwl, Cradw2 J;

ATkeff] gas_, Fpeak_, Q_, Tw_, La_, Lc_, d_, pdr_, wpr_, geom_,
Fcond_, Crad_, Cradwl_, Cradw2_] :=¢

Which[ geom == box, § = 4.321 N[Pi],
geom == hex, S = 4.086 N[Pi],
geom == cir, S =4.000 N{Pi] ;

qp =QFpeak/La;

qppw =QFpeak/(Lalc); .

Fcondw = Fcond wpr / ( 0.5 + Fcond (wpr - 0.5 ) );
w =wprpdrd;

Te =Tw+ 10;
Tm =Tw+ 20;

(* iterate to solve *)
Do
Tf =(Tm+Te)/2;
Tfw = (Te+Tw)/2;
k¢ =Fcond k[ gas, Tf}
kr =Crad 0. 0567 N[Pl] d 4 (Tf/100)73;
keff =kc +kr;
kew = Fcondw k{ gas, Tfw];
krw = Cradwl 0.0567 N[Pi] d 4 (Tfw/100)"3;
f =(kcw/wpr+lkaw)/
( Fcond k[ gas, Tfw] + Crad 0.0567 N[Pi] d 4 (Tfw/100)*3 ),
hcw =kew /(w (1-f/2) );
hrw = Cradw2 0.0567 N[Pi] / pdr 4 (Tfw/100)*3 / (1-£/2);
hcdgc = h¢w + hrw;
Te =Tw+qppw/ hedge;
Tm =Te+qp/(Skeff);, {10} ]
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Tabie 5-3:  Lumped K,g/h,yg, Model Program 2 of 5: "keff.m" (page 2 of 2)

(*

Print{ " gas =", gas];

Print[ " Tw " Tw-273,"C, =",Tw,"K"];
Print[ " Te ", Te-273,"C, =",Te,"K"],

Pont{"Tm =",Tm-273,"C, =",Tm,"K"];
Printf " AT =",Tm-Tw,"C"J;

Prnt[ "ATw =", Te-Tw," C"];

Print{ " %ATw =", (Te-Tw)/(Tm-Tw) 100.0 };
Printf " %C =", (kc /keff) 100.0 ;

Print[ " %Cw =", (hcw / hedge) 100.0 ]; *)

{ gas, Q, Tm-Tw} )
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Table 5-4:  Lumped k,g/h,y, Model Program 3 of 5: "mit8x8.m" with its
output results tor Air (0 psig) and Nitrogen (15 psig) Combined

Input[1]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254;, (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (*3/8inrod diameter *)

pdr = 1.33;

wpr = 1.00;

w = wpr pdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* $Q, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond =2.0; (* SQ, p/d=1.33, He w/ic *) *)
(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.9, Crad = 0.45 *)

(* SQ, p/d=1.33, er =ew = 0.9, Cradw! = 0.44, Cradw2 = 0.36 *)
Crad =045;

Cradwl = 0.44;

Cradw2 = 0.36;

(* Atmospheric Air & Pressurized Nitrogen data combined ¥)
Table[ ATkeff[ N2, Fpeak, Q,
37.371 + 0.42445 Q - 0.00038522 Q Q + 273,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 },
{Q, 1, 400, 20}]

Output[1]:

({N2, 1, 1.03586}, {N2, 21, 19.3087], N2, 41, 34.0169},
{N2, 61, 46.2298}, {N2, 81, 56.6114}, (N2, 101, 65.6041},
(N2, 121, 73.5182}, {N2, 141, 80.58}, {N2, 161, 86.9596},
(N2, 181, 92.7886}, {N2, 201, 98.1705}, (N2, 221, 103.189},
[N2, 241, 107911}, [N2, 261, 112.394}, {N2, 281, 116.684},
[N2, 301, 120.822}, {N2, 321, 124.842}, (N2, 341, 128.775},
(N2, 361, 132.645}, {N2, 381, 136.478}, {N2, 401, 140.292}}
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Table 5-5:  Lumped kgh,4e Model Program 4 of 5: "mit8x8.up" with its
output results for the Upper Error Bound for Air (0 psig) and
Nitrogen (15 psig) Combined

Input[2]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254; (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 inrod diameter *)

pdr =1.33;

wpr = 1.00;

w =wprpdrd;

p =pdrd;

Lc¢ =4(8p); (* circumferential iength *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond =2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.8, Crad = 0.39 *)

(* SQ, p/d=1.33, er = ew = 0.8, Cradwl = .37, Cradw2 = 0.30 *)
Crad =0.39;

Cradwl = 0.37,

Cradw2 = 0.30;

(* Atmospheric Air & Pressurized Nitrogen data combined *)
Table[ ATkeff[ N2, Fpeak, Q,
37.371 + 0.42445 Q - 0.00038522 Q Q + 273 - 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
(Q, 1, 400, 20})

Output(2]:

[{N2, 1, 1.22123}, (N2, 21, 22.5896}, {N2, 41, 39.5876},
(N2, 61, 53.5936}, {N2, 81, 65.4363}, [N2, 101, 75.6551},
(N2, 121, 84.6221}, {N2, 141, 92.6051}, {N2, 161, 99.8034},
(N2, 181, 106.37}, {N2, 201, 112.424}, {N2, 221, 118.06},
(N2, 241, 123.358}, {N2, 261, 128.379}, {N2, 281, 133,179},
(N2, 301, 137.801}, {N2, 321, 142.285}, {N2, 341, 146.664),
{N2, 361, 150.967}, {N2, 381, 155.22}, (N2, 401, 159.446)}
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Table 5-6:

Lumped k,g/h,, Model Program 5 of 5: "mit8x8.10" with its
output results for the Lower Error Bound for Air (0 psig) and
Nitrogen (15 psig) Combined

Input[3]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m' files before this file *)

Fpeak = 1.0;

geom = box;

La =2.0120 0.0254; (*axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w =wprpdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond =2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c ¥)
(* $Q, p/d=1.33, Vac no better than 10 torr *)
(* Fcond =2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 1.0, Crad = 0.51 *)

(* SQ, p/d=1.33, er = ew = 1.0, Cradwl = 0.52, Cradw2 = 0.41 *)
Crad =0.J51;

Cradwl =0.52;

Cradw?2 =0.41;

(* Atmospheric Air & Pressurized Nitrogen data combined *)
Table[ ATkeff[ N2, Fpeak, Q,
37.371 + 0.42445 Q - 0.00038522 Q Q + 273 + 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw?2 ],
(Q, 1, 400, 20)]

Output[3]:

{{N2, 1, 0.884856}, (N2, 21, 16.6125}, (N2, 41, 29.416},
{N2, 61, 40.1292}, {N2, 81, 49.2864}), {N2, 101, 57.2513},
{N2, 121, 64.2832}, {N2, 141, 70.5739}, {N2, 161, 76.269},
N2, 181, 81.4819}, {N2, 201, 86.3028}, {N2, 221, 90.8045},
{N2, 241, 95.0468}, { N2, 261, 99.0793}, (N2, 281, 102.944},
(N2, 301, 106.677}, (N2, 321, 110.308}, {N2, 341, 113.865},
{N2, 361, 117.371}, (N2, 381, 120.848}, {N2, 401, 124.314}}
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Air/Nitrogen Test Data Reduction Step 5.

In Step 3, the output results from Steps 2 and 3 as well at the experimental results
obtained in an Air/Nitrogen heat transfer environment are plotted. Using Cricket Graph,
the powers and predicted differential temperatures are input into a data file. Each
prediction is then line plotted in the form of Differential Temperature (y-axis) as a
function of Power (x-axis) on the same graph. Then a scatter plot of the corrected test
data (a_fter error analysis) from Step 4 is overlaid on the predictions. This graph is

presented in Section 5.4.

The processes of data reduction for Helium, Argon, and Below Atmospheric
Pressure are provided in Appendix F. The process results include the plot and curve fit
of the average wall temperature as a function of power and the lumped kw/hedge code
resuits for each heat transfer medium. The comparison of the predictions with the test

data is provided in Section 5.4
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53 ERROR ANALYSIS OF TEST DATA

An analysis of the possible errors in the test data from the experimental apparatus
is presented in this section. There are two types of error: systematic and random. Each

of these error types are discussed individually.

The systematic error accounts for the end heat losses in the experimenial
apparatus. The end heat loss was monitored on four Heater Rods with the
thermocouples at the centerlines and attached to the ends of the rods. These rods are
in Positions 1-1, 2-7, 5-5, and 7-3. A code was written for the Apple Macintosh software
Mathematica by R.D. Manteufel (MIT, 1991) to determine the heat loss from the rod
bundle out the ends of the experimental apparatus. The code takes the temperature
differential between the four Heater Rod centerline thermocouples with their non-lead
end attached thermocouples and weights their loss by the number of Heater Rods in
their corresponding ring to determine the systematic error. This is necessary because the
rod end temperatures vary with radial locatior within the Heater Rod array. The code
was applied to the test data obtained from the experimental apparatus as a whole to
obtain one error to be applied to the entire data set. A copy of the code and its results
are provided in Appendix G. The systematic error for correcting the experimental test

data for end heat losses is 11%.

The random error accounts for possible errors in measuring the current, voltage,
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and temperature in the system. These measured quantities are used to provide derived
quantities such as power and differential temperature. The uncertainty associated with
these derived quantities is estimated from the uncertainties of the direct measured

quantities. "For any function

Y = f(XpXg0eXppeeeiXyy)

the uncertainty in y, Ey, can be expressed as

()7 = K(stsx'E, )

where x;, i = 1,2,...,n, are the directly measured parameters, y, is the derived quantity

from the directly measured parameters, and E represents the uncertainty” [F-1].

The random error has been approximated as described below since the cuirent
and voltage were not measured continuously during the acquisition of each data set and

since a standard deviation was not calculated for each data point from the data set.

The uncertainty was calculated for two general cases of power: low power and
high power. At a typical low power, the observed range in current indication about the
mean was approximately 0.05 Amps, and the analogous observed differential voltage was

approximately 1.4 Volts. The typical low power is 50 Watts (35.4 Volts x 1.40 Amps).
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At a typical high power, the observed range in current indication about the mean was
approximately 0.09 Amps, and the analogous observed differential voltage was
approximately 2.0 Volts. The typical high power is 300 Watts (88.1 Volts x 3.40 Amps).

The low power and high power uncertainties can be calculated from
(APower)? = [(AV)x()]? + [(ADX(V)]?

Example: The low power uncertainty is
(APower)? = [(1.4 Volts)x(1.40 Amps)]® + [(0.05 Amps)x(35.4 Voits)]?

(APower) = 2.4 Watts

The calculated uncertainties for low power and high power are 2.4 Watts and 10.4 Watts,
respectively. These uncertainties are shown on the figures presented in Section 5.4
where the test data is compared with the lumped kqﬂ’lhedge medel and the Wooten-

Epstein relationship.

The uncertainty in the differential temperature of the hottest Heater Rod and the
Boundary Condition Box average wall temperature has also been determined. As
discussed in Section 3.2, the thermocouples have been calibrated with an uncertainty of
1.8°C. Therefore, the minimum uncertainty assigned to an individual temperature
reading is 1.8°C. Since the Boundary Condition Box wall temperatures were averaged,

the standard deviation of this average was calculated for the data sets with lowest and
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highest power for each analyzed group of data. The selected lowest and highest power
data analyzed are identified in Table 5-7. The resuiting standard deviations are shown
in Table 5-8. The standard deviation of the average box wall temperature or 1.8°C,
whichever is larger, was used with the calibration uncertainty for hottest Heater Rod
(1.8°C) to calculate the uncertainty of the differential temperature for the data sets
determined above. The resulting uncertainties are shown in Table 5-9. These
uncertainties are shown on the figures presented in Section 5.4 where the test data is

compared with the lumped keﬂ/hedge model and the Wooten-Epstein reiationship.
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Table 5-7:  Selected Data Sets Analyzed for the Random
Error Associated with Temperature
Selected Data Sets by Run ID No.
Power (min) Power (max)
Air/Nitrogen 4INPXXX070 2INPXXX250
J7/06/91 22:48:54 06/13/91 15:34:43
Power = 19.3 Watts Power = 389.7 Watts
Argon 21APXXX070 2Z1APXXX250
07/10/91 21:14:26 07/14/91 08:27:18
Power = 13.4 Watts Power = 299.5 Watts
Helium 21HPXXX070 41HPXXX232

Air (24 inches Hg)

06/14/91 11:32:08
Power = 41.7 Watts

JIXVXXX070
07/22/91 12:33:43
Power = 5.6 Watts
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07/05/91 20:55:22
Power = 582.5 Watts

J1XVXXX250
0712791 11:07:13
Power = 154.7 Watts



Table 5-8:  Standard Deviation of the Boundary Condition Box
Average Wall Temperature for Selected Cases

o = gx)-(x7  [L-2]
n

o of Average Wall Temperature (°C)
Power (min) Power (max)

Air/Nitrogen 0.60 3.21
Argon 0.63 3.46
Helium 0.27. 1.45
Air (24 inches Hg) 0.17 1.85
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Table 5-9:  Uncertainty in Differential Temperature of the
Experimental Data for Selected Cases

A(T, - T,) = [(AT,)? + (AT, )%)""

Uncertainty in AT (°C)

Power (min) Power (max)

Air/Nitrogen 2.55 3.68
Argon 2.55 3.90
Helium 2.55 2.55
Air (24 inches Hg) 2.55 - 258
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54 COMPARISON OF TEST DATA TO PREDICTION

The comparison of the test data obtained from the experimental apparatus and
the predictions from the lumped kgﬂ/hedge medel and the Wooten-Epstein relationship
are presented in this section. Section 5.2 discussed the process of data reduction and
Step 4 of that process discussed the actual plotting of the predictions of differential
temperature as a function of power. The assessment of the comparisons of the test data
and the theoretical predictions is presented is Section 5.5. The comparison of all the
data sets with their corresponding lumped keﬂ’/hedge model prediction is provided in

Figure 5-2. Each data set is also presented and discussed individually.

The first comparison presented is the Air/Nitrogen data. Figure 5-3 provides a
graphical comparison of the test data obtained from the experimental apparatus with the
heat transfer mediums, Air at 0 psig and Nitrogen at 15 psig, that has been corrected for
the heat loss out the ends of the apparatus (11%), the lumped kqﬂ'/hedge model prediction
with its upper and lower bounds, and the Wooten-Epstein predictio.n. The test data

shows good agreement with the predictions. The assessment of this comparison is

presented in Section 5.5.

The second comparison presented is the Argon data. Figure 5-4 ﬁrovides a
graphical comparison of the test data obtained from the experimental apparatus with the

heat transfer medium, Argon at 15 psig, that has been corrected for the heat loss out the
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ends of the apparatus (11%), and the lumped k,g/h,4q model prediction with its upper
and lower bounds. Recall that the Wooten-Epstein prediction is not applicable in this
case. The test data shows good agreement with the prediction. The assessment of this

comparison is presented in Section 5.5.

The third comparison presented is the Helium data. Figure 5-5 provides a
graphical comparison of the test data obtained from the experimental apparatus with the
heat transfer medium, Helium at 15 psig, that has been corrected for the heat loss out
the ends of the apparatus (11%), and the lumped keﬂ/hedge mode] prediction with its
upper and lower bounds. Recall that the Wooten-Epstein prediction is not applicable
in this case. The test data shows good agreement with the prediction. The assessment

of this comparison is presented in Section 5.5.

The fourth comparison presented is the Below Atmospheric Pressure data. Figure
5-6 provides a graphical comparison of the test data obtained from the experimental
apparatus with at below atmospheric pressure (24 inches Hg)-with the initial heat
transfer medium of air. The test data has been corrected for the heat loss out the ends

of the apparatus (11%), and the lumped keﬂmedge model prediction with its upper and
lower bounds. Recall that the Wooten-Epstein prediction is not applicable in this case.

The test data does not show good agreement with the prediction. The assessment of this

comparison is presented in Section 5.5.
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In general, the predictions agree with the test data obtained from the
experimental apparatus. The individual assessments of these comparisons are presented

in Section 35.5.
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55 ASSESSMENT OF COMPARISON

The graphical comparisons of the test data obtained from the experimental
apparatus and the predictions from the lumped kqﬂ’lhedge model and the Wooten-Epstein

relationship are provided in Section 5.4. This section will assess each comparison.

One generic difference between the lumped ke,g/hedge model and the test data
obtained from the experimental apparatus could possibly be due to the model’s
assumption that the wall temperature is uniform. This assumption is not correct in the
present configuration and operation of the experimental apparatus. The experimental
wall temperature’s were averaged for input into the lumped K g/h, g, model and the

actual difference varied as much as 9.6°C.

The general assessment of the Air/Nitrogen experimental data and predictions,
which are graphically shown in Figure 5-3, is that there is good agreement. The shapes
of the prediction curves (lumped kyg/h, 4, and Wooten-Epstein) are similar. The lumped
keﬂfnedge model prediction is more conservative that the Wooten-Epstein prediction by
predicting a higher differential temperature at the same power. The experimental data
follows more closely to the Wooten-Epstein prediction; however, the Wooten-Epstein
consistently underpredicts the differential temperature. At higher powers, the differential
tempcréturc of the experimental data becomes less than the differential temperature of

the predictions; however, overall there is good agreement.
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The general assessment of the Argon experimental data and prediction and the
Helium experimental data and prediction, which are graphically shown in Figures 5-4 and
5-5 respectively, is that there is good agreement. The trends are the same: (1) the
lumped keﬂ"lhedge model predictions underpredict the experimental data differential
temperatures at low powers and (2) at higher powers (as mentioned earlier with the
Air/Nitrogen data), the differential temperatures of the experimental data become less
than the differential temperatures of the predictions; however, the crossover point for
the pre_dictions are different. The Argon crossover point occurs at approximately 275
Watts, and the Helium crossover point occurs at approximately 350 Watts. Additionally,
the Air/Nitrogen crossover point occurs at approximately 150 Watts. The differences
between the experimental data and the predictions may be due to the unknown exact
value of the Heater Rod surface and Boundary Condition Box interior wall emissivities

and the scatter in the average wall temperature. Overall there is good agreement.

The general assessment of the Below Atmospheric Pressure experimental data
and prediction, which are graphically shown in Figure 5-6, is that there is not good
agreement. The lumped k,g/h, 4 model prediction underpredicts the experimental data
differential temperature. The differences between the experimental data and the
prediction may be partially attributed to the unknown exact valué of the Heater Rod
surface and Boundary Condition Box interior wall emissivities and the scatter in the
average wall temperature. The differences may also be attributed to the possibility (1)

that the apparatus was operated in the slip regime (29.94 inches Hg < P < 29.90 inches

142



Hg) instead of in the continuum regime (P > 29.90 inches Hg) or (2) that convective
heat transfer plays a more important role than assumed in the lumped k g/h,,,, model.

These two possibilities have been investigated and are discussed individually.

As discussed in Section 4.2, the experimental apparatus was to be operated at
approximately 24 inches Hg to ensure that it remained in the continuum regime shown
in Figure 4-1. The pressure of 24 inches Hg was chosen so that instrument error or
human error would not be factors. To ensure that the experimental apparatus was
operated in the continuum regime, additional data was obtained from the apparatus at
various below atmospheric pressures for comparison. Data was acquired with the
experimental apparatus at 16 inches Hg and 20 inches Hg, in addition to the standard
test pressure of 24 inches Hg, at the same Heater Rod controlling temperature of 240°C
without Boundary Condition Box side or end heaters operating. The resulting data
sheets are provided in Appendix E.8. The differential temperatures of the experimental
data obtained at 24 inches Hg (= 2) were plotted along with the data obtained at 16
inches Hg and at 20 inches Hg. This plot is shown in Figure 5-7. The differential
temperature for the three below atmospheric pressures show that all data follow the
same trend of being higher than the prediction. Therefore, it was concluded that the

experimental apparatus was definitely operated in the continuum region.

The possibility exists that convective heat transfer plays a more important role

than that assumed in the formulation of the lumped kw”‘edge model. There are three
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zones of convection in the experimental apparatus: (1) Inside the Boundary Condition
Box in the interior Heater Rod region; (2) Inside the Boundary Condition Box between
the interior box wall and the Heater Rod region (the edge gap); and (3) Outside the

Boundary Condition Box. Each region is discussed individually.

The first zone of convection is inside the Boundary Condition Box in the interior
Heater Rod region. The isotherms were examined in the Heater Rod array region for
the Below Atmospheric Pressure data (Appendix E.7). Inside the Heater Rod array, the
isotherms were almost symmetrical around the centerline point of the array; therefore,

convection was not significant inside the array.

The second zone of convection is inside the Boundary Condition Box between the
interior box wall and the Heater Rod region (the edge gap). The Boundary Condition
Box wall temperatures were examined and compared for the test data obtained at 0 psig
and 24 inches Hg. The box wall temperatures at below atmospheric pressure were not
symmetrical. For the same power levels, the box wall temperatures at below atmospheric
pressure had a similar temperature distribution as the box wall temperatures at
atmospheric pressure, i.e., the temperature difference between the Boundary Condition
Box top side and bottom side were the same. This temperature distribution indicates
that convection could be more significant than assumed in the formulation of the lumped
Kof/h,qqe model for the region between the wall and the first column of heater rods. This

could be due to the experimental apparatus having a relatively large rod to wall gap.
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The third zone of convection is outside the Boundary Condition Box. The relative
importance of convective heat transfer in this zone and in general for data in air at 0 psig
and 24 inches Hg is illustrated in Figure 5-8 where the differential temperatures between
the wall and its nearest neighboring Heater Rod column are shown for air at 0 psig and
24 inches Hg at similar power levels. This figure demonstrates the importance of
convective heat transfer in the second and third zones. For the second zone note that
the rod to wall temperature difference for the air data is larger than that for the Below
Atmospheric Pressure data, suggesting that convection is more dominant in the former
case. For the third zone note that the wall temperature value for the Below
Atmospheric Pressure data is much larger than that for the air data. Again this suggests

that convection, this time outside the box, is more significant for the air data.

As mentioned in the comparisons between the experimental test data and the
predictions obtained in Air/Nitrogen, Argon, and Helium, convective heat transfer is
important at iarger powers causing the differential temperatures of the experimental data
become less than the differential temperatures of the predictions. Convection is not as
strong in air at 24 inches Hg; however it is still present. Figure 5-6 shows that the
differential temperatures of the experiment are trending toward the differential
temperatures of the prediction, and it appears that a crossover point would occur if the
experimental apparatus could be operated at high enough powers and temperatures.
However, the reason that the differential temperature for the experimental data exceeds

the prediction for below atmospheric pressure at low powers remains unexplained.
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Figure 5-8:
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56 CHAPTER SUMMARY

The test data obtained from the experimental apparatus is reduced in Chapter 5
using the lumped kqﬂ/hedge model [M-1] and the Wooten-Epstein relationship [B-2].
Chapter 5 also presents an error analysis of the test data. There are two types of error:
systematic and random. The systematic error accounts for the end heat losses in the
experimental apparatus, and the random error accounts for possible errors in measuring

the current, voltage, and temperature in the system.

The corrected test data (after error analysis) and the predictions generated by the
lumped kqﬂ/hedge model and the Wooten-Epstein relationship are compared. The
comparison shows good agreement between the predictions and the test data in each

Test Campaign with the exception of the Below Atmospheric Pressure data, Test

Campaign 3 Matrix 1 and Test Campaign 4 Matrix 2.
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CHAPTER 6: SUMMARY AND CONCLUSIONS

6.1 SUMMARY

The work on this research project is aimed at formulating a unified overall model
of heat transfer in a dry medium. The goal of current research work by Sandia National
Laboratories, of which this thesis is a part, is "to develop a fundamental understanding
of the heat transfer mechanisms in a dry horizontally-oriented nuclear spent fuel
assembly," and to characterize "the magnitude of thermal conductance offered by
radiation, conduction, and convection" and the relative importance of each heat transfer
mode [S-1]. This thesis work designed and operated an experiment to simulate the heat
transfer characteristics of an 8x8 square heater rod array (similar to a Boiling Water
Reactor fuel assembly), and recorded the temperatures inside the heater rods at a variety
of power levels. The reduced data from this experiment has been utilized to verify a
model developed to predict the maximum pin surface témperature in a fuel assembly and
to characterize the relevant heat transfer mechanisms in a fuel assembly. This model
was developed by R.D. Manteufel in his PhD Thesis at the Massachusetts Institute of
Technology, 1991 in related work for this research project [M-1]. R.D. Manteufel’s PhD
Thesis also contains a complete literature review for experimental and theoretical heat

transfer in an enclosed rod array.

Prior to assembly of the experimental apparatus, a Quality Assurance Program

150



was developed at MIT by the author as imposed by Sandia National Laboratories (SNL)
in June 1990. The Quality Assurance Program is required to provide a high level of
confidence that the experimental system or individual compohents will be fully useable
and referenceable by outside parties. The Program consists of a general guidance MIT
NED Quality Assurance Program Plan and implementing procedures, MIT NED
Administrative Procedures. The major points of the Program include identification of
a Quality Level of Effort, documentation of activities performed, retention of documents,
calibration of measuring and test equipment, inspection of activities performed, and
certification and training of personnel. These points are discussed in Section 2.2 and
further information can be obtained from the latest revision to the MIT NED QA
Manual (as of August 9, 1991) provided in Appendix A. The QA Program was audited
by a SNL representative in April 1991 and has been deemed effective. The MIT NED
QA Program documents are written in a format that can be applied to any experimental

research project performed at MIT or any other university.

The conceptual design of each experimental component was chosen to emulate
an actual 8x8 Boiling Water Reactor spent fuel assembly and its containment in a
transportation cask. The major components of the experiment are the Heater Rods, the
Rod Support Plates, the Boundary Condition Box, the Containment Vessel, and the
Instrumentation and Control Equipment. Chapter 3 discusses each component in detail

and provides the manufacturer’s engineering drawings for each.

151



The Heater Rods are 0.375 inch diameter, 24.5 inch long copper sheathed special
order electric-resistance cartridge heaters with a type K thermocouple (Chromel, (+)
lead; and Alumel, (-) lead) located at the centerline of the Heater Rod insulated in
compacted magnesium oxide [W-2]. The Heater Rods were purchased and received
prior to the development and implementation of the MIT NED Quality Assurance
Program. The rods had to be individually inspected to ensure acceptability, and the
thermocouples had to be calibrated in-house. These Heater Rods are arranged in an 8x8
square array with a rod pitch to diameter ratio of approximately 1.33 using Rod Support

Plates located one inch from each end of the Heater Rods.

The Rod Support Plates are two identical special order machined 4.5 inch square
1095 Carbon Steel plates, 0.032 inch thick, with an 8x8 square array of 0.380 inch holes
centered on each plate. The resulting 8x8 square array of Heater Rods rests in a

Boundary Condition Box.

The Boundary Condition Box provides the boundary condition for the Heater Rod
Array with attached heaters for temperature control. The Boundary Condition Box
Support Structure is a special order rectangular 6061 Aluminum box, 6.55 inches square
outside with a 1.00 inch wall thickness, 4.55 inches square inside, and 25.00 inches in
length with 4 type K thermocouples attached to the surface of each box side with high
temperature and high thermally conductive epoxy, one positioned 2 inches, two

positioned 12.5 inches, and one positioned 23 inches from the end of the box, and one
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type K thermocouple mechanically attached to the surface of each box side positioned
12.5 inches from the end of the box. The heaters are mechanically attached to the box
exterior. The Boundary Condition Box is positioned horizontally and centered in the

Containment Vessel.

The Containment Vessel as a special order ASME approved and stamped
pressure (75 psig)/full vacuum vessel constructed from 18 inch outside-diameter, 62 inch
long SA53-B Carbon Steel pipe with a 0.375 inch wall thickness sealed at each end with
150 pound SA105 Carbon Steel flanges. The vessel has a total of 13-3/4 inch female
NPT threaded tap penetrations. Nine of the thirteen penetrations are utilized in the
experiment. One penetration is used for the dual pressure safety relief valves; one
penetration is used for the compound pressure gauge; one penetration is used for power
feedthroughs; five penetrations are used for thermocouple feedthroughs; one penetration
is used for the Containment Vessel Pressure System; and one penetration is used for the
Containment Vessel Vacuum System. The penetrations are not rated for pressure
operation; therefore for safety and legal reasons, the as-built apparatus was limited to

pressure operation not to exceed 20 psig.

The experimental apparatus has two types of Instrumentation and Control
Systems. These systems are the Data Acquisition System and the Power Systems. As
directed by MIT NED Administrative Procedure 2.5, "Control of Measuring and Test

Equipment,” the instruments used for support of data gathering activities are calibrated
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utilizing reference standards whose calibration is certified as being traceable to the

National Institute of Standards and Technology (NIST).

The Data Acquisition System is comprised of Hewlett Packard components on
loan from several research projects at MIT. The Power Systems are split into two
separate control systems; one is the Heater Rod System and the other is the Boundary
Condition Box System. The Heater Rod System controls and monitors the power
delivered to the Heater Rods. The control function is provided by the Electronic
Control Systems (ECS) Control/Alarm Model 6400-K-4-1-1-2-1 by controlling the
temperature of the Heater Rod in position 4-4. Redundant instrumentation for current,
voltage, and power are provided in the Heater Rod System to monitor the power
delivered to the Heater Rods. The Boundary Condition Box System controls the power
delivered to each box side and end. The control function is provided by individual

Omega Model CN9111 and Model CN9111A Microprocessors for the box sides and box

ends, respectively.

The assembly of the experimental system is described in detail in Section 3.7.
Particular items should be noted. Prior to assembly of the experimental system, each
Heater Rod, Rod Support Plate, and the interior wall of the Boundary Condition Box
Support Structure were painted black with Krylon High Heat Spray Paint to approximate
the emissivity of the system to 0.9. During the thermocouple connection to the Data

Acquisition System multiplexers care and caution was taken to ensure that the

154



multiplexer channel assigned to a particular thermocouple indeed was that particular
“thermocouple. This was accomplished by two individuals handling one thermocouple at

a time inside and outside the containment vessel using a multimeter to verify continuity.

The experimental apparatus was operated under four major Test Campaigns
where the parameters of the apparatus: the power input to the Heater Rod System, the
controlling temperatures of the Boundary Condition Box System, the heat transfer
mcdium in the Containment Vessel, and the operating pressure of the heat transfer

medium, were varied to enhance or eliminate each of the heat transfer mechanisms.

Test Campaign 1 Matrix 1 was performed at atmospheric pressure in air at 14
Heater Rod power levels with the controlling temperature ranging from 40°C to 250°C
without the Boundary Condition Box side or end heaters operating and 10 Heater Rod
power levels with the controlling temperature ranging from 70°C to 250°C with the
Boundary Condition Box end heaters operating. The data acquisition in Test Campaign
1 Matrix 1 prior to May 7, 1991 is the Debugging Phase. This Phase is discussed in

Section 4.5. The purpose of Test Campaign 1 Matrix 1 is to produce a base set of data.

Test Campaign 2 Matrix 1 was performed at above atmospheric pressure (15 +
3 psig) in three different heat transfer mediums (Nitrogen, Argon, and Helium) at 9
Heater Rod power levels with the controlling temperature ranging from 70°C to 250°C

without the Boundary Condition Box side or end heaters operating. The purpose of Test
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Campaign 2 Matrix 1 is to produce a set of data that accentuates conduction with

Helium and accentuates convection with Argon and increased pressure.

Test Campaign 3 Matrix 1 was performed at below atmospheric pressure (24 +
2 inches Hg) in air at 9 Heater Rod power levels with the controlling temperature
ranging from 70°C to 250°C without the Boundary Condition Box side or end heaters
operating. The purpose of Test Campaign 3 Matrix 1 is to produce a set of data that

minimizes convection.

Test Campaign 4 identified, after testing had begun, additional tests that should
be performed. Test Campaign 4 Matrix 1 expanded upon Test Campaign 2 Matrix 1
with above atmospheric pressure testing in the three heat transfer mediums with 6
additional Heater Rod power levels with a controliing temperature ranging from 70°C
to 240°C. Test Campaign 4 Matrix 2 expanded upon Test Campaign 3 Matrix 1 with
below atmospheric pressure testing in air with 5 additional Heater Rod power levels with

a controlling temperature ranging from 140°C to 240°C.

The test data showed that each heat transfer mechanism could be enhanced by
varying the operating parameters of the experimentai apparatus. The complete set of

test data is provided in Appendix E.

The test data is reduced in Chapter 5 using the lumped keﬂ"hedge model developed
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by R.D. Manteufel in his Doctoral Thesis at MIT in related work on this research project
[M-1] and the Wooten-Epstein relationship develcped at Battelle Memorial Institute in
1963 [B-2]. An error bound was determined for the lumped keﬂ"hedge model prediction.
This error bound accounts for the unknown exact value of the Heater Rod surface and
Boundary Condition Box interior wall emissivities and the scatter in the Boundary

Condition Box’s average wall temperature,

An error analysis of the test data is performed in Chapter 5. There are two types
of error: systematic and random. The systematic error accounts for the end heat losses
in the experimental apparatus. A code is used which takes the temperature differential
between four heater rod centerline thermocouples with their non-lead end attached
thermocouples and weights their loss by the number of heater rods in their corresponding
ring to determine the systematic error. The random error accounts for possible errors
in measuring the current, voltage, and temperature in the system. The random error is

generated by the standard deviation of the measurements.

The corrected test data (after the error analysis) and the predictions generated
by from the lumped ke_ﬂ’lhedge model and the Wooten-Epstein relationship are compared
in Chapter 5. The comparison shows good agreement between the predictions and the
test data in each Test Campaign with the exception of the Below Atmospheric Pressure

data, Test Campaign 3 Matrix 1 and Test Campaign 4 Matrix 2.
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6.2 CONCLUSIONS

The work on this research project is aimed at formulating a unified overall model
of heat transfer in a dry medium. This thesis work designed and operated an experiment
to simulate the heat iransfer characteristics of an 8x8 square heater rod array (similar
to a Boiling Water Reactor fuel assembly), and recorded the temperatures inside the
heater rods at a variety of power levels. The reduced data from this experiment has
been utilized to verify a model developed by R.D. Manteufel in related work on this
research project [M-1] to predict the maximum pin surface temperature in a fuel
assembly and to characterize the relevant heat transfer mechanisms in a fuel assembly.

There are several major conclusions concerning this research work:

(1)  The as-built experimental apparatus accurately simulates the heat transfer

mechanisms in a horizontally configured spent nuclear fuel assembly.

(2) A Quality Assurance Program is necessary to provide a high level of
confidence that the experimental results obtained from the research

project will be fully useable and referenceable by outside parties.

(3)  The Test Campaigns performed in the experimental apparatus provide a
good base set of test data which can be used to determine the importance

of each heat transfer mechanism and to determine what further testing
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should be performed to further understand each heat transfer mechanism.

(4)  In general, the lumped keﬂhedge model showed good agreement with the

experimental resuits.

159



63 RECOMMENDATIONS FOR FUTURE WORK

This theoretical and experimental research work presents many opportunities for
further research in the area of determining the relative importance of radiation,
conduction, and convection in a dry horizontally-oriented nuclear spent fuel assembly.

The recommendations for future work include the following:

(1) Perform a study to determine additional Test Campaigns necessary to
further demonstrate the heat transfer mechanisms, and perform these Test
Campaigns under the specified controlled conditions using the

experimental apparatus.

(2) Upgrade the as-built Experimental Apparatus with the following

modifications:

(a)  Future purchases of Heater Rods should specify:
- a rating of 120 Volts/600 Watts to increase the flexibility
when electrically configuring the Heater Rod array,
- a new wall thickness of 0.025 inch for more durable Heater

Rods, and

- dual internally installed thermocouples calibrated to NIST

standards at the centerline and non-lead end of the rod for
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)

(4)

a certified multidimensional apparatus.

(b) Containment Vessel power penetrations and thermocouple
penetrations that are rated for pressure and vacuum operation
should be purchased and installed. These new penetrations would
significantly increase the band of testing that could be performed
on the experimental apparatus and the overall safety of the

experiment.

(¢) Boundary Condition Box Support Structure thermocouples should
be embedded in the structure wall to provide a more accurate

measurement of the wall temperature.

Design and install a Cooling System in the experimental apparatus to allow
precise control of the Boundary Condition Box wall temperatures below
the natural equilibrium level that they heat up to under non-controlled

operation.

Apply the MIT NED Quality Assurance Program developed in this
research work to other experimental research projects at MIT and other
universities to provide a high level of confidence that the experimental

results from the research project will be fully useable and referenceable by
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©)

(6)

outside parties.

Modify the lumped k,g/h, 4, model to account for varying the pressure of
the heat transfer mediuvm and to refine the assessment of the effects of
natural convection heat transfer (i.e., incorporate pressure dependence and

natural convection dependence into the model).

Incorporate the ability to calculate standard deviations of the measured
power, current, voltage, and temperature into future data acquisition

programs.
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APPENDIX A

MIT NED QUALITY ASSURANCE MANUAL

This appendix contains the latest revision of the MIT Nuclear Engineering

Department (NED) Quality Assurance Manual with latest revisions issued July 31, 1991.

The MIT NED QA Manual contains the most recent revisions of the MIT NED Quality

Assurance Program Plan (QAPP) and the MIT NED Administrative Procedures (APs).

Section 1.

Section 2.

AP
1.1
13
1.4
2.7
2.8
2.9
2.10
32
33
3.4
4.1
5.1
52

53
54
5.5

5.6
5.7
5.8
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Page
QAPP Revision C 167
APs 189
Title
Preparation and Control of Procedures 190
Commitment Tracking 196
Organization 199
Test Control 205
Control of Measuring and Test Equipment 211
Handling, Storage and Shipping 214
Inspection 218
Preparation and Control of Procurement Documents 222
Document Control 226
Records Management 230
Indoctrination and Training 233
Quality Information Reporting 240
Significant Quality Problem Reporting and 242
Corrective Action
Quality Audit 247
Stop Work Request 256
Auditor/Lead Auditor Qualification and 260
Certification
Quality Program Levels of Effort 264
Qualification of Inspection and Test Personnel 273
Control of Nonconforming Items 279
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POLICY STATEKENT

It is the policy for the Massachusetts Institute of Technology's (MIT)
Nuclear Engineszring Department (NED) Contract No. 42-5638, Cavity Heat Transfer,
that all functions, services, hardware, and operating systams reqguired to support
our mcientific and technological cbjective shall be performed, produced, operated
or maintained at quality levels appropriate to the contract objectives. To this
end, ‘a Quality Aasurance Program with implementing procedurss will be
established.

It is incumbent upon all project parsonnel to bae familiar with this program
and its implementing procedures. Enforcement of this policy is the

responsibility of all personnel involved in this project.
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PURPOSE AND SCOPE

The purpose of this document is to set forth a Quality Assurance (QA)
Program for the Massachusetts Institute of Technology's (MIT) Nuclear Engineering
Department {NED) Contract No. 42-5638, Cavity Heat Transfer. This Program will
satisfy the requirsment imposed by the contractor, Sandia National Laboratories
(SNL), in June 1990. The requirement was imposed by SNL to satisfy their Cask
Systems Development Program (CSDP) Quality Assurance Program Plan (QAPP). Their
Plan states the ultimate objective:

"The objective of the Department of BEnergy's (DOE) Office of

Civilian Radlioactive Waste Management (OCRWM) Cask Systems

Development Program is to design, develop, fabricate, test, and

certify a family of prototypical casks to be used to transport apent

nuclear fuel and high-level radicactive wasts to Federal facliities

in a national system for disposal of such waste in accordance with

the Nuclear Waste Policy Act. FPrototype casks will be designed to

minimize life cycle costs and fabricated and tested to ensure

acceptabllity for the eventual cask fleet.”

The goal of this Program is to sustain a high level of quality in ordaer to
provide SNL with a fully useable and refsrenceable product, to protect the health
and safety of workers and the public, and to protect the environment.

This Program has been prepared tc ba in compliance with the MIT Policies,
SNL CSDP QAPP and ANSI/ASME NQA-1-1987 Chapter II QA Basic Requirements and to
closely emulate the SNL CSDP QAPP. The MIT Plasma Pusion c.ntni: Alcator C-MOD
QA Program, dated July 31, 1987, provided additional guidance when preparing this
Progranm.

Abbreviations used in this Program are defined in Appendix A. Terms anii

definitions are provided in Appendix B.
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EXPERIMENTAL QUALITY ASSURANCE PROGRAM PLAN

ORGANIZATION

1.1

1.3

This section defines the organizational structure, responsibilities,

and levels of authority within the MIT NED QAPP.

MIT NED serves as the responsible subcontractor to develop a
technical understanding of ths heat transfer mechanisms in a
horizontally positioned spent fuel assembly for SNL as defined in
MIT Contract No. 42-5638.

The MIT Principle Investigator (PI) is responsible for implementing
all aspects of this QAPP and has the authority to resolve disputes

involving quality. (Ref, AP-1.4)

The MIT QA Coordinator is responsible for establishing and
impismenting the MIT NED QAPP. The MIT QA Coordinator shall review
the MIT NED QAPP annually to assess its idoquacy and effectiveness
and revise the QAFP as necessary. The MIT QA goordinntor has the
authority and sufficient organizational freedom to identify
problems; to initiats, and recommend solutions to those problems; to
verify solutions; and to assure that further procsessing, delivery,
installation, or use is controlled until proper disposition of a
nonconformance, deficiency, or unsatisfactory conditicn has
occurred. In addition, the MIT QA Coordinator has the authority to
initiate the stoppage of unsatisfactory work. The MIT QA
Coordinator acte independently of cost and schedule considerations.

(Ref APe 1.1, 1.4, 5.2, 5.3, 5.4)
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1.5

1.7
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Deesignated Graduate Research Assistants (RA3) have overall
responsibility to develop, plan, coordinate, implement, and oversee
a broad range of activities as designated by the KIT PI. (Ref. AP-

1.4)

Quality requirements are achieved and maintained by those who have
been assigned the responsibility for performing the work.
conformance to established reguirements is verified by the MIT QA

Coordinator. (Ref. AP» 1.4, 4.1, 5.5, 5.7)

MIT NED Administrative Procedures (APs) are procedures which
astablish and define the responsibilities, authorities, and
interfaces of MIT NED psrsonnal. These interfaces include both
internal interfaces within MIT and external interfaces with
organizations such as subcontractors. APs also describe the
documentation to be completed and retained by MIT NED personnel as

a QA record.

2.0 QUALITY ASSURANCE PROGRAM

2.1

2.2

This QAPP is formatted to the quality criteria of SNL CSDP CAPP.

MIT has adopted a QA system to assure application of the
appropriate level of QA for various taske. These levels are
designated Quality Leval 1, 2, and 3. KIT NBD AP-5.6 describec the
method for determining the Quality Levels and for sslecting the
appropriste controls for tasks with different imspact-of-failure

levels.
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The MIT QA Coordinator is responsible for aseigning each task a
Quality Level and documents the assigned Quality Level on all
appropriate projact documents {s.g., project QA plans, test

procedures, procursment documents). (Ref. AP-5.6)

The MIT NED QAR Program is subject to audit and review by SNL at any
reasonable time during MIT's participation under SNL-MIT Contract

42-5638. (Ref. AP=5.3)

This MIT NED QAPP requires training and indoctrination in the QA
Program. Psrsonnel to be indoctrinated or trained shall Pre
identified in this QAPP or in APs. This training is conducted by
the MIT QA Coordinator and conaists of:

* General QA training including applicable codes, standards, and
procedures; applicable QA Program elements; and job
responsibilities and authority relating to QA

» Individual meetings with new hires (permanent and part-time)
to familiarize them with thia QAPP

" Periodic issuance of QA Bulletins to perzonnel to announce
either changes in the QAPP and APs or problems that arise due

to noncompliance with the QAPP or APs.
Records of the implementation of indoctrination and training

{attendance shests, training logs, or personnel training records)

shall be a QA record. (Ref. APs 1.1, 1.4, 3.3, 3.4, 4.1)
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2.6 The MIT PI shall continuously assess the effectiveness of plans and

activities to achieve and assure quality. (Ref. AP-1.4)

2.7 Written procedures shall be astablished for the qualification of
inspection, teet, and audit personnel to assure that only those
personnel who meet the requirements of this QAPPF or APe are
permitted to perform inspection, test, or audit activities. (Ref.

APs 5.5, 5.7)

2.8 Inspection, test and audit personnel qualifications shall be
certified in writing in an appropriate form. Certification form
will include:

{a) Activities that the personnel ars certified to parform

(b) Basis used for certification, which includes such factors as:
(1) Bducation, experience, indoctrination, and training
(2) Test rosulti, whare applicable
(3) Results of capability demonstration

() Results of periodic evaluation

(d) Certifier's seignature

(@) Date of certification end dats of certification expiration.

(Ref. APs 2.10, 4.1, 5.5, 5.7)

2.9 KIT NED AP-5.4 provides for the stoppage of work when conditions
warrant. A Stop Work Request may bs requeeted by any personnel but
approved only by the MIT PI.

3.0 DESIGN CONTROL

3.1 Design Control requiremente are not applicable to MIT NED QAPP. The
basis for this has been determined from the SNL CSDP QAPP which
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atates:
"par direction, Design Control requirenents
of DOE/ID10178, Rev. 1, Quality Management
Plan for the C¢SDP are not applicable to

SNL's CSDP activities."

PROCUREMENT DOCUMENT CONTROL

4.1

4.3

The originator (requaestor) of a purchass requisition (FR) asgures
that the appropriate technical and quality requirements are included
in the PR commansurate with the accpe, complexity, importance and
degree of risk of a particular material, equipment or service.

(Ref. AP-3.2)
The MIT PI reviews the PR for accuracy and adegquacy. (Ref. AP-3.2)

The MIT QA Coordinator reviews the PR for quality requirements.
This review may be waived for off-the-ghelf (catalogue) items for
which there are no modifications that impact quality, or no

appropriate QA requirements. (Ref. AP-3.2)

Instructions for preparing and procassing PRs and Change Requests
are found in MIT NED AP-3.2.

Changes to PRs (Change Requests) are subject to the sane raview and

approval requirsements as the original PR. (Ref. AP-3.2)

INSTRUCTIONS, PROCEDURRS, AND DRAWING3

5.1

Instructions, procedurss, and drawings will be clear, complets,
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approved documente. These documents provide spacific details for
implementing the requirements of the QAPP and include or reference
éppropriato quantitative or qualitative acceptance criteria. (Ref.

APs 1.1, 2.7, 3.3)

Procedures generated by MIT NED are of two basic types:
administrative procedures (APs) and detailed test procedures (TPs).
AP govern the processdes of planning, management controls, and
quality verification. TPs prescribe the dotailed actions required
to achieve quality in performing testing activities. Organizational
responsibilities, authorities, and interfaces for approval of test
procedures are defined in this QAPP, Section 11, Test Control.

(Ref. APs 1.1, 2.7)

6.0 DOCUMENT CONTROL

6.2

The document control system shall be documented and shall provide

for the:

{a) identification of documents to be controllad and their
specified distribution '

{b) identification of ascignment of responsibility for preparing,
review, approving, and issuing documontl'

{c) review of documents for adequacy, completeness, and
correctness prior to approval and issuance.

(Ref. AP=-3.3)

Controlled documents, i.e., those used tc accomplish and/or verify
quality-relatad activities, include such documents as this QAPP,
APg, Project Tast Procedures, and Engineexing Drawings. (Ref. AP-

3.3)
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The MIT NED QAPP and MIT NED APs are distributed to the MIT PI, MIT

QA Coordinator, and RAs. (Ref. AP-3.3)

Project test activities are performed using approved test
procedures. The process of making major and minor modificstions to

test procedures is described in MIT NED AP-1.1. (Ref. AP-2.7)

Minor changes to controlled documents such as inconsequential
editorial corrections, shall not require the same review and
approval as the original. Changes to documents, other than minor,
shall be considered major changes and require the same review and

approval as the original. (Ref. AP-1.1)

Minor or major changes to controlled documents are distributed to

all controlled document hoiders. (Ref. APs 1.1, 3.3)

7.0 CONTROL OF PURCHASED ITEMS AND SERVICKS

7.2

7.3

The MIT NED QR Program pshall ensure that purchased material,
equipment, and services conform to the procurement documents. These
measures include, as appropriate, source evaluation and selsection,
source inspections, audits, receipt inapection and accsptance

testing, of products upon delivery. (Raf. AP-3.2)
The inspection report will confirm that naterial and equipment
conform to the procursment requirements required for acceptance of

The MIT NED QA Program includes provisions for the procurement and

uge of off-the-shelf items and materials. (Ref. AP-3.2)
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IDENTIFICATION AND CONTROL OF ITEMS

8.2

Identification and Control of Items not acceptable for use shall be
indicated thkrough the use of tags to prevent inadvertent use or

installation. (Ref. AP-2.9)

Identification and control of major equipment will be in accordance

with MIT Policy. (Ref. AP-2.9)

- CONTROL OF PROCESSES

Requirements for control of procetses affecting quality of items and
ssrvices include special processes that control or verify quality

{including welding). (Ref. APs 1.1, 2.7, 2.8)

The following controls are imposed on special processes affecting

the quality of a project sctivity:

* Individuals performing a special process are qualified by
training and/or expsrience coumensurate with the scops,
complexity, or special nature of the process in accordance

with applicable codes, standards, or specifications.

» Equipment used for special processes is evaluatsd for ite
suitability for the intended application. '
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* Procedures for defining and controlling special processes are
written by qualified perscnnel who are familiar with the
spacial processes. These procedures include or reference
procedures, personnel and equipment qualification
requirements, and include the requiremants of applicable codes
and standards, jincluding acceptance criteria.

(Ref. APe 1.1, 2.7, 2.8, 4.1, 5.7)

For personnel performing special processes, msasurss shall be
established for obtaining proof of thelr certification to perform
the process, the pericd the certification remains in effect, and the
conditions under which recertification would be required. (Ref. AP-
5.7)

10.0 INSPECTION

10.1 The MIT QA Coordinator determines the need for inspectors, and upon

10.2

10.3

approval, the MIT PI provides for them. Inspections are performed
as specified by the originator of a Purchase Requisition (PR) in
accordance with approved procedures. (Ref. APs 2.10, 3.2)

Inspection activities shall be planned and documented to identify
characteristics, msthods, acceptance criteria, a&nd inspection
results. A record of inspoction activity shall be maintained as QA
record. (Ref. APs 2.10, 3.4)

Personnel performing inspesctions shall be qualified based on their
abilities gained through education, training, and expérience. (Ref.
”-507)
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11.0 TEST CONTROL

i1.1

11.2

11.3

11.4

Tests required for the collection of data shall be controlled,

planned, executed, documented, and evaluated. (Ref. AP-2.7)

Personnel performing testing activities shall be qualified based on
their abilities gained through education, training, and experience.

Test activities are conducted to documsented and approved test
procedures. The RA prepares test procedures to assure compliance
with experiment/investigation requirements or other applicable
criteria. Test procedurss include data shests f{for data

accumulation. (Ref. AP-2.7)

In lieu of procedures, appropriate sections of related documents
such as ASTM methods, supplier manuals, equipment maintenance
instructions, or approved drawings may be used provided acceptance
criteria and adequate instructions to assure the required quality of

work are provided. (Ref. AP-2.7)

12.0 CONTROL OF MEASURING AND TEST SQUIPMENT

12.1

Msasuring and Test equipment shall be calibrated and this
calibration shell be dirsctly triceable to the National Institute of
Standards and Technology (NIST) primary standards. A list of each
calibrated item, the calibration interval, item idsntification
number, and other pertinent data shall be maintained as a QA record.
(Ref. APs 2.8, 3.4)
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If an inatrument is reported as being out of calibration, the
project test personnel (in consultation with the MIT PI) review the
as~-found calibration data to determine the effect of the out-of-
calibration instrumant on ¢the test data. If the data are
acceptable, the project test personnel and MIT PI sign or initial
the calibration shest to indicate acceptance, and keep the
calibration sheet for QA record retention. If tha MIT PI determines
that the data are questionable or unacceptable, a nonconformance
report (NCR) is initiated in accordance with approved procedures.
(Ref. AP-5.8)

HANDLING, STORAGE, AND SHIPPING OF ITEMS

12.1

Items shall be suitably stored to protect against deterioration eor
damage. Items with any special controls or environments shall be

labeled appropriately. (Ref. AP-2.9)

INSPECTION, TEST, AND OPERATING STATUS

14.1

12.2

The status of inspection and component testing 9ct1vitio. shall be
identified either on the items or in documents traceable to the
items where it is necessary to assure that required inspections and
component teosts are performed and to agdure that items which havs
not passad the required inspactions and component tests are not
inadvertently installed, used, or operated. (Ref. APs 2.7, 2.10)

As necessary, ths inspection, test, and operating status of

individual items shall be controlled by calibration stickers, tags,
markings, and notations in a notebook to ensure that required
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inspactions and tests are performed in the proper sequence. The MIT
QA Coordinator has the authority for application and removal of

stickers, tage, or markings. (Ref. APs 2.7, 2.8, 2.10)

Status indicators shall be used to indicate the operating status of
items, systems, and component, such as by tagging valves and
switchea, to prevent inadvertent operations. (Ref. APs 2.7, 2.8,

2.10)

‘CONTROL OF NONCONFORMING ITEMS

15.1

15.2

15.2

Any item or sample that does not conform to specified requirements
or prccedures is considered a nonconformance and requires a
Noncénformanco Report (NCR) to be issued in accordance with MIT NED
AP-5.8.

Items found nonconforming will bs tagged with a nonconformance hold

tag or segregated to prevent inadvertent use. (Ref. AP-5.8)

The MIT PI shall approve any NCR dispositioned use-as-is, repair,
and conditional use. (Ref. AP-5.8)

CORRECTIVE ACTION

16.1

16.2

Measures will be established to identify and promptly correct
conditions adverse to quality. (Ref. AP-5.2)

Significant conditions judged adverse to quality such as failures,

malfunctions, and deficienciea shall bs promptly identified, the
cause dotermined, and corrective actions taken %o correct the
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adverse condition and to preclude repetition. In accordance with
MIT NED AP=-5.2, the MIT QA Coordinator shall take appropriate action

to agsure:

- Prcmpt initiation of corxective acticn to preclude recurrence
* Verification of proper implementation by follow-up reviews
* Submission of a report documenting the deficiency, its cause,

and corrective action taken.

17.0 -QUALITY ASSURANCE RECORDS

17.1

17.2

17.3

17.4

7.8

A records management program shall be implsmented to assure the
generation, review, approval, authentication, protection, storage,

and retrievel of QA records. (Ref. AP-3.4)

QA records shall be under the custodial care of the MIT QA

Coordinator. (Ref. APs 1.4, 3.4)

QA records furnish documentary evideace of compliance with
applicable codes, standards, drawings, test procedures, and
specifications for items, services, or activities that affect

qu‘lity- (R.t- ”"3-4)

QA records are defined in this QAPP and MIT NED AP-3.4.

Records of the methods and procadures used to obtain technically
significant data will be maintained as QA records, which may include

both documents and physical samplas, to furnish histozrical evidence

for future evaluation. (Ref. AP-3.4)
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18.0 AUDITS

18.1

18.2

18.3

18.4

Internal project audits are conducted to verify compliance with all
agpects of the QA program and to determine the QA program's
effectiveness. The MIT QA Ccordinator ensures these audits are
conducted in accordance with an audit plan, and written procadures
or checklist2. Audit results are documented and reported to the MIT
PI. Conditions requiring prompt corrective action are reported
immediately. (Ref. AP-5.3)

The MIT QA Coordinator shall develop and document an audit plan for

each audit. (Ref. AP-5.3)

The MIT QA Coordinator shall be qualified and certified to perform

audits in accordance with procedurss. (Ref. AP-5.5)

The MIT QA Coordinator shall issue an audit report for each audit.
The MIT QA Coordinator shall assure that the audited organization
investigate adverse audit findings, schadule corrective action
including meoasures to prevent recurronce, and notify the MIT QA
Coordinator in writing of action taken or planned. The HIT QA
Coordinator shall review the audit responses for adequacy and
reaolve any concerns. The MIT QA Coordinstor shall assuze that
follow-up action i@ taken to verify that corrective action was
accomplished as scheduled. (Ref. APs 5.2, 5.3)
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APPENDPIX A

American National Standards Institute
Administrative Procedure

American Soclety of Mechanical Engineers

Cask Systens Development Program

Department of Energy

Massachusetts Institute of Technology
Nonconformance Report

Nuclear Engineering Department

National Institute of Standards and Technology
office of Civilian Radiocactive Wuste Management
Principle Investigator

Purchase Requisition

Quality Assurance

Quality Assurance Program Plan

Sandia National Laboratories

Test Procedurse

Transportstion System Development Department
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APPENDIIX B
IRRNS AND DEPINITIONS

GENERAL
This Appendix contains definitions of worde used in this document, and
these definitions are identical to the cnes givan in the SNL CSDP QAPP.

TERMS AND DEFINITIONS

a-iteria. Specified limits placed on characteristics of an
item, prccess, or service defined in codes, standards, or other
requiremant documents.

Audit. A planned and documented audit activity performed to determine by
investigation, examination, or evaluation of objective evidence the
adaquacy of and compliance with established procedures, instructions,
drawings, and other applicable documents, and the effectiveness of
implementation. An audit should not bae confused with inepection
activities psrformed for the sole purpose of process control or product
acceptance.

Cartification. The act of determining, verifying, and attesting in
writing to the qualificatione of personnel, processes, procedures, or
items in accordance with specified requirements.

Corzactive Action. Measurss taken to rectify conditions adverse to
quality and, where necessary, to preclude repetition.

Docupent. Any written or pictorial information do;cribi.nq, defining,
specifying, reporting, or certifying activities, requirsments, procedures,
or results.

Document Control. The activity of assuring that documents aze reviewed
for adequacy, approved for release Dby authorized personnal, and
du!!;ru:utod to and used at the location where the prescribed activity is
poriormad.

. A porscn who performa inspection activities to vorigdy
conformance to specific requirements.

Ingpection. Examinstion or measurement %o varify whether an item or
activity conforms to specified requirements.

Iten. An ali-inclusive term used in place of any of the following:

appurtenance, assembly, component, equipment, saterial, module, part,
structure, subasgsembly, subsystoa, system, or unait.
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Measuring and Test ipment . Devices or systems used to
calibrate, measure, gage, test, or inspect in order to control or acquire
data to verify conformance to specified requiremente.

Nonconformance. A deficiency in characteristic, documentation, or
procedure that renders the quality of an item or activity unacceptable or
indeterminate.

Procedure. A document that specifies or describes how any activity is to
be performed.

Procurement Document. Purchase requisitions, purchase orders, drawings,
contracts, specifications, or instructions usad to define requirements for
purchase.

Purchaser. The organization responsible for establishment of procurement
requirements and for issuance, administration, or both, of procurement
documents.

c o onn . The characteristics or abilities gained
through education, training, or experience, &s measured against
established requirements, such as standards or tests, that qualify an
individual to perform a required function.

. ALl those plannad and eystematic actions
necessary to provide adequats confidence that a atructure, system, or
component will perform satisfactorily in ssrvice.

Quality Assurance Record. An individual document or other item that
has been sxecuted, completed, and approved and that furnishes evidence of
the quality and completensss of data (including raw data), items, and
activities affecting quality; documents prepared and maintained to
demonatrats implementation of quality assurance programs (e.g., audit,
inspection reports); procurement documents; other dacuments such as plans,
correspondence, documentation of talaphone conversations, epecification,
technical data books, papers, photographs, and data shests; and items auch
as magnetic media, physical samples; and other materials that provide data
and document quality regardless of physical form or characteristic. A
completed record is a document or item (and documentation) which will
receive no more entries, whose revisions would normally consist of a
reissue of the document {or documentation), and that is signed and dated
by the originator and, as applicable, by approval psrsonnel.

Quality Level 1 (QLl). Items or activities assigned this classification
are cnaes where an caission, error, or failure could directly impact public
radiological health and safety. From a mechanistic perepective, if an
adverse radiological effect (sxceeding regulatoxry limits) may be initiated
by an omission, error, or failure of an item or activity, then that item
or sctivity must be classified as QL1. The determination of which
initiating events involving items and activities that might result in the
above effects must he made on a case-by-case basis at the time of
clasgification. Criticality events and fsilure of containment and
shielding are among the esvents that require analysis. QL1 items and
activiticos shall meet the basic and supplemental requirements of AN3SI/ASME

Nm-lc :
Quality Level 2 (QL2). Items and activities assigned this classification
are cnes, under the direct control of the OCRWM CSDP, where an omigsion,

error, or failure could lead to circumstances that could require QL1 items
or activities to perform their safety-related function. Therafore, an
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indirect relationship exists between QL2 items and activities and adverse
radiological effects to public health and safety. QL2 items and
activities shall meet the basic and selected supplemental requirements of
ANSI/ASME NQA~1l.

Quality Level 3 (QL3). QL3 is for assignment to OCRWM activities

selectively chosen because of special programmatic importance other than
radioclogical safety. These include mission~oriented activities controlled
by DOE Orders and procedures which reflect good technical management
practices for the assurance of Quality. Additionally, NQA-l requirements
may be selectively applied as determined by line management.

Recejving. Taking delivery of an item at a designated location.

Repajr. The process of restoring 2 nonconforming characteristic to a
condition such that the capability of an item to function reliably and
safely is unimpaired, even though that item still does not conform to the

original requirement.

‘Service. The performance of activities such as design, fabrication,
inspection, repair, or installation.

Special Process. A process, the results of which are highly dependent on
the control of the process or the ekill of the operators, or both, and in
which the specified quality cannot be readily determined by inspection or
test of the product.

. The word “shall” is used to desnote a requirement,
the word "should” to dencte a recommsndation, and the word "may” to denote
permission, neither a requirement nor a recommendation.

Supplier. Any individual or organization who furnishes items or services
in accordance with a procurement document. An all-inclusive term used in
pPlace of any of the following: vendor, seller, contractor, subcontractor,
fabricator, consultant, and their subtier levels.

Testing. An e¢lsment of verification for the determination of the
capability of an item to meet specified requirements by subjscting the
item to & set of physical, chemical, environmental, or operating
conditions.

. The ability to traca the history, application, or location
of an item and like items or activities by means of recorded
identification.

~gg~if- A disposition permitted for a nonconforming item when it can
be established that the itam is satisfactory for ite intended uce.

. The act of reviewing, inspecting, testing, checking,

Yorpification
auditing, or otherwise determining and documenting whether items,
processas, services, or documents conform to specified requirements.
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MIT Title: Preparation and Control of No. 1.1
NED Administrative Procedures Page 1 of 6
Administrative Date: 05428/91
Procedure , Reyleifd: /B

Reviewed by: -ﬂ/ﬂ W0 Y. Q@m{‘_ Approved:
7

1.0 PURPOSE AND SCOPE

1.1

The purpose and scope of this Administrative Procedure {(AP) is to
establish the policy, responsibility, and practice for preparation
and control of APs and for revising the MIT NED QAPP. This
procedure loatuﬁ.cl the applicable requiresents of the MIT NED QAPP,
Section 5.0.

2.0 POLICX

2.1

2.2

2.3

2.4

APe shall describe policy, practices to be followed, and individuals
assigned responsibility for specific actione.

MIT NED shall maintain a controlled MIT NED Quality Assurance Manual
containing the MIT NED QAPP and APs in accordance with the
requirements of AP 3.3, Document Control.

Any MIT NED personnel may initiate a request for a new or revised AP
or QAPP. Requests shall be directed to the MIT QA Coordinator who
will initiate appropriate action.

MIT NED test procedures shall be prepared in accordance with AP 2.7,
Teat Control.

3.0 RESPONSIRILITIES AND PRACTICE

3.1
3.1.1

Preparing Administrative Procedures

MIT Principle 1. Directs that APs be prepared as

Investigator (PI) nacessary to implement added program
requirecants.

MIT QA 1. Issues AP numbers according to the

Coordinator follewing categories:

A. 1.0 ADMINISTRATIVE

B. 2.0 PROGRAM CONTROL

C. 3.0 COHPIGURATION CONTROL
D. 4.0 TRAINING

E. 5.0 QUALITY

F. 6.0 SAFRTY

Graduate Regearch 1. Prapare APs using the following
Assistant (RA) seven major section hesadinge:

R. 1.0 PURPOSE AND SCOPE This
section contains a brief
statement of the purpose
of the AP. If a scope
needs to be defined, it
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3.1.4

MIT QA
Coordinstor

1.
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should be included in
this saction.

B. 2.0 POLICY This wsecticn
contains a statament of
overall policy as it
pertains to the subject
being addressed.

This section
contains the practices
to be followed,
including actions to be
taken, and what
individual is
responeible for the
actions specified.

D. 4.0 DEFINITIONS This
section defines
terms used in a special
sense that will clarify
the AP.

BE. 5.0 BEFERENCES This section
lists the refazrences
that are associated with
the AP.

F. 6.0 RECORDS This wsection
liste the documentsa
genarated as a result of
the procedure which are
to bs retained &2 a
record.

G. 7.0 APPENDICE3 Appesndices
asgociated with an AP
are identified with the
AP number, page number,
and an appendix number.

Issue APs for review and resolve
comments prior to approval and
issuance of the APe.

Reviews AP to ensure that appropriate
quality assurance rogquirements are
prescribed and indicates concurrence
by :aning in tha "Reviewed By"
block.
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3.1.5 MIT PI 1. Approves APs for incorporation into

the controlled MIT NED AP Manual by
eigning in the "Approved" space of
the AP form.

3.1.6 MIT QA 1. Assigns an effective date for the
Coordinator approvad AP to be included on the

heading of the AP.

2. Coordinates issuance and distribution
of all approved APs or revisions to
APs.

3. Maintains controlled MIT NED AP
Manuals in accordance with the
requirements ¢f AP 3.3, Document
Control.

3.2 Revising Admipistrative Proceduzes and the QAPP

3.2.1

3.2.2

3.2.3

3.2.4

Any MIT NED parsonnel may initiate a request for an AP or QAPP
revision.

The APs or the QAPP will be revised as necessary tc:

A. Implemen: changes in contract policy and requirements
B. Reflect changes in MIT policy

C. Correct deficiencias

D. Establish policy and procedures for activities not
presently covered

B. Make clarifications and other changes

Changes sre categorized as major or minor changes. Major or
minor changes ©hall be initiated using a Procedure
Modification Request (PMR), Appendix A, and/or documentation
containing information necassary to evaluate the request. The
roquest shall be directad to the MIT QA Coordinator who will
coordinate the request with responsible personnel to ensure
the appropriate processing of the request, either resulting in
a changs to tha QAPP or the procedure(s) or & response to the
initiator as appropriate.

Minor changes do not require the same review and approval as
the original procedure or QAPP. The MIT QA Coordinator is
respensible to determine whether or not a propossd changs is
minor, to coordinate the change with other psrsoansl as
necessary and for approval of the revised procedurs or QAPP.
Minor changes will generally be editorial, clarification, or
administrative which do not affect the purpose of the
procedure or the QAPP or its offactivencss in implementing
applicable requiremsnts.
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3.2.5 Major changes require the same revisw and approval as the
original procedure or QAPP.

3.2.6 The initial issue of a procedure or the QAPP shall be
designated as “Rev. A." Procedure revisions shall be
indicated by sequential letters (B, C, D . . .) and changes
from the previous version should be identified in the document
by vertical lines adjacent to and aligned with the changed
toxt in the right-hand margin of the pages.

3.2.7 Documents resulting from procedural or QAPP preparation and

revision activities (e.g., PMRs} shall be retained as QA
records.

-3.3  Impact Assessment

3.3.1 MIT QA 1. With the asaistance of the MIT PI, as
Coordinator necessary, evaluates the impact of

DEFINITIONS

4.1

new or revised APs or QAFP on MIT NED
activities previocusly performed to
assess whether any additional actions
may be required.

2. Initiates any additional action by
completing a Corrective Action Report
in accordance with AP 5.2,
Significant Quality Problem Reporting
and Corrective Action.

3. Documents this evaluation and retains

a3 a QA record in accordance with AP
3.4, Records Managament.

t an AP is a formal set of written

Adainistrative Procedure (AP)
inatructions that define how a specific activity is accomplished

within the KIT NED.

The following documents woers used to compile thie AP:

5.1 SNL CSDP PD 1.1, Prsparation and Control of Program Directives

5.2 MIT NED QAPP
5.3 MIT NED AP 3.3, Document Control

5.4 NIT NED AP 3.4, Records Managemont

$.5 MIT NED AP 5.2, Significant Quality Problsm Reporting and Corrective
Actions
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5.6 MIT NED AP 2.7, Test Control

6.0  RECORDS

6.1 MIT NED APs, MIT NED QAPP, Procedure Modification Requests, impact
assessments, and Corrective Action Reports are QA records and shall
be maintained in accordance with MIT NED AP 3.4, Records Management.

7.0  APPENDICES
7.1 Appendix A, Procedure Modification Request Form
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MIT Title: Preparation and Control of No. 1.1
NED Administrative Procedures Page 6 of 6
Administrative Date: 05/28/91
Procedure Revision: B
APPENDIX A

PROCEDURE MODIFICATION REQUEST FORM

To: MIT QA Coordinator

From: Date: _ /__/

Modification of Procedure (Number): Current Revision:

Title (Optional):

Deficiency or Problem(e), and Suggested Solution(s):

(Ses Attached)

Justification for Modification (and Reference Documente):

Other Procedurss/Documents Affected:

FORWARD T2 MIT QA COORDINATOR

Request la: Approved, ReJected, Other Dispositions.
Comments:

Confllct With APz/QAPP or Other Procedures: ~ Yes, No.

Commanta:

rocedure catlon 1ls Class as ( e} ! Major, Minor.
RPPROVALE
MIT QA Coordinator: Dates __/__ /___
Author: bactes ___/__[/___
MIT Principle Investigator: Date: ___/___/__
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MIT Title: Commitment Tracking No. 1.3

)
Reviewed by: a!@-% r\'{ ;(OVQLIL Approved: 4// ﬁa'éﬂm_

1.0

2.0

3.0

4.0

5.0

POSE AN
1.1 The purpose and scope of this Administrative Procadure (AP) is to

establish the policy, responsibilities, and practices for a system
of tracking external action item commitments for the MIT NED.

BOLICY

2.1 The MIT NED shall track and manage the completion of assigned
external action item commitments and maintain a history of
completion of these commitments.

' RESPONSIBILITIES AND PPACTICE

3.1 MIT Principle Investigator (PI)

3.1.1 ensures that external action item commitménts are managed
under at tracking syatem.

3.1.2 approves and assigns external action item ccmmitments to be
tracked.
3.1.3 ensures that completion of action items is entered in the

commitment tracking system as completion is accomplished.

3.1.4 raviews the outstanding commitments with MIT NED personnel
during meetings to remind cognizant personnel of actions and
to update status.

3.1.5 transfers completed items to the history file after they hava
been published as being complete.

3.2 Graduate Research Assistante (RAS)

3.2.1 complete assigned action item commitments and inform the MIT
PI of completion. In the event the original action item
commitment date cannot be met, RAs will negotiate a new date
with the MIT PI. .

Nene.
REFERENCES
The following documents were used to compile this AP:

5.1 SNL CSDP PD 1.3, Commitment Tracking
5.2 MIT NED QAPP
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5.3 MIT NED AP 3.4, Records Management

6.0 RECORDS

6.1 Commitment Tracking Assignment Sheets (Appendix A) and associated
documentation are QA records and shall be maintained in accordance

with AP 3.4, Records Management.

7.0 APPENDICES
7.1 Appendix A, Commitment Tracking Assignment Sheet
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RPPENDIX A

COMMITMENT TRACKING ASSIGNMENT SHEET

Task No: Date: ___ / [

Task Assigned to:

Responsze due date: _ /_ /[

Tagk Origin:

Task:

Supporting Documentation Attached:

Provide documentation that this task has been completed by the due date given
above. In tha event the commitmant due date cannot bhe met, contact me to

negotiate & new date.

MIT Principle Investigator
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—"

1.0 PURPOSE_AND SCOPE

1.1 The purpose and scope of this Administrative Procedure (AP) is to
define the organization and responsibilities of the MIT NED quality
activities. This procedure satisfies the applicable requirements of
the MIT NED QAPP, Section 1.0.

2.0 POLICY

2.1 This procedure applies to activities performed by MIT NED personnel
to support quality activities.

3.0 RESPONSIBILITIES AND PRACTICE
3.1 MIT Principle Investigator (PI) shall be responsible for the

following:

3.1.1
3.1.2
3.1.3

3.1.10

3.1.11

overall implementation of the MIT NED QAPP
resolving disputes involving quality

overall administration of the activities to support the
quality work

the preparation, review, approval, distribution, and control
of APs in accordance with AP 1.1, Preparation and Control of
Administrative Procedures

approving test procedures in accordance with AP 2.7, Test
Control

approving Purchase Requisitions in accordance with AP 3.2,
Preparation and Control of Procurement Documents

overall document control in accordance# with AP 3.3, Document
Control

assuring the indoctrination and training of MIT NED personnel
in accordance with AP 4.1, Indoctrination and Training

establishing and maintaining effective communication between
MIT and others to facilitate quality information reporting in
accordance with AP 5.1, Quality Information Reporting

ensuring that significant quality problems are documentad as
Corrective Action Reports and distributed, corrected,
verified, and approved in accordance with AP 5.2, Significant
Quality Problem Reporting and Corrective Action

ensuring that the MIT NED is audited in accordance with AP
5.3, Quality Audit
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3.1.12 enauring the overall effectiveness and implementation of the
qualification program of inspection and tesat personnel in
accordance with AP 5.7, Qualification of Inspection and Test
Parsonnel
3.1.13 approving the MIT NED QAPP
3.1.14 commitment tracking in accordance with AP 1.3, Commitment

Tracking

3.2 MIT QA Coordinator shall be responsible for the following:

3.2.1

3.2.2

3.2.3

3.2.5
3.2.6

3'2.7

3.2.8

3.2.9

3.2.10

3.2.11

reviewing, concurring, and assessing the impact of APs and the
QAPP in accordance with AP 1.1, Preparation and Control of
Administrative Procedures

reviewing and approving test procedures in accordance with AP
2.7, Test Control

verifying that measuring and test equipment used by MIT NED
personnel is calibrated and controlled in accordance with AP
2.8, Control of Measuring and Teat Equipment

asgisting tha Graduate Research Assistant in determining QA
requirements and for reviewing and approving Purchase
Requisitions in accordance with AP 3.2, Preparation and
Control of Procurement Documents

maintaining documented evidence of indoctrination and training

concurring with quality information provided in the Quality
Information Report in accordance with AP 5.1, Quality
Information Reporting

evaluating, concurring, tracking, and clesing Corrective
Action Reporte (CARe) in accordance with AP §.2, Significant
Quality Problem Reporting and Corrective Action

implementing the Quality Audit Program in accordance with AP
5.3, Quality Audit and AP 5.5, Auditor/Lead Auditor
guallification and Certification

assisting the Graduato‘naaoarch Agsigtant in determining the
Quality Program levels of eaffort in accordance with AP 5.6,
Quality Program Levels of Effort

evaluating, concurring, tracking, and closing Nonceonformance
Reports in accordance with AP 5.8, Control of Nonconforming

Items

establishing and maintaining current the MIT NED Quality
Assurance Manual
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3.2.12 . issuing Stop Work Requests in accordance with AP 5.4, Stop
Work Request
3.2.13 administration of MIT NED QA records
3.3 Graduate Research Assistant eshall be responsible for the following:
3.3.1 overall testing requiremente in accordance with AP 2.7, Test
Control
3.3.2 assuring, together with the MIT QA Coordinator, that measuring

and test equipment is calibrated and contrcllad in accordance
with AP 2.8, Control of Measuring and Test Equipment

3.3.3 handling, identification, storage, and shipment of items in
accordance with AP 2.9, Handling, Storage, and Shipping

3.3.4 initiating and determining requirements for Purchase
Requisitions in accordance with AP 3.2, Preparation and
Control of Procurement Documants

3.3.5 initiating, transmitting, evaluating, concurring, and ensuring
timely and effective corrective action of CARS in accordance
with AP 5.2, Significant Quality Problem Reporting and
Corrective Action

3.3.6 detarmining the appropriate Quality Program level of effort
and for implementing the appropriate quality requirements and
controls for each task in accordance with AP 5.6, Quality
Program Levels of Effort

3.3.7 evaluating, concurring, distributing, and enzuring timely and
effective corrective action of Nonconformance Reports in
accordance with AP 5.8, Control of Nonconforming Items

3.3.8 ensuring that inspections required to verify conformance of an
item or activity to specified regquiremonts are planned and
executed in accordanca with AP 2.10, Inspection

3.4 MIT NED Personnel shall be responsibile for the following:

3.4.1 adherence to the requirements of the MIT NED QAPP and the APs
and to initiate revisions when identified

3.4.2 completing assigned action item commitments

3.4.3 verifying that measuring and test equipment is calibrated and
controlled prior to and during usage and for reporting
equipment found out of calibration in accordance with AP 2.8,
Control of Measuring and Test Equipment

3.4.4 assuring that items are properly handled, Ldontitlod, stored,

and shipped in accordance with AP 2.9, Handling, Storage, and
Shipping
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3.4.5 . initiating corrective action as directed in CARs in a timely
and effective manner

3.4.6 initiating Nonconformance Reports and tagging or segregating
the item in accordance with AP 5.8, Control of Nonconforming
Items

4.0 DEFINITIONS

None.

5.0 REFERENCES

The following documents were used to compile this AP:

5.1 SNL CSDP PD 1.4, Organization

5.2 MIT NED QAPP

5.3 MIT NED AP 1.1, Preparation and Control of Administrative Procedures

5.4 MIT NED AP 1.3, Commitment Tracking

5.5 MIT NED AP 2.7, Test Control

5.6 MIT NED 2.8, Control of Measuring and Test Equipment
5.7 MIT NED 2.9, Handling, Storage, and Shipping
5.8 MIT NED 2.10, Inspections
5.9 MIT NED 3.2, Preparation and Control of Procurement Documents
$.10 MIT MNED 3.3, Document Control
5.11 MIT NED 3.4, Records Management

§.12 MIT NED 4.1, Indoctrination and Training

RS R RERRR

5,13 MIT NBD 5,1, Quality Information Reporting

$.14 MIT NED AP 5.2, Significant Quality Problem Reporting and
Correctiva Actions

5.15 NXIT NED AP 5.3, Quality Audit

5.16 MIT NED AP 5.4, Stop Work Request

5.17 MIT NED AP 5.5, Auditor/Laad Auditor Qualification and Certification
5.18 MIT NED AP 5.6, Quality Program Levele of Bffort

5.19 MIT NED AP 5.7, Qualification of Inspection and Test Personnel
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5.20 MIT NED AP 5.8, Contrcl of Nonconforming Items

6.0  RECORDS

None.

7.0 APPENDICES

7.1 appendix A, MIT NED Quality Organization Structure Chart
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APPENDIX A

MIT NED QUALITY ORGANIZATION STRUCTURE CHART

MIT NED
Principle Investigator
(PI)

MIT
Graduate Research
Assistant
(RA)

MIT NED
Project Personnel
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1.0 PURPOSE AND SCOPE

1.1 The purpose and scope of this Administrative Procedure (AP) is to
establish the policy, requirements, responsibility, and practice for
test control. Thie procedure satisfies the applicable requirements
of the MIT NED QAPP, Section 11.0.

2.0 POLICY
2.1 Tegts conducted are generally to obtain performance data for
components, gsubsystems, or scale models or to provide benchmark

information for computer programs.

2.2 This procedure controls test procedures.

3.0 SIBI s C
3.1 Preparing Test Procedures
3.1.1 Graduate Research 1. Ensures that tests are planned
Asaistant and executed in accordance with
documented and approved taest
procadures.
2. Ensures that test procedurea
are prepared in accordance with
Appendix A, Preparation
Instructions for Test
Procaedures
3. Ensures that test data sheats
‘or racords contain, as a
minimums
A. Item tested
B. Date of test
c. Name of taster or data
recorder

D. Results and acceptability

B. Action taken in
connection with any
deviations noted.

4. Ensures that the teat will be
conductad using qualified
personnel in accordance with AP
S.7, Qualification of
Inspection and Test Personnel.
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5. Ensures that hardware is
handled and stored prior,
during and after the teat in
accordance with AP 2.9,
Handling, Storage and Shipping.

6. As applicable, identifies
potential gources of
uncertainty and error,
including parameters  which
would be affected.

7. Ensures the precision, accuracy
and control of measuring and
test equipment.

8. Reviews and approves test
procadures.

9. Forwards test procedure to MIT
Principle Inveatigator for
review and approval.

3.1.2 MIT Principle 1. Roviews and approves test
Investigator procedures.
3.1.3 Graduate Regearch 1. Ensures that teat procedures are
Assistant controlled in accordance with
AP 3.3, Document Control.

2, Ensures that tests are
conducted using calibrated
equipment in accordance with AP
2.8, Control of Measuring and
Test Equipment.

3. Dispositions any
nonconformances in accordance
with AP 5.8, Control of
Nonconforming Items.

4. Reviews test results to assure
that test redquirements have
been wmatisfied. Resclve any
discrepancies with the MIT
Principle Investigator.

S. Reviews, authenticates, and
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3.1.4 . MIT QA Coordinatorx 1. Issues TP numbers upon requést.

Each project shall be assigned
a unique lead number and
multiple TPs ghall have
sacondary numbers assigned
gequentially (Example: Project
A~-TP 1.0, 1.1, etc.; Project
B~1TP 2.0, 2.1, etc.).

2. Reviews TPs to ensure that
appropriate quality assurance
requiremants are prescribed and

indicates concurrence by
signing in the "Approved by"
block.

3. Maintains controlled TPs in
accordance with AP 3.3,
Document Control.

3.2 Revising Test Procedures

3.2.1 Any MIT NED Personnel may initiate revisions to Test
Procedures.
3.2.2 Procedure revisions shall be documented with the Test

Procedure Change Report form (Appendix B) using the change
criteria in AP 1.1, Preparation and Control of Administrative

Procedures.

4.0 DERINITIONS

None.

5.0 REFERENCES
The following documents were used to compile this AP:

5.1 SNL CSDP PD 2.7, Test Control

5.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Racords Management

5.4 MIT NED AP 1.1, Preparation and Control of Administrative Procedures
5.5 MIT NED AP 2.10, Inspection

5.6 MIT NED AP 3.3, Document Control

5.7 MIT NED AP 5.8, Control of Nonconforming Items

5.8 MIT NED AP 2.8, Control of Measuring and Test Equipment

207




MIT Title: Test Control No. 2.7
NED Page 4 of 6
Administrative Date: 07/31/91
Procedure Revision: C
6.0  RECORDS .
6.1 Test procedures, Test Procedure Change Reports, Master Test

Procedure Change Report Index, and associate documentation are QA
records and shall be maintained in accordance with AP 3.4, Records
Management.

7.0 APPENDICES

7.1

7.2

Appendix A, Preparation Instructions for Test Procedures

Appendix B, MIT NED Test Procedure Change Report form
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APPENDIX A

PREPARATION INSTRUCTIONS FOR TEST PROCEDURES

Obtain a Test Procedure (TP} number from the MIT QA Coordinator according
to the following categoriee:

1.0 - 99.0

Tast Procedures

Prepare Test Procedures using the following five major section headings:

I. Purpose

Ix. Cautions

I1II. Reguired
Equipment

Iv. Tests

v. Acceptance
Criteria

This section containa a brief statement of the
purpose of the TP.

This section containe a list of the precautionary
measuras that should be taken with the equipment
to prevent damage to the equipment or personnel
safety.

This section lists the aequipmant required for the
test.

This section provides instruction for setting up
the test as well asm steps to perform the test.
Any Cautions or Notes should be placed prior to
the step it applies to. Data gheets shall be
provided in attachments.

Thie section provides the criteria for which the
test becomes acceptable

Obtain approval of the TP from the MIT Principle Investigator and the MIT

QA Coordinator.
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Change No.

ProcedureTitle:

APPENDIX B

MIT NED TEST PROCEDURE CHANGE REPORT

Page

of

Procedure No.:

Procedure Page:

Procedure Revision No.:

Change:

Date:

Reason for Change:

Comments:

Approved by

Graduate Research assistant

MIT Principle Investigator

MiT QA Coordinator
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1.0

3.0

Reviewad by: % (o M KOY (&, t Approved: / -
[74

PURPOSE AND SCOPE

1.1

The purpose and scope of thie Administrative Procedure (AP) is to
define requirements and responsibilities for the control,
calibration, and maintenance of toolsz, gauges, instruments, and
other measuring and testing devicer. This procedure satisfies the
applicable requirements of the MIT NED QAPP, Section 12.0.

BOLICX

2.1
‘2.2

The requirements of this AP apply to tests performed by MIT NED.

Contractor calibration programs must maet the raquirements of this
API

RESPONSIBILITIES AND PRACTICE

3.1

3.2

3.2.1

3.2.2

3.3

3.3.1

The Graduate Ressarch Assistant (RA) shall ansure that newly
procured or previcusly used instruments, and measuring and testing
equipment are calibrated with MIST standards before their use in
support of data gathering activities.

Instruments and measuring and test equipment usad by MIT NED
shall be identified and labeled (where practical) with a
readily visible label indicating calibration status. Labels
reflecting an item's calibration status wili be applied by
calibration organizations.

Inetruments and measuring and test equipment shall be labeled
to indicate the serial number or other unique identifier, by
whom it was calibrated, and when the next calibration is due.
Labsls, codes, or racall records for devices which are not
required to be used to their full capabilities or devices
which require functional check or indication only shall
specify the applicable condition.

calibration Requirements

Maasuring and test equipment shall be calibrated utilizing reference
gtanderds whose calibration ie certified as being traceable to the
National Institute of Standards and Technology (NIST). If NIST
standards do not exist, the basis for traceable calibration shall be
decumented by the calibrating agency. This documsntation shall be
approved by the Graduate Research Asgistant.

calibration certification shall contain, as a minimum, the
following:

A. The name and ssriai number or other unique identifier of
the device calibrated
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3.3.4

3.4

3.6

B. The date of the calibration
c. Date indicating when the next calibration check is due

D. The printed name and signature of the person 'who
performed the calibration.

Calibration intervals may be expressed in calendar time or may
relate to usage.

Commercial, nonprecision devices, such as rulers, tape
measures, lavels, and liquid-filled thermometers, need not be
calibrated if the equipment provides adequate accuracy.
Adequate accuracy will be assumed unless otherwise stated by
the Graduate Research Assistant.

Exceptions to the calibration of test and measuring equipment
must be documanted and approved by the NMIT Principle
Investigator and MIT QA Coordinator.

Devices That Fail calibration

If an instrument is reported as baing out of calibration, the
project test personnel (in consultation with the Graduate Ressarch
Assistant) revisw the as-found calibration data to determina the
effect of the out-of-calibration instrument on the test data. If
the data are acceptablae, the project test personnel and Graduate
Research Assistant sign or initial the calibration sheet to indicate
acceptance, and submit the calibration shest to the MIT QA
Coordinator for retention. If the Graduate Research Assistant
determines that the data are gquestionable or unacceptable, a
nonconformance report is initiated in accordance with AP 5.8,
control of Nonconforming Items.

The environment in which test and measuring equipmant is stored,
maintained, and used must be maintained to the extent necessary to
assure continued measurements of required accuracy. Environmental
factors that should be considered include, but are not limited to,
temperature, humidity, handling and shipping, shock and vibration,
radio frequency interferance, electromagnetic interference, voltage
stability, toxic fumes, dust, and genaral housekeeping duties.

The users of measuring and test equipment shall do the folluwthq:

A. Before use, determine that the device is operable, free of
damage, and not overdue for calibration

B. Use and store instruments in a manner that will preserve their
in-calibration status and measuring capability

C. Request a calibration check when the accuracy of measuring or
test equipment is suspect. :
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3.7 It ie the responsibility of the Graduate Research Assistant to
ensure that measuring and test equipment is calibrated. This
responsibility includes requesting calibration, repair, and
maintenance of instruments for which the Graduate Research Aesistant
ig accountable including the handling and packaging of those
requiring shipment.

3.8 The MIT QA Coordinator shall verify that requirements of this AP are
observed to ensure an effective calibration program. The MIT QA
Coordinator shall ensure that records are generated and maintained
which reflect the current status of compliance to requirements noted
in this AP. .

4.0 DEFINITIONS

4.1 and Tes t: devices or systems used to measure,
gauge, test, or inspact in order to control or to acquire data to
verify conformance to a specified requirement or to establish
characterisgtics or values not previously known.

5.0  REFERENCES

The following documents were used to compile this AP:

5.1 SNL CSDP PD 2.8, Control of Measuring and Test BEquipment

5.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Records Management

§5.4 MIT NED AP 5.8, Control of Nonconforming Items

6.0  RECORDS

6.1 Calibration certification records and any nonconformance reports
generated are QA records and sh:ll be maintained in accordance with
AP 3.4, Records Managemant. '

7.0  APPERDICES

None.
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1.0 PURPOSE AND SCOP

1.1

The purpose and scope of this Administrative Procedure (AP) is to
define the requirements and methods to ba used for identification,
packaging, handling, shipping, preservation and storage of items to
preclude damage, loes, detarioration by environmental conditions, or
gubstitution of items. This procedure satisfies the applicable
requirements of the MIT NED QAPF, Section 13.0.

2.0 POLICY

This procedure applies to items determined to be important to gafety
and/or retrievability in the MIT KED when these items are the
responsibility of the MIT NED staff and contractorsa.

3.0 RESPONSIBILITIES AND PRACTICE

3.2.4

Compliance with this procedure will provide for the identification,
packaging, handling, shipping, preservation, and storage of items
and material important to safety and retrievability.

Identification This section applies to those items that require
unique identification.

The Graduate Research Asasistant (RA) will obtain MIT property
identification number, if required, and ensure that the
identifier is applied to the item.

The Graduate RA shall assign a unique identifying number/label
using the scheme in Appendix A.

Physical identification will be used to the extent possible,
eithsr by indelible marks on the items or by physical
attachment of the identification to the items and material.
In cases in which physical identification is either
impractical or insufficient, or would compromise the items for
intended use(s), then physical separation, procedural control,
or other appropriate identification will be employed.

Identification markings, whan used, shall be applisd using
materials and methods which provide a clear and lagible
identification and do not detrimentally affact the function or
service life of the item.

The identification will be maintained throughout the usage
period of items up to and including disposai. Parscnnel
using, moving, or handling identified items are responsible
for maintaining that identification. The identification will
be traceable to documenta including but not lim.ted to logs,
test records, inspection documents, and nonconformance

reports.
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4.0

5.0

6.0

3.3 Handling, Packaging, and Shipping

3.3.1 Packaging When necessary, items shall be packed for shipping
in an apprepriate manner to prevent damage to the item.
Aspects that may be considered in determining if specific
packaging instructions are appropriate include:

A. orientation; i.e., must the item be maintained upright,
horizontal, etec. during shipment
B. Protection from moisture/wetness
C. Protection from temparature extremes, such as freezing
D. Protection from shock and/or vibration
3.3.2 Handling When determined to be nacessary to ensure safe and

adequate handling, special handling tools and equipment will
be utilized by operators experienced or trained in their use.

3,3.3 shipping The Graduate Research Assistant will enaure that
items and material will be shipped in a manner that will
protect the characteristics or function of the items and
material, as well as, the identification.

3.4 Stopage When not in use®, items shall be placed in appropriate
storage locatione.

3.4.1 Individuals responsible for items coverad by this procedure
will ensura that such items placed in storage will be

adequately protected to ensure their preservation and
functioning.

DEFINITIONS

4.1 Item: an all-inclusive term that is used in place of any
appurtenance, assembly, component, equipment, matarial, module,
part, structure, subassembly, subsystem, system, unit, or prototype
hardware. Documents are specifically excluded.

REFERENCES
The following documents were used to compile this AP:

5.1 SNL CSDP PD 2.9, Handling, Storage and Shipping
5.2 MIT NED QAPP

RECORDS

None.
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7.0 APPENDICES

7.1 Appendix A, MIT NED Unique Identification Labeling Scheme
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APPENDIX A

MIT NED UNIQUE IDENTIFICATION LABELING SCHEME

Bach individual item shall be identified with its own label centaining a unique

identification number.
identification methods:

1. the item's system,

2. the item's function, and

3.

Sample Systems
Heatar Rod System

Boundary Condition Box Systaom
Containment Vessel Systam
Data Acquisition System

Valve

Heater
Controller
Alarm
voltmeter
Ammeter
Wattmeter
Pressure
Relief Valve
Vacuum Pump
Thermomater
Variac
Computer
Multiplexer Card
Gauge
Printer

ROD-A-1 and ROD-A-2
There &are Z ammeters in

Example:

The number s8shall be broken down

into three (3)

a gequential number of similar items in the system.

System Identification Abbreviation
ROD
BCB
cv
DAU

on _Id tion Abbreviation

ZE§§;E§22M25¥<=E()5§§
&

;G‘
"

Bach

a heater rod power system.

identification number shall be associated with a unique item.
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1.0 OSE Q.

1.1 The purpose and scope of this Administrative Procedure (AP) is to
establish the requirements for planning, execution, documentation,
review, and approval of inspections performed on MIT NED activities.
This procedure satimsfies the applicable requirements of the MIT NED
QAPP, Section 10.0.

2.0 POLICY

2.1 Inspection shall be performed, as applicable, on MIT NED activities.

2.2 Receipt inspections are performed in accordance with AP 3.2,
Preparation and Control of Frocurement Documents.

3.0 RESPONSTBILITIES AND PRACTICE
3.1 MIT QA Coordinator 1. Assists the Graduate Research
Aesistant in the identification,
exscution, and review of inspections.

3.2 Graduate Research 1. Ensures that inspections are required
Assiastant to verify conformance of an item to

specified requirements and to verify
that the item continues to remain
within specified limits.
2. Inspaction planning shall provide:
{a) criteria for determining when
inspections are to be conducted
(b)  identification. of required
procedures, drawings, and
specifications including
revisions .
{c) specification of necessary
measuring and test equipment.
a. Ensures that inspections for
accsptance are performed and
documentad by persons other than
thoss who performed the work being
inspacted.
4. Ensuras that inspection personnel are
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S. Ensures that receipt inspections of
procured items are performed as
required in procurement document.

6. Enesures that the inspection cover
completeness, markings, calibration,

" protection from damage, and other
characteristics as regquired to verify
qguality and performance.

7. Ensures that inspections are
documented on an MIT NED Inspection
Report, Appendix A.

8. Review and approves inspection
results.

9. Ensurses that identified
nonconformances are reported and
resclved in accordance with AP 5.8,
Control of Nonconforming Items.

3.3 MIT QA Coordinator 1. Approves Inspection Reports.

2. Ensures that inspsction results are
documsnted and retained as QA records
in accordance with AP 3.4, Records
Management.

4.0 DEPFINITIONS

None.
5.0 REFERENCRS

The following documents were used to compile this AP:

5.1 SNL CSDP PD 2.10, Inspaction

5.2 MIT NED QAPP

5.3 KIT NED AP 3.4, Records Management

5.4 MIT NED AP 5.8, Control of Nonconforming Items

5.5 MIT NED AP 3.2, Preparation and Control of Procursment Documants
6.0  RECORDS

6.1 Inspaction records are QA records and shall be maintained in

accordance with AP 3.4, Records Managemant.
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7.0  APPENDICES

7.1

Appendix A, MIT NED Inspection Report form
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APPENDIX A
MIT NED INSPECTION REPORT

Report No. Date: / / Page of
To:
From:

Item(s) and Characteristic(s) Inspected:

oObjective Evidence of the Results and Acceptability:

Inspection Criteria or Reference Document () Used to Determine Acceptance:

Measuring and Test Equipment Used During Inspection:

MIT NED Nonconformance Rsport Issued: { ] Yes [ ] No
NCR Ro:

Inspscted by: Dates __/_ [/

Approvad by: _ _ Date: /I
KIT QA Coordinator
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1.0 PUR

1'1

Reviewed by: %4@;4 'l d‘{Qﬂ# Approved: r/,/-:/;/! W

5

The purpose and scope of this Administrative Procedure (AP) is to
describe the preparation, quality assurance, and distribution of
procurement documentation for the purchase of material, equipment,
and services. This AP provides instruction for assuring the quality
of material, equipment, and services purchassed by MIT NED and
satisfies the applicable requirements of the MIT NED QAPP, Section
4.0 and 7.0.

2.0 POLICY

Measuras shall be established to assura that purchased material,
squipment, and services conform to the procurement documents.
Applicable requiraments shall be included or referenced in the
contracts for procurement of material, equipment, and aservices. To
the extent nacessary, contracts shall require contractors tc have a
suitable QA program.

3.0 RESPONSIBILITIES AND PRACTICE

3.1
3.1.1

3.1‘2

Initiating s Purchase Requisition (PR)

The Graduate Research Assistant {RA)} is responsible for
filling cut an MIT Purchase Requisition/Change Requisition
(PR/CR) form, including the following, as applicable:

A. Suggasted source

B. A description of the material, equipment, and/or
services to be procurad

C. The design basis; @.g., drawings, specifications,
instructions, and atandarda. Such documents are
specified Dby their control features (date, issue,
revision, amendment) to assure that the subsequent
contract is established on tha latest applicable design
basis, and to facilitate control of future changas

D. The QA requirements appropriate for the nature of the
procursd item

E. Quantities, desired delivery dates, and delivery
instzuctions

G. Cost estimate and other financial and administrative
information (e.g., account number, etc.)

The QA Coordinator initials the PR/CR next to the APPROVED BY

block to indicate approval of quality requirements and
forwards the PR/CR to the MIT Principle Investigator.
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3.1.3 The MIT Principle Investigator (or his designee) approves the
PR/CR by signing the APPROVED BY block and returns it to the
requestor.

3.1.4 The requestor obtains a Purchase Order Numbezr from the
Purchasing Organization. The Purchasing Organization
processas the purchase.

3.1.5 The requestor forwards the original PR/CR (only) to the MIT
NED Administrative Office for financial processing and a copy
of the PR/CR and any associatad documentation to the MIT QA
Coordinator.

3.1.6 The MIT QA Coordinator retains the PR/CR and associated

documentation as & QA record.

3.2 Inspection and Acceptance

3.2.1

3.2.2

3.2.4

3.2.5

The Graduate Ressarch Assistant, in conjunction with the MIT
QA Ccordinator, arranges for inspaction and acceptance of the
procured items.

Receiving inspections shell ba coordinated with the review of
supplier documentation when procurement documents require
supplier documentation be furnishsd.

If the items or materials do not mest procurement documant
requirements, an NCR will be initiated and resolved in
accordance with AP 5.8, Control of Nonconforming Items.

For commercial grade items, the following shall ba determined
by thes requestor:

A, No shipment damage
B. Received item is the item ordered

c. It appropriszte, inspection and taltinq‘to determine if
tha item conformg to manufacturer's published
specifications

D. Requested documentation has baen received and is
acceptable.

The requester shall ensure that documentation of all
activities regarding the acceptance of the items or materials
is forwarded to the MIT QA Coordinator. This documentation
shall be retained as a QA record. Minimum documentation
consists of accepted Invoice forms.

3.3 Pugchase Closure

3.3.1

The requestor shall sign and date the Invoice form to indicate
that all work specified in the PR/CR has boen completed and
accapted.
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3.3.2 The requestor shall send the original Invoice form (only) to

the MIT NED Administrative Office for financial closure and a
copy of the Invoice form and associated documentation to the
MIT QA Coordinator for retention as a QA record.

3.4 ¢hange Reguigitions

3.4.1 A CR may be initiated by the requestor to alter the Purchase
Order. A CR is written with the appropriate changes and is
submitted for formal review and sign-off.

3.5 Ccommercial Items

3.5.1 off-the-shelf items ehall be ordered according ¢teo
manufacturer's product oerial number or description.
Reference to a recognized standard or specification shall be
made when a standard product is manufactured by numerocus
companies; i.e., sheset metal.

3.5.2 Soma commarcial items are available through the MIT Laboratory
Supply Office. Although a PR does not requirs the approval of
the MIT Principle Investigator, the requester is responsible
for the complete quality inspection (correct item, correct
quantity, freedom from damage, cocrrection operation, etc.).
in all cases, the requester is responsible for the final
acceptance or rejection of purchased itams.

DEFINITIONS

4.1 Change Requigition ({(CRA: the documsnt submitted to the
administrative office/purchasing organization which defines and
authorizes a change to a purchass order.

4.2 Purchase Order (PO): the document prepared by the purchasing

organization to implement the requirements of the Purchase
Requisition.

4.3 Purchase Requisition (PR): the document originated by the MIT NED
requester and sent to the purchasing organization which defines and
authorizes a procursment action,

REFERENCES

The following documents were used to compile this AP:

5.1 SNI. CSDP PD 3.2, Preparation and Control of Procurement Documents
5.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Records Managemant

5.4 MIT NED AP 5.5, Quality Program Levaels of Effort

5.5 MIT NZD AP 5.8, Control of Nonconforming Items
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€.0 CORDS

6.1 The following procurement documents generated by this procedure are
QA records and shall be maintained in aecordance with AP 3.4,
Records Management:

1.
2.
3.
4.
5.

7.0  APPENDICES

‘Nong.

Purchase Requisitions and associated documentation
Receipt Inspection records

Change Requisitiones and asgociated documentation
Significant correspondence related to the procurement
Invoice forms and aseociate documentation.
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1.0 URPOSE _AND SCOP

1.1 The purpose and ecope of this Administrative Procedure (AP) ia to
egtablish policy, requirements, and practices for the preparation,
release, and revision of controlled documents within the MIT NED.
This procedure satisfies the applicable requirements of the MIT NED
QAPP, Section 6.0.

2.0 PQLICY

2.1 Selected MIT NED documents are controlled in order to assure that
activitiee are performed to the most current information
incorporated into documents which are procedurally reviewed,
approved and digtributed to ensure the highest quality of work.

2.2 MIT NED controlled documents are the MIT NED QAPP, APs, Test

Procedures (TPs), and Engineering Drawings.

3.0 RESPONSIBILITIBS AND PRACTICE

3.1

MIT Principle 1. Ensureos that the requirements of this
Investigator (PI) AP are adhered to within MIT NED.
2. Ensures that changes in program

requirements are incorporated into
affected program documents.

Graduate Research 1. Prepare the required document or

Assistants (RAs) changes according to the format
requirsd for the particular document
as outlined in APs.

2. Ensure that BEngincering Drawings and
Specifications rasquired to support
the testing activities are prepared.

3. Document changes to criginal issue
Bnginesring Drawings and
Specifications.

4. Record changes t0 test procedurss on

a Test Procedure Change Report in
accordance with AP 2.7, Test Control.

5. Ensure that controlled dJdocuments
delineata thoss documents generated
as a result of implementation and
which are to becoma QA records.

6. Obtain required reviews and approval
in accordance with APs.
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Reviews and approves controlled
documents in accordance with approved
procedures.

Maintains a log of the MIT NED
Procedure Modification Request forms.

Coordinates the printing of and
dietribution of released MIT NED
documents according to controlled
distribution lists.

A3 a minimum, the MIT Principle
Investigator, the MIT QA Coordinator,
and Graduate Research Assistants
shall receive a controlled copy of
the MIT QAFP and APs.

Maintains a controlled distribution
list for each controlled document.

Distributes controlled documants
using a transmittal form (Appendix A)
and retains the returned, signed
transmittal forms.

Maintzins a Controlled Documents List
(CDL) showing the current revision
and release status of the MIT NED
controlled documents.

Maintains an original history file of
MIT NED controlled docu.ents
including the appropriate document
revision forms.

-

4.1 Document Control: the activity of assuring that documents are
raviswad for adequacy, approved for release by authorized psrsonnel,
and digtributed to and used at the location where the prescribed

NED
Administrative
Procedure
3.3 MIT QA Coordinator 1.
2.
3.
4.
5.
6.
7.
8.
4.0 DEFINITION3
activity is performad.
5.0  REFERENCES

The following documents were used to compile this AP:

5.1 SNL CSDP PD 3.3, Document Control

§.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Records Managsment

5.4 MIT NED AP 2.7, Test Control
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6.0 RECORDS -
6.1 Procedure Modification Request, Tast Procedure Change Report, and
the history file of controlled documents including documented

reviews are QA records and shall be maintained in accordance with AP
3.4, Records Management.

7.0  APPENDICES
7.1 Appendix A, Controlled Document Transmittal/Acknowledgment form
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APPENDIX A

MIT WED CONTROLLED DOCUMENT TRANSMITTAL/ACKNOWLEDGMENT FORM

Document Title:

Document ID:

Control No. is issued to:

(Name) (Title)

on

(Date)

Controlled Copy ( ) Revisions will be provided
Uncontrolled Copy ( ) For information only, revisions will not be provided

Summary: Issuance of

{List Documants)

Special Directions:
Pleaze check appropriate box(es), sign and date.

{ ] I have performed the above action(s) and, if applicabls superssded
portions have been discarded or marked *Superseded” and placed in a

separate location.

[ 1 I have verified that the document received is the document described on
the transmittal form, in terms of content and number and order of pages,
and have notified the sender of any discrepancies.

[ 1 I do nct require this document; plsase remove me from distribution.
Document has been destroyed.

Date: /]

Signature:

.tﬁ'.!t.tﬂti.ﬁ.'ﬁI‘tti**ﬂﬁ*tﬁQiﬂ'ltiittiiﬁitttﬁti’ﬁ.ﬂﬁ.ﬁi-!ittil*'ﬂﬂ"*

Plesase return this form by / / to:

MIT Quality Assurance Coordinator
Nuclear Engineering Dapartment
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2.0

3'0
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Reviewed by: %(lgzlo d'-)( fOﬂfa‘f—‘ Approved: / p / {‘MA
s Gt

[

PURPOSE AND SCOPE

1.1 The purpose and scope of this Administrative Procedure (AP) is to
establish the applicability, requirements, responsibilities, and
procedure for the managing of records within the MIT NBED. This
procedure satisfies the applicable requiraments of the MIT NED QAPP,
Section 17.0.

POLICY

2.1 Typical documents to be retained as a record are listed in Appendix
A.

Awm_um_mmsx

3.1 MIT Principle Inveetigator (PI)

3.1.1 Shall have overall responsibility for the generation and
retention of QA records.

3.1.2 Shall ensure that the records syatem is effective.
3.2 MIT NED Personnel
3.2.1 Shall ensure that documsnts procedurally designated as QA

records are generated, reviewed, and approved in accordance
with procedure and are complete, legible, traceabls, and
accurate.

3.2.2 Shall forward the record to the Graduate Research Assistant or
directly to the MIT QA Coordinator, as appropriate.

3.3

3.3.1 Shall ensurs that documents which are to beccme records are
noted in procedures.

3.3.2 Shall inventory the racords and discard duplicates.

3.3.3 Shall assign 2 file code to the records.

3.3.4 Shall ensure that a copy of QA racords are forwarded to and
retained by the MIT QA Coordinator.

3.3.5 May rstain a working copy of the record as appropriatae.

3.4 MIT QA Coordinatorx

3.4.1 Shall receive, inventory, fils, retain, and maintain MIT NED

records.
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3.4.3 Shall assure that applicable specifications, documents,
procedures, or inetructions specify the records to be
generated, supplled, or maintained.

3.4.3 Shall retain a redundant copy of QA records.

4.0 DEFINITIONS

4.1

4.2

Quality Assurance (QA} Record: an individual document or cther item
that has been executed, completed, and approved and that furnishes

evidence of the quality and completeness of data (inciuding raw
data), items, and activities affecting quality; documents prepared
and maintained to demonstrate implementation of quality assurance
programs (e.g., audit and inspection rapeorts); procurement
documents; other documents such as plans; correspondence,
documentation of telephone conversations, spacification, technical
data books, papers, photographs, and data cheets; items such as
magnetic media, physical samplas; and other materials that provide
data and document quality regardless of physical form or
characteristic. A completed record is a document or iteam {and
documentation) which will receive no more entries, whcse revisions
would rnormelly consist of a reissue of the document (or
documentation), and that is signed and dated by the originator and,
as applicable, by approval personnal.

Record Package: a collection of records supporting one topic
(subject) that is filed as a case file; e.g., QA audit file,
contract or procurement file, or an enginearing drawing package.
The fiie will be held by the originating individual until the
transaction is completed. It will then be indexed and processad as
one record.

5.0 REFERENCES
The following documents were used to compile this AP:

§.1 SNL ¢SDP PD 3.4, Records Managemant
5.2 KIT NED QAPP

6.0 RECORDS
None.

7.0  APPENDICES

7.1

Appendix A, Typical Records To Be Maintained by MIT NED
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APPENDIX A

TYPICAL QA RECORDS TO BE MAINTAINED BY MIT NED

Administrative Procedures

Audit Plane

Audit Reports

Audit Schedules

Auditor Qualification Form
Calibration Recorda

Commitment Tracking Assignment Sheets
Confirmation of Training Records
Corrective Action Reports

Document Revision Requests
Engineering Drawings

Indoctrination and Training Recoxds
Inspection and Test Personnel Certification Records
Inspection Reports

Lead Auditor Qualification PForm
Logbooks (or copies thersof)

Monthly Status Reports
Nonconformance Raports

Personnel Qualification Data Sheets
Procedure Modification Requast Forms
Procurement Documentation

Purchase Orders

Purchase Requisitions

Quality Assurance Audit Personnel Qualifications Update
Guality Assurance Program Plan
Quality Information Report

Quality Laevel Assignment Checklists
Revised Document Reading Records
Stop Work Requests

Test Procedures
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MIT Titi®: Indoctrination and No. 4.1

1.0

2.0

3.0

Reviewed bY=%¢aLZdl‘ﬂd- XO_V& Approved: 42;,% /g

PURPOSE AND SCOPE

1.1 The purposs and scops of this Administrative Procedure (AP) is to
astablish the policy, responaibilities, and requirsments for the
indoctrination and training of MIT NED personnel. This procedure
satisfies the applicable requirements of the MIT NED QAPP, Section
2.0.

BOLICY

2.1 MIT NED personnel performing activities affecting quality, shall
receive training and indoctrination requisite for their activities
and level of responsibility. Documented evidence of indoctrination
and training activities chall be maintained by the MIT QA
Coordinator.

3.1.1 Ensures by review of the individual's qualifications that the
individual are qualifisd to perform their assigned duties.

3.1.2 Ensuras indoctrination and training of the personnel
performing activities affecting quality.

3.1.3 Initiates periodic training sessions for pereonnel and
requires review of revised program documents, as necessary.

3.1.4 Ensures that indoctrination and training activities are
documented and maintained either in a training file or in the
respective personnel files.

3.1.5 Requires as part of the indoctrination and training program,
that program personnel review and have a working knowledge of
the following documants:

A. MIT NED QA Frogram Plan
B. MIT NED Administrative Procedures

3.1.6 Monitors the performance of personnel doing work atfecting
quality to determine the need for retraining.

3.2 MIT NED Personnel

3.2.1 Pulfill indoctrination and training requirements
3.3 NIT QA Coordinatox
3.3.1 Maintains documented avidence of Personnal Qualification Data

Sheets and indoctrination and training activitles.
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3.3.2 Reviews annually personnel qualification and indoctrination

and training records.

3.4 Qualification of Personnel

3.401

Documentation of personnel qualifications will be recorded on
Pergonnel Qualificaticn Data Sheets (Appendix A). These data
sheets will include, as a minimum, the participant's nane,
education, experisnce, and other qualificaticns. The data
sheets are approved by the Graduate Research Assistant and the
MIT Principle Investigator.

Tha MIT QA Coordinator will file the Personnel Qualification
Data Sheets as part of the gquality assurance records.

The MIT QA Coordinator in conjunction with the MIT Principle
Investigator will review the data sheats annually.

3.5 Indoctrinatjion and Trainlng Program

3.5.1

Initial training assignments shall ba documented on the MIT
NED Indoctrination and Training Record, Appendix B.
Subsequent training assignments to revised APs or QAPP shall
be documented on the MIT NED Revised Document Reading Rececrd,
Appendix D.

Indoctrination and training recourds will be reviewed annually
by the MIT QA Coordinator for completeness.

3.6 confirmation of Trajining

3.6.1

None.

Appendix C, MIT NED Confirmation of Training Record, shall be
used to ratify the satisfactory completion of training. All
training completed shall be noted on the Confirmation Record
and approved by the MIT Principle Investigator and the HIT QA
Coordinator.

The following documants were used to compila this AP:

5.1 SNL CSDP PD 4.1, Indoctrinstion and Training

5.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Recorde Managament
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6.0  RECQRDS
6.1 Indoctrination and Training Records, Confirmation of Training
Records, Revized Document Reading Records, and Personnel
Qualification Data Sheete shall be maintained in accordance with AP
3.4, Records Management.
7.0  ARPENDICES

7.1 Appendix A, MIT NED Personnel Qualification Data Sheet

7.2 Appendix B, MIT NED Indoctrination and Training Racord

.7.3 Appendix C, MIT NED Confirmation of Training Record

7.4 Appendix D, MIT NED Revised Document Reading Record

235



MIT Title: Indoctrination and No. 4.1
NED Training Page 4 of 7
Administrative Date: 07/31/91
Procedure Revision: B
APPENDIX A
MIT NED PERSONNEL QUALIFICATION DATA SHEET

NAME : POSITION:
Signature: Date: / /

Total Experiaence Years:

Education:

Experience:

Other:

Management Approval:

Graduate Research Assistant

Date

236

— - [/ ___
MIT Principle Investigator Date




MIT NED INDOCTRINATION AND TRAINING RECORD

A. ADMINISTRATIVE PROCEDURES

1.1 Praparation and Control of
Administrative Procedures

[y
.
w

Commitment Tracking

1.4 Organization
-2.7 Test Control

« 2 + e = * s s »
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B. OTHER DOCUMENTS

MIT NED QA Program Plan

MIT Title: Indoctrination and No. 4.1
NED Training Page 5 of 7
Administrative Date: 07/31/91
Procedure Reviaion: B
APPENRIX B

POSITION:

Control of Measuring and Test Equipment
Handling, Storage and Shipping

0 Inspection
Prsparation and Control of
Procuremont Documents
Document Control
Records Management
Indoctrination and Training
Quality Information Reporting
Significant Quality Problam Reporting
and Corrective Action
Quality Audit
Stop Work Reguest
Auditor/Lead Auditor Qualification
and Certification
Quality Program Levels of Effort
Qualification of Inspection and
Test Personnel
Control of Nenconforming Items

REVISION INITIAL & DATE

REVISION INITIAL & DATE

I verify that I have reviewed and have a working knowledge of the above mentioned
documents and that I have completed all additional training requirements noted

herein.

Signature:

Date: __ /[

This form must ba completed and forwarded to the MIT QA Coordinator by

Y SR [

Reviewed by:

MIT Principle Investigator
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APPENDIX C

MIT NED CONFIRMATION OF TRAINING RECORD

NAME: POSITION:

has completed the following training as part of the MIT NED Indoctrination and

Training Program by:

[ 1 Completion of the MIT NED Indoctrination and Training Record

[ ]| Completion of other assigned training noted below:

Approved:

MIT Principle Investigator - MIT QA Coordinator
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APPENDIX D

MIT NED REVISED DOCUMENT READING RECORD

NAME: POSITION:
INSTRUCTIONS
1. ‘Phe document(s) listed below represent & training requirement that must be

fulfilled before training will be confirmed complete. Please initial and
date to signify you have completed this asctivity.

2. USE BLACK INK TO COMPLETE THIS PFORM.
3. IN ALL CASES, read the procedure and familiarize yourself with its

contents.
I have read the procedure
Asaigned and am familiar with itse
Document /Revision contents.

NI

My signature indicates that I have performed the indoctrination or training
activities shown for the essigned procedure(s).

Signature: Date: ___/__ /___

AR AR RN R R E AR ARN AR A E AR TR AR NI N NN N ERA AR RAINRR AN AN A AT R NAIERNRRI TN

Please return this form be / / to:

MIT QR Coordinator
Nuclear Enginesring Department
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1.0 PURPOSE AND SCOPE

1.1 The purpose and scope of this Administrative Procedure (AP) is to
describe the method for obtaining data and reporting information and
status of the QA Program. This procedure satisfies the applicable
requirements of the MIT NED QAPP, Section 2.0.

2.0 poLICY

2.1 This procedure applies to MIT NED QA activities.

3.0  RESPONSIBILITIES AND PRACTICE
3.1 MIT OA Coordinator

3.1.1

3.1.2

3.1.3

4.0 DEFINITIONS

None.

5.0 REFERENCES

Shall prepare and submit at least quarterly a Quality
Information Report for distribution to the following:

A. MIT Principle Investigator
B. Others as determined by the MIT QA Coordinator.

Shall include in the quality information, when applicable, an
assessment of the following:

A. QA Program status including development status

B. Performance of gquality activities such as audits,
inspaction, and tests.

Shall initiate any corrective action or QA Program revisions
required as a result of the quality information.

The following documents were used to compile this AP:

S.1 SRL ©SDP PD 5.1, Quality Information Reporting

5.2 MIT NED QAPP

5.3 MIT NED AP 3.4, Records Management
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6.0  RECORDS

6.1 The Quality Information Report is a QA record and shall be
maintained in accordance with AP 3.4, Records Management.

7.0 PENDICES

None.
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MIT Title: Significant Quality Problem No. 5.2
NED Reporting and Corrective Page 1 of S
Administrative Action
Procedure L,

7 TIAS
Reviewed by:ﬂﬁib:.n( .éoytﬁ— Approved: M

1.0 PURPOSE AND SCOPE

1.1

The purpose and scope of this Administrative Procedure (AP) is to
establish the policy, requirements, and responsibilities for
measures to identify, resolve, and track significant quality
problems. This procedure satisfies the applicable requirements of
the MIT NED QAPP, Section 16.0.

2.0 POLICY

2.1

Significant quality problems shall be identified by the process of
evaluation of written submittals of quality documentation and/or by
the review and evaluation of Audit Reports, Inspection Reports,
Nonconformance Reports, etc.

Significant quality problems shall be formally identified and
resolved so that repetition is minimized. Bvaluation criteria for
significant quality problems are the following:

A. Failure to astablish, implement, and comply with appropriate
requirements, QA Plans, and implementing procedures

B. Significant deficiencies in administrative and technical
documentation which were not detected and corrected during
formal reviews and which could rendsr the quality of the items
and activities either indeterminate or unacceptablas

C. Continuing or repstitive procedural deviation, nonconformance,
or noncompliance, and the failure of rasponsible organizations
to provide proper direction, overview, and correction

D. Significant deficiencies in design and/or instruction for
items which wera detected after formal verification and
acceptance and which, had they not been detected, could have
had an adverse effect on safoty

E. Failure of responsible organizations to take reasonably prompt
and effsctive actions to corract findings of deficiencies
noted during guality assurance audits or assessments

3.0 RESPONSIBILITIES AND ERACTICE

3.1

3.2

MIT QA Coordinator 1. Ensures that when a potential
significant guality problem |is
identified, a Graduate Research
Assistant is assigned to linitiate,
monitor, and close a Corrective
Action Report (CAR) (Appendix A).

Graduate Research 1. Completes Section I of the CAR,

Assistant including identification of root
cause. Obtaine concurrence of the
MIT QA Coordinator on the
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3.3

3.4

3.6

MIT QA Coordinator

Graduate Research
Assistant

MIT Principle
Investigator

MIT QA Coordinator

1.

3.
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applicability of the quality concerns
as a significant quality problem, and
obtains CAR number, as applicable,
from MIT QA Coordinator.

Evaluates quality related concerns to
determine if seignificant quality
problem status applies.

Maintains Corrective Action Log and
issues CARs. Issuance numbars shall
ba recorded in the log.

Maintains CAR files which include
original CAR, current status, and
related correspondence.

Tranamits copy of the CAR to the MIT
Principle Investigator.

Transmits the original CAR to the
Graduate Research Assistant.

Prepares proposed corrective actions
to mitigate the problem identifled in
the CAR.

Transwits the original CAR to the MIT
Principle Investigator and a copy to
the MIT QA Coordinator.

Reviews and approves the proposed
corrective actions.

Ensures the following actions, as a
minimum, be taken:

A. Remedy of lpocitic condition or
problem

8. Determination and documentation
of root causes

c. Review, implementation,
monitoring, and revision of
corractive actions as necessary

Reviews and concurs with the proposed
corrective actions.

Bvaluates sffectiveness of response
and of corrective action.

Tracke corrective actions to
completion.
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Procedure Revision: A
3.7 Graduate Research 1. Ensures the timely implementation and
Assistant affectiveness of the completed
corrective actions.

2. Indicates closure of the CAR by
signing the "CAR Actions Completed
and Closed™ block.

3.8 MIT QA Coordinator 1. Verifies the timely implementation
and effectiveness of corrective
actions.

2. Indicates closure of the CAR by
signing the "Correctivs Action
Acceptance” block.

3.9 MIT Principle 1. Indicates closure of the CAR by

Investigator eigning the "Closure of CAR Approved"
block.

2. Transmits original closed CARs to the
MIT QA Coordinator and a copy to the
Graduate Research Assistant.

3.10 MIT QA Coordinator 1. Complstes entry in CAR Log.

2. Ensures that the CAR is retained as a
QA record in accordance with AP 3.4,
Records Managemant.

4.0 DEFINITIONS
4.1 : a condition adversas to quality which,
if not corrscted, could have a ssrious effect on safety or other
program objectives.
5.0 REFERENCES
The following documents were used to compile this AP:
5.1 SNL CSDP PD 5.2, Significant Quality Problem Reporting and
Corrective Action ,
5.2 MIT NED QAPP
5.3 MKIT NED AP 3.4, Records Management
6.0  RECORDS
6.1 The completed CAR and associatsd documentation are QR reccerds and

ghall be maintained in accordance with AP 3.4, Records Management.
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7.0 APPENDICES

7.1 Appendix A, MIT NED Corrective Action Report Form
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NED Reporting and Corrective Page 5 of 5
Administrative Action Date: 03/26/91
Procedure Revision: A
APPENDIX A

MIT NED CORRECTIVE ACTION REPORT

To: CAR No.

From: Date: / /

Bection I - Sctatsment of Problem

CAR by: Date: __ [ /

Reviewed by: Date: __ / /[
MIT QA Ccordinator

fecticn II - Discrepancy Response

Please indicate csuse of problem and corractive action below. S8Sign and date as

indicated. Return to sender by _ / /

Cause:
Action to correct observed discrepancy:
Corrective action to prevent recurrence:

Analysis by: Date: / /

Committed by: Date: S/

Section III - Bvaluation of Response

Bvaluation by: — _ Date: [/
Graduate Research Assistant
Reviewed by: Date: / /.
HIY QA Coordlnator
Reviewed by: Data: / /

_ MIT Principle Inveatigetor
Section IV ~ Closure

CAR actions completed and closed: _ Date: ___/__/___
Graduate Resaarch Assistant

Corrective action acceptance: - _ Date: / /
MIT QA Coordinator

Closure CAR approved: Date: fod
MIT Principle Investigator

WoIE1 17 moro space is requirsd, attach additional sbeets.
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MIT Title: Quality Audit No. 5.3
NED Paga 1 of 9
Administrative Date: 05/28/91

Procedure o Raévig¥ony B

Reviewed by: %%W,w)’v( JQO(E:ﬁC‘ Approved: ” /WM/

4

1.0 PURPOSE AND SCOPE

1.1 The purpose and scope of this Administrative Procedure (AP} is to
establiah the policy, requirsments, and responsibilities for
scheduling, planning, conducting, and documenting quality audits for
the MIT NED. This procedure satisfies the applicable requirements
of the MIT NED QAPP, Section 18.0.

2.0 POLICY
2.1 This procedure specifies a system of planned, periodic audites to

provide an objective evaluation of quality related practices,
proceduras, instructions, activities, and items, including the
review of documents and records to engure that the QA program is
effective and properly implemented. This procedure applies to MIT
NED activities. This procedure doss not address qualification or
certification of audit psrsonnel, which are covered in AP 5.5,
Auditor/Lead Auditor Qualification and Certification.

3.0 RESPONSIBILITIES AND PRACTICE

3.1
3.1.1

3.1.2

3.2
3.2.1

Blanning and Schedyling

The MIT QA Coordinator will generate an audit schedule of
external and internal audits annually. The audits and their
psrformance sequence and timing will be based on the status
and importance of the activities as they relate to the
proegram. The audits will be scheduled in a manner that
provides coverage of and coordination with ongoing program
activities and schall ba initiated early enough to assure
effective QA. All elements of the QAPP will be schedulad to
be audited at least annually. Elements to be audited may be
scheduled throughout the year and performed on & continuous
basis.

As a minimum, the annual Audit Scheduls will include the
following information:

A. Dates of audits
B. Activities to be audited
c. Quality lsvel of work being performed

D. The raoquirements for which the activities ars to be
audited ‘

. The unique Audit Designator

Individual Audit Plane

For each audit, the MIT QA Coordinator or the Lead Auditor
will prepare an Audit Plan, similar to Appendix A. The plan
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will be prepared as early in life of the activity as
practical, shall be used throughout the audit, and will
identify:
A. The organization to be audited
B. The requirements and documents to be audited against
c. The scopa of the audit
D. Activities to be audited
E. The audit team
r. The psreonnel to be notified
G. The general schedule of the audit (planning through
reporting)
H. The date(s) of the audit
I. The procedure or checklist used
3.2.2 The MIT QA Coordinator will approve each individual Audit Plan

prior to its implemantation.

3.3 . Preparation for Audite

3.3.3

3.3.4

The MIT QA Coordinator will select certified Auditors to
perform audits who are independent of the activity to be
audited. The Auditors will be certified am qualified in
accordance with AP 5.5, Auditor/Lead Auditor Qualification and
Cartification.

The Lead Auditor will develop or cause to be developed, an
audit Checklist in a format similar to Appendix B. The
checklist will include a raeview of corrective actions
specified &8 & result of previoua audits of the organization.

The MIT QA Coordinator will establish an Audit Designator for
the audit. This will be an szlphanumeric designation which
uniquely identifies the audit.

The MIT QA Coordinator will notify the Graduate Research
Assistant to be audited prior to ths scheduled dates of the
audit. The notification letter will include a copy of the
Audit Plan and also indicate the general schedule dasired for
the audit visit. This would include any particular facilities
or equipment needed. The audit checklist may be included in
tha notification letter.

3.4 Ppexformance of the Audit

3“-1

3.4.2

The audit team will hold an cpening meeting with the audited
perscnnel to review the audit plan and schedule.

The elements that have bean sselected for the audit shall be
evalusted by the audit team against the opecified
requirements. The Lead Auditor may deviate from the audit
plan to broaden the investigation when findings raise further
quastions or to delete unimportant activities. These
deviations are to be annotated in the Checklist.
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3.4.3 Audit personnel will document the results of their audit
activities on the audit checklist(g). Conditions that require
prompt corrective action will be reported immediately to the
audited personnel.

3.4.4 The close-out meeting should occur immediately after the audit
to provide the auditsd personnel an oral report of findings
and observations. At this time, the lead auditor and the
audited personnel should agree that the findings are factual.

3.5 Regorting

3.5.1 The audit report is to be written by the Lead Auditor/Audit
Team and signed by the Lead Auditor and the MIT QA
Coordinator. The audit report will be issued within 30
calendar days of the audit and distributed to:

1. MIT QA Coordinator

2. MIT Principle Investigator

3. Audited Personnel

The audit report is to include the following:

R. Executive summary of conclusions and significant results
for management attention. This summary will indicate
unsatisfactory results in the areas audited as well as
exemplary practice

B. Audit scope and identification of the audit team

c. Identification of the personnel contacted during the
audit

D. A summary of the audit results, including a statemant of
the adequacy and effactiveness of the QA program
elenents audited

E. A description of each reported finding and observation
in sufficient detail to enable corrective action toc be
taken by the audited personnel. An  Audit
Pinding/Observation Report (Appendix C) for each finding
and observation shall be attached to the audit report.

3.5.2 The audit rsport shall require the audited personnal:

A. Investigate tha f£indings and observations

B. Daviase and schadule corzective actions

c. Provide a written response specifying and scheduling
corrective actions and indicating measures taken to
prevent rscurrence.

The written responsa shall be submitted to the MIT Principle

Investigator and to the MIT QA Coordinator within thirty (30)
calendar days of the receipt of the audit report.
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Title: Quality Audit No. 5.3
Page 4 of 9

4.0

5.0

3.6
3.6.1

3.6.2

3.6.3

Follow-up

The MIT QA Coordinator will evaluate the adequacy of the
auditee's corrective action. If the corrective action is
inadequate, further action will ba requested.

Pollow-up action will be taken within 30 calendar days of
notification by observing objective evidence to verify that
corractive action has besen accomplished as gcheduled. The MIT
QA Coordinator will maintain a tracking system which indicates
the extent of completicn of the audit and close-out of
findings.

After tha corrective action has been verified, the MIT QA
Coordinator will issus a close~cut letter stating that the
corrective action is adequate and the audit is closed-out.

DEFINITIONS

4.1

4.2

4’3

4.5

Audit: a planned and documented activity performed to determine by
investigation, examination, or evaluation of objective evidence the
adequacy of and compliance with established procedures, codes,
standards, instructions, drawings, and other applicable
requirements, and the effectiveness of implemeantation. An sudit
should not be confused with inspection activities performed for the
sole purposa of procees control) or product acceptance.

corrective Action: measures taken to rectify conditions that are
adverse to quality and, whare necessary, to praclude repetition.

Finding: a statemant of fact regarding noncompliance with
established policies, procedures, instructions, drawings, or other
applicable requirements. (Pindings require a documented rasponse
specifying corrective action and verification of ite
accomplishmants.)

Obgervation: a statement of opinion regarding a potential quality
problem, quality assurance weskness or practice which could lead to
a finding if not corrected. (Observations require a documented
response specifying corrective action.)

Recommandations a statement of opinion related to adeguacy of
compliance with quality assurance requirements, effectiveness of
quality assurance program implementation and aress of improvemsnt
which should be considered. (A recommendation does not require a
doccumented response.)

REFERENCES
The following documents were used to compile this AP:

5.1
5‘2

SNL CSDP PD 5.3, Quality Audit
MIT NED QAPP
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MIT Title: Quality Audit No. 5.3
NED Page 5 of 9
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5.3 MIT NED AP 3.4, Records Management
5.4 MIT NED AP 5.5, Auditor/Lead Auditor Qualification and Certification
5.5 MIT NED AP 5.6, Quality Program Levels of Effort
6.0  REGORDS
6.1 Audit schedule and revisions, audit plans, audit reports, written

replies, and the racord of cowpletion of corrective action, and
close-out of the audit are QA records and shall be maintained in
accordance with AP 3.4, Records Management.

7.0  APPENDICES

Appendix A, MIT NED QA Audit Plan
Appendix B, MIT NED QA Audit Checklist

Appendix C, MIT NED Audit Pinding/Observation Report Form
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Procedure Revision: B
APPENDIX A

MIT NED QA AUDIT PLAN

Audit Designator

Organization to be Audited:
Applicable Requirement Documants:
Audit Scope:
Activities to be Audited:
General Audit Schedule:

Planning and Preparation -

Notification to Auditee -~

Date(s) of Audit Performance -

Issue Report -

Audit Team:
Psrsonnel or Organization to be NHotified:

Procedure or Checklist to be Used:

Signature: Date: / /_
Laad Auditor

Approved: Date: / /
MIT QR Coordinator
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APPENDIX B

MIT NED QA AUDIT CHECKLIST

Audit Designator: Auditor(e):
Criteria Audited:
Roqui.reménts Documant (s} and Revision(s):
Organization Pargonnel
Audited: Contacted:
‘Requiremente Sat.| Unsat. Remarks
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APPENDIX C

MIT NED AUDIT FINDING/OBSERVATION REPORT

1. AUDITED ORGANIZATION: 2. DISCUSSED WITH: 3. AFOR NO.:
4. AUDITOR(S): S. FINDING [ ] OBSERVATION { ] 6. PAGE (o) 4
7. RESPONSE DUE DATE: / /

8. REQUIREMENT:

9. PINDING/OBSERVATION:

SEE REVERSE SIDE FOR INSTRUCTIONS
10. CAUSE:

11. REMEDIAL CORRECTIVE ACTION AND BFFECTIVE DATE:

12. ACTION TO PRECLUDE RECURRENCE:

13. SIGNIPICANT CONDITION ADVERSE TO QUALITY: NO[ } YES { ]
IF YES, CAR NO.: ISSUED: NO [ ) YRE [ ]

14. COMMITMENT DATE AND RE3PONSIBILITY POR CORRECTIVE ACTION, INCLUDING
CONFIRMATION TO MIT QA COORDINATCOR:

15. RESPONSIBLE PERSONNEL AND DATE:

16. EVALUATION OF CORRECTIVE ACTION STATEMENT: SATISFACTORY {1
UNSATISPACTORY [ |

17. MIT QA COORDINATOR AND DATE:

18. VERIFICATION OF ACTION TAKEN: SATISPACTORY (1
UNSATISPACTORY [ )

19. MIT QA COORDINATOR AND DATE:
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APPENDIX C (continued)
MIT NED AUDIT FINDING/OBSERVATIGN REPORT
Instructions

STEP 1: Root Cause Datermination
Be specific in identifying the root cauae of the problem. Document
response in Space 10.

STEP 2: Remedial Corrective Action and Effective Date
Document actions taken to corraect the specific problems identified.
Be specific, record items corrected and how corrscted. Record in
Space ll1l. Investigate other similar arsas/items that might have
similar problems. Document this activity, identify items reviewed
and items corrected. Evaluats the problem impact on complete work.
State result in Space 1ll.

STEP 3: Actions to Precluds Recurrence
Identify what actions have been and/or will bas taken to preclude
recurrence. Record specifics in Space 12.

STEP 4: Determine significance of problem and need for a CAR to ensurs
appropriate action. Record in Space 13.

STEP 5: Commitment Date and Responsibility for Corrective Action, including
Confirmation to MIT QA Coordinator
Identify who is reospensible for the steps above and the date each
action is to be completed; record the latest data identified for
corrective action in Spacs 14. The identified individual is
responsibla for follow up to complete required actions, and for
findings, to confirm and provide objective evidence to the MIT QA
Coordinator that corrective action has been accomplished as
committed. Sign snd dats in Space 15.

STEP 6: Transsittal
Return this report to the MIT QA Coordinator.

NOTE: Use additional sheets for continuation of information

from the front page.
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Administrative Date: 03/26/91
Procedurs Bevision: A

1.0

2.0

3.0

Reviewad by: 20 YU . XQ&(# Approved: //27 Qiﬂ—%_ﬂ_

PURPOSE_AND SCOPE

1.1

The purpose and scope of this Administrative Procedure (AP) is to
describe the policy., regquirements, responsibilities, and
applicability for the initiation and lifting of a stop work request
on MIT NED activities. This procedure satiasfies the applicable
requirements of the MIT NED QAPP, Section 1.0.

POLICY
2.1 A Stop Work Request (SWR) letter shall be initiated by MIT QA
Coordinator when conditions warrant and when all other avenues of
resolution have been exhausted.
RESPONSIBILITIES AND PRACTICE
3.1 MIT NED Personnel i. Contact the MIT QA Coordinator when a
significant problem poesibly
warranting a Stop Work Request Ll
identified.
3.2 MIT QA Coordinator 1. Determines whether the problem can be

resclved in accordance with the
guidelines and direction of existing
APs such as AP 5.8, Control of
Nonconforming Items; AP 5.2,
Significant Quality Problem Reporting
and Corrective Action, or AP 2.10,
Inspection. If so, initiates
corrective action in accordance with
procedures.

2. If existing programs and procedurea
are not satisfactory to resolve the
problem, datermines whether the
problem can be resolved through
immediate interaction with involved
parties. If so, promptly rasolves
the problem and documsnts corrective
action.

3. If neither Steps 1 or 2 raesolvas the
problem, determines whethex a Stop
Work Request is warranted, based on
the definition in Section 4.0 of this
procadure.

a. If a SWR is not applicabla,
resolves the problem with the
Graduate Research Assistant or
esctlates until resolved.
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b. If an SWR ia applicable,
completes the applicable
portioné of the SWR.

4. Submits SWR to Graduate Research
Assistant.

5. Ensures, through tagging, segregating
or other means, that the problem
repressnts no threat to personnel,
structures oOr the environment while
resolution is panding.

3.3 Graduate Rasoarch 1. Bvaluates the SWR for applicability.
Assistant (RA)

2. If the Graduate RA concurs with the
S¥R, directs the stoppage of work (if
not already stopped) and completes
any applicable portion of the SWR not
already completed.

a. Assigne responsibilities to
designated personnel for
corrective actions.

b. Distributes the SWR lettar as
follows:

{1) MIT Principle
Invastigator
(2) MIT QA Coordinator

c. Maintains a log of SWR latters

d. Tracks corrective action.

3. If the Graduate RA doss not concur
with the SWR:

&. Documents the justification for
not concurring.

b. Provides an action plan for
correcting the problem.

c. Obtains the concurrence of the
MIT QA Coordinator for items a
and b. )

3.4 MIT QA Coordinator 1. Concurs with the justification for
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i.s Designateqd Personne] 1. Implement Corrective actions ag
’ directed °n SWR ang notifies tne
Graduatg RA, in writing, when actiong
are complete.
3.6 MIT Principle 1. Reviewg, ¢oncurg, and verifieg
Investigator corrective action,
' 2. May request the as5istance of the MIT
QA Coeordinator for verification of
corrective action,
3. Lifts the 8top work verbally and jp
writing angd advises the MIT A
Coordinator of the lifting of stop
work.
3.7  MIT QA Coordinator 1. Verities corroctive action ir

requeated ang documents came.

2. Removes any tags applied and releases
the item for service, if applicable.

a. Graduats Ra
b. MIT Principle Investigator
4. Ensuras that ¢the SWR letter and

agssociated docunoutation is retained
A8 a QA racord.

for which corrective action ie not implemented in a timely manner.
Generally, an SWR should not be igsued unless other appropriate
means hava been exhausted, Howaver, the MIT QA coordinator or other
Tosponsible Personnel BAY elsct o issue an swp 46 & first mezng to
correct ap unlatio!acto:y condition {g Circumstances warrant. an
SWR shall pe litted by the MIT Principle Investigator, An SWR
letter shal} contain the followtngx

b.

An SHR number indicating the yesr and the chronological Rumber
of the swp (®.9., 19903 is the third sSwR izeued in 1990),

dletent ang of the work being stopped.
The reason for the sSwgr.
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The conditiona required before the SWR will be lifted.

A statement that it is the addressee's responsibility to
assure that work is stopped and corrective action is taken in
a timely manner.

A request that the addressee notify the MIT QA Coordinator in
writing of the corrective actions to be taken for acceptance
or resolution.

A requeat that the personnel notify the MIT Principle
Investigator in writing when the accepted corrective action
has been completed who in turn notifies the MIT QA Coordinator
in writing.

The following documents were used to compile this AP:

5.1 SNL CSDP PD 5.4, Stop Work Request

5.2 MIT NED QAPP

5.3 MIT NED AP 2.10, Significant gQuality Problem Reporting and
Corrective Action

5.4 HMIT NED AP 3.4, Records Management

5.5 MIT NED AP 5.8, Control of Nenconforming Items

6.1 The SWR letter and sssociated documentation ars QA records and shall
be maintainad in accordance with AP 3.4, Records Management.

MIT
NED
Administrative
Procedure
d.
e.
£.
gb
5.0 REFERENCES
6.0 RECORDS
7.0  APPENDICES
None.
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Reyipion: A

Approved: / Z/ﬂ ; (%

Reviewed by: ‘ﬂz‘dg_— A )é' gk__d{

1.0 PURPOSE AND SCOPE

1.1 The purpcse and scope 6f this Administrative Procedure (AP) is to
agtabligh the minimum qualification requirements for parsonnel who
perform or participate in quality assurance audits as an Auditor or
Lead Auditor. This procedure satisfies the applicabls requirements
of the MIT NED QAPP, Section 2.0 and 18.0.

2.0 POLICY
2.1 This

procedure specifies the qualification and certification

requirements for personnel who perform or participate in quality
assurance audits in the role of Auditor or Lead Auditcr.

3.0 RESPONSIBILITIRS AND PRACTICE
3.1 goualification Requiremspte

3.1.1
3.1.1.1

3.1.2
3.1.2.1

ualification of Auditors

The prospactive Auditor shall have sufficient, appropriate
education and expsrience that & minimum of five (5) credits
using the following scoring system are accumulated and
documented in the Auditor/Lead Auditor Qualification Record
(Appendix A): {See Appendix B for explanation of credits).

A. Education: four (4) Credits Maximum
B. Experisnce: nine (9) Credits Maxioum

c. Other Credentials of Professional Compstence: two (2)
Credits Masximum

D. Rights of Management: two (2) Credits Maximum

Qualification of Lead Auditors

The prospactive Lead Auditor shall have sufficient,
sppropriate education and experience that a minimum of ten
(10) credits using the following scoring systez are
sccumulated and documented in the Auditor/Lead Auditor

Qualification Record (Appendix A): (See Appendix B for
explanation of credita).

A, Education: four (4} Credite Maximum

B. Experience: nine (9) Credits Maximum

c. Other Credentials of Professeional Competence: two (2)
Credits Maximum

D. Rights of Management: two (2) Credits Maximum
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MIT Title: Auditor/Lead Auditor No. 5.5
NED Qualification and Page 2 of 4
Administrative Certification Date: 03/26/91
Procedure : Revision: A
3.1.3 . The Auditor/Lead Auditor Qualifjcation Record shall be

certified by the MIT QA Coordinator and approved by the MIT
Principle Investigator.

BEFINITIONS

4.1 pudjtor: an individual who performs any portion of an audit,
excluding Lead Auditor functions.

4.2 Lead Aydjtor: an individual specifically qualified to organize and
direct an audit, to report audit findings, and to aevaluate
corzective action.

The following documents were used to compile this AP:

5.1 SNL. CSDP PD 5.5, Auditor/Lead Auditor Qualification and
Cartification

$.2 MIT NED QAPP
5.3 MIT NED AP 5.3, Quality Audlit
5.4 MIT NED AP 3.4, Records Managemant

6.1 The Auditor/Lead Auditor Qualification Porm, is a QA record and
shall be maintained in accordance with AP 3.4, Records Management.

APPENDICES
7.1 Appendix A, MIT NED Auditor/Lead Auditor Qualification Form

7.2 Appendix B, Instructions for Qualification Points
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MIT NED AUDITOR/LEAD AUDITOR QUALIFICATION FORM

‘Qualification for: Auditor [ ) Lead Auditor [ )

Name:

Position:
QUALIPICATION POINT ngUIREHENTS CREDITS
Education--University/Degree Date 4 Credits Max.

1. Undergraduate Level
2. Graduate Lavel

Exparisnce--Coapeny/Dates 9 Credits Max.

Tachnical (0-5 credits) and
Nuclear industry (0-1 credit), or
Quality Assurance (0-2 credits), or
Auditing (0-4 credits)

Professional Accomplishment--Certificate/Date 2 Credits Max.

1. P.B.
2. Society
3. Other

Management--Justificstion/Bvaluator/Date 2 Credits Max.
Rxplain:

Evaluated by:
ritle: Date: __ /. /___

Total Ciradite:

Certified by: Dates _ /__/___
Approved by: Date: __/ [/ .
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INSTRUCTIONS FOR QUALIFICATION POINTS
EDUCATION (Highest degree only) for an accredited
inetitution
Asgociate Degree

Associate Degree in Engineering, Physical Sciences,
Mathematics, or Quality Assurance

. Bachelor Degree

Bachelor Degree 'in Bngineering, Physical Sciences,
Mathematics, or Quality Assurance

Master Degree in Engineering, Physical Sciences,
Business Management, or Quality Assurance - additional
credit

EXPERIENCE

Technical Expsrience in BEngineering, Manufacturing,
Construction, Operation, or Maintenince - 9ne Credit
for Bach Year

Nuclear Indult:y’ = including either Nuclear Power
Industry, Navy Nuclear sxperience or Nuclear Weapons
complex experience

Quality Assurance’

Auditing’

PROFESSIONAL CERTIFICATION in Engineering,

Science, or Quality Assurance

Professional Engineer (Registered by State Agency)
National Professional or Technical Soclety

Other Certification

RIGHTS OF MANAGEMENT"

MAXIMIM 4 CREDITS

MAXIMIM 9 CREDITS

MAXIMOM 2 CREDITS

*Scors one (1) additional credit if two (2) or more years are nuclear industry
expariences.

**Based on performance factors such as leadership, sound judgement, maturity,

analytical ability, tenacity, and past performance
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1.0

2.0

3.0

4.0

- io A
Reviewed bwﬁégé&'» . Lovd | seerovea: /77 J05 drtiind
M v

PURPQSE AND SCOPE

1.1 The purpose and acope of this Administrative Procedure (AP) is to
outline the tri-level Quality Assurance system to aseure the
application of the appropriate level of QA to various tasks. This
proc:duro satisfies the applicable requirements of the MIT NED QAPP,
Section 2.0.

BOLICY

2.1 This procedure provides control over MIT NED activities that affect
quality and those activities that could have an impact on public
radiological health and safety.

RESPONSIBILITIES AND PRACTICE
3.1 Establishing CA Level of a Task

3.1.1 The Graduate Research Assistant, in consultation with and
approval of the MIT QA Coordinator, and using the guidance of
Appendices A and B, completes Appendix C and assigns each task

a QA Level.
3.2 Determining Extent of Controls
3.2.1 The Graduate Research Assistant determines the extent of the

QA program efforts to be applied to a task using the guidance
in Appendices A and B.

3.2.2 Decision shall ba made with the assistance and concurrence of
+he MIT QA Coordinator and MIT Principle Investigator.

3.3 Applying GA Lavels to Procurement Actiong

3.3.1 Based on the assigned QA Lavel, quality requirements and
controls are applied to procurament actions in accordance with
AP 3.2, Preparation and Control of Procurement Documents.

DEFINITIONS

4.1 Tri-lavel Classification Systaem: a classification system used to
jdentify the relative degree of risk to public radiological health

and safety should be an item or task not be adequately controlled.

4.2 ouality Level 1 (QLLl): Items or activities assigned this
clagssification are ones where an omission, error, or failure could
directly impact public radiological health and safsty. Prom a
mechanistic perspective, if an adverse radiological effsct
(exceeding regulatory limits) may be initiated by an omission,
error, or failure of an item or activity, then that item or activity
must be classified as QL1. The determination of which initiating
events involving items and activities that might result in the above
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effects must be made on a case-by-case basis at the time of
classification. Criticality events and failure of containment and
ghielding are among the events that require analysis. QL1 items and
activities shall meet the basic and supplementzl requirements of
ARSI /ASME NQA-1.

4.3 Quality Level 2 (QL2): Itema and activities assigned this
classification are ones, under the direct control of the OCRWM CSDP,
where an omission, error, or failure could lead to circumstances
that could require QL1 items or activities to perform their safety-
related function. Therefore, an indirect relationship exists
betwean QL2 items and activities and adverse radiological effects to
public health and safety. An example might be the brakes on a
trailer carrying a nuclear spent fuel cask. A failure of the brakes
might precipitate an accident which in turn could challenge the cask
containment. QL2 items and activities shall meet the basic and
selected supplemental requirements of ANSI/ASME NQA-1.

4.4 Quality Level 3 (QL3): QL3 is for assignment to CCRWM activities
selectively chosen bacause of special programmatic importance other
than radiological eafety. These include mission-oriented activities
controlled by DOE orders and procedures which reflect good technical
management practices for the assurance of quality. Additionally,
NQA-1 regquirements may be selectively applied as determined by line
management. :

5.0  BREFERENCES

The following documents were used to compile this AP:

5.1 SNL CSDP PD 5.6, Quality Program Lsvels of Effort

5.2 MIT NED QAPP

5.3 MIT NED AP 3.2, Proparation and Control of Procurement Documents

5.4 KIT NED AP 3.4, Records Management

6.0 RECORDS

6.1 The Completed Guality Level Assignment Checklist is a QA record and

ghall be maintained in accordance with AP 3.4, Racords Management.
7.0 APPENDICES

7.1 Appendix A, Quality Level Guidance

7.2 Appendix B, Quality Level Requiraments

7.3 Appendix C, Quality Level Aasignment Checklist
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APPENDIX A

QUALITY LEVEL GUIDANCE

This appendix gives guidelines to be followed by MIT NED participants to meet the
Quality Levels 1, 2, and 3 requirements.

Quality Level 1:
1. Design shall be based on the appropriate codes or standards.

2. Design verification shall be achievad by prototype testing and/or formal
design review.

3. ‘Procurement documentation for items or services shall spacify that only
vondors on approved vendors' list be used.

4. Suppliers and subtier suppliers shall have a QA Program based on Title 10
Code of Federal Regulations Part 71 Subpart H, ANSI/ASME NQA-1, and other
applicable contract requirements.

5. Manufacturing planning shall specify traceability of raw matarials.

6. Special processes shall be conducted by certified personnel and
procedures.

7. Verification planning shall requirve qualified personnel in accordanca with

SNT-TC-1A, Section IX of ASME Boilsr and Pressure Vesssl Code, or other
applicable standards.

8. All verifications at prescribed hold points shall be performed by
indepsndent personnel.

Quality Level 2:
1. Design shall be based on the appropriate codes and standards.

2. Design verification may be achieved through the use of calculations and/or
computer codes.

3. Procurement of items or services shall be from a qualified vendor.

4. Suppliers and subtier suppliers shall have a QA Program commensurate with
the items or services rendered. :

S. A Certification of Compliance is acceptable for raw materials.

6. Special processes shall be conducted Dby certified parscnnel and
procedures.
7. Verification activities shall be performed by personnel qualified to the

appropriate codes, standards, or procedures.
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MIT Title: Quality Program Levals No. 5.6

APPENDIX A (continued)
QUALITY LEVEL GUIDANCE
Independent verification shall be performed at all verification or testing
hold pointes.
Program studies/activities shall require:
- Documented process

- Independent verificetion of proceass

= validation of computer codes

- Independent review of data/report.

Quality Level 3:

Items may ba purchassed from a catalog.
Items received and used shall be traceable to purchase document.

Items and services may be purchssed as appropriate to specified
raquirement on procuremeit documents.

Suppliers and subtier suppliers nesd to have a QA Program commensurate
with the item or services rendered.

Certification of Ccmpliance is acceptable to verify compliance to
spacified requirements.

Program studies shall reguire documented process.
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APPENDIX B

QUALITY LEVEL REQUIREMENTS

QA Level 3 items and activities will be controlled by the necessary and
appropriate QA Program requirements saelactively applied by management. QA
Level 3 activity deaignation requires:

1. A documented, adaptable management plan that includes identification
of applicable quality management requirements and/or supplemantal
procedural controle as detarmined by the MIT Principle Investigator

2. Assignment of responsibility to personnel for achieving and
verifying gquality

3. Indoctrination and training of personnel in the role and function of
proceduras and supplemental requirements applicable to the Level 3
activitias and their importance to the quality objectives of the MIT
NED

4. Verification of procedural adequacy and effactiveness in achieving
quality

5. Reporting separate from QA Level 2 and QA Level 1

QA Level 2 items and activities shall meet the basic and selected
supplemental requiraments of NQA-l. In addition to the technical
management requirements and procedurs controls for (Quality Leval 3
activities, QA Lavel 2 activity designation requires:

1. A formal, documentsd, and adaptable QA plan in compliance with QA
policies and requirsasnt

2. Compliance with NRC regulatory QA requirements on a casé-by-cass
basis : ;

3. Reporting separate from QA Level 3
QA Lavel 1 items and activitiss shall meet the basic and supplenental
requirements of ANSI/ASME NQA~l. In addition to the formal QA Program

requirements and procedural controls applicable to Quality Level 2
activities, QA Levael 1 activity designation requires:

1. Identification and listing (Q List) of those technical activities
covered by QA Lavel 1 QA programs

2. Compliance with applicable NRC certification and regulatory QA
requirements, review plans, generic technical positions, and
guidance

3. Reporting separats from QA Level 3
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APPENDIX C (page 1 of 4)
QUALITY LEVEL ASSIGNMENT CHECKLIST

Projact Contract No. Contract Organization

MIT NED Participants

Project Title

o-Level Asgignment Criteria: The definitions of quality level ars given in AP
5.6, Quality Program Levels of Riffort.

For conveniencz, the Quality Level definitions are:

Qualitv Level 1 (QL1): Items or activities assigned this classification are ones
where an omission, error, or failure could dirsctly impact public radiological
health and safety. From a mechanistic perspective, if an adverse radiological
effect (exceeding regulatory limits) may be initiated by an omission, error, or
failure of an item or activity, then that item or activity musgt be classified as
QL1l. The datermination of which initiating events involving items and activities
that might result in the above effects must be made on a case-by-case basis at
the time of classification. Criticality events and failure of containment and
shielding ars among the avents that require analysis. QL1 items and activitios
shall meet the basic a&nd supplemental requirsments of ANSI/ASME NQA-1.

Quality Level 2 (QL2): Items and activities assigned this classification are
ones, under the dirsct control of the OCRWM CSDP, whers an omission, erxor, or
failure could lead to circumstances that could require QL1 items or activities
to perform their safety-related function. Therefore, an indirect relationship
exigts between QL2 items and activities and adverse radiological effects to
public heslth and safety. An example might de the brakes on a trailer carrying
a nuclear spent fuel cask. A failure of the brakes might precipitate an accident
which in turm could challenge the cask containment. QL2 items and activities
shall meet the basic and selected supplemental requirements of ANSI/ASME NQA-1l.

Quality Leval 3 (OL3): QL3 is for assignment to OCRWM activities selactively
chosen because of special programmatic importance other than rediological safety.
These include mission-orisnted activities controlled by DOB orders and procedures
which reflect good technical management practicea for the assurance of quality.
Additionally, NQA-1 raquirements may be selectively applied as determined by line
managemant.
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APPENDIX C (page 2 of 4)
QUALITY LEVEL ASSIGNMENT CHECKLIST

The key to defining appropriate quality levels for each task is to use a logic
network to identify how a "failure” in the task (or subtask) or erroneous results
can impact one of the cask safety functions; criticality control, shielding,
containment, or heat removal. An activity that can have & "direct" (QLl) impact
on a cask safety function is essentially a dominant, single failure mode; i.e.,
if an error or failure occurs, a cask safety function is directly compromised.
In a "fault trea” or "event tree," a set of "directly" affecting avents will
intersect through an "or" gate; i.e., each event can alone have a major impact
on safety.

On the other hand a set of "indirect” evants or activities requiring QL2 quality
control will intersect through an "and” gate in a failure mode logic network.
That is, an srror or failure occurs in one or more other independent tasks or
activities.

Finally, QL3 requirements are apoctfidd for all other activities. For other
programs, the definition above requires QL3 quality control for all activities
which have some impact to health and safety.

The appropriate quality level of a task can be determined by addressing qusetions
related to the task's impact on health and safety, program direction, budget or
schedule, or the functional design besis and subsequent performance of
criticality, shielding, containment, or tharmal safety features of a cask. The
questions may be applisd to any task category euch as experimental,
computaticnal, safety assessments, software developmsnt, testing, data
acquisition, reporting, etc. All questions will not necessarily apply tc every
task. An affirmative reply in the higheat quality category determines the QA
requirsments for the task.

Q-Level 1:

les e
1. Is the task on the SNI, CSDP Q—-list?
2. Has DOE specified QL-l1 QA requirements in program

documents for this task?

3. Could erronecus task results directly and
independently result in exposure to radiation
or releoass of radicactive materials (RAM) in
excess of the limits specified in 10CFR71
during normal or accident conditions or transport?

4. Do the results of this task directly determine ths
design criterion or functional design basis of a
Q-list item? (Such as criticality, shielding,
centainment or heat management effectivencss?)

S. Are QL1 QA requirements appropriate for this task
for othor reasons?
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APPENDIX C (page 3 of 4)

QUALITY LEVEL ASSIGNMENT CHECXLIST

vel 2:

Could failure or malfunction of an item or activity
associated with this task hava a potentially
gignificant impact on worker or public radiological
or nonradiological health and safety?

wWould loes of task data or records reault in

~significant program costs or schedules delays?

Will the task results support critical (SNL/DOR)
program decisions such as which cesk designs will

be developed, fabricated, or procured for fleet use?

Could erronecus task results, in combination with
abnormal factors, result in reduced reliability of
the criticality, shielding, containment, or heat
remcoval capabilities of a cask?

poes this task support the development of a design
*gstandard” for a cask safsty feature?

Are QL2 QA requirements for this task appropriate
for other reasons?

Q-Level 3:

1.
2.

Dees the task support the DOE CSDP program?

Doss the task have a potential impact on public
health and safety?

Will the task involve validation of theoretical
or analytical models ralating to cask design?

Does the task involve fsasibility assesaments of
advanced technological applications with the
results intended toc impact CSDP program direction?

Does the task involve parametric or sensitivity

analyses that will ke used to focus mors detailed
and expensive efforts in the future?
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QUALITY LEVEL ASSIGNMENT CHECKLIST
ies o
6. Would loas of task data and recorde or leoss of
task "memory” in the event of personnel changeover
jeopardize the ability to meet cutstanding program
milestonen?
7. Are QL3 task requirements appropriate for other
reasong?
ASSIGNED TASK QURLITY LEVEL:
Graduate Research Assistant Date
Approved KIT QA Coordinator Date
Date

Approved MIT Principle Investigator
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1.0

2.0

3.0

4.0

BURPQSE AND SCORR

1.1 The purpose and scope of this Administrative Procedure (AP) ie to
establish the policy, requirements, and responsibilities for the
planning, implementation, and maintenance of a gquality program
ralating to the qualification of inspection and teet personnel.
This procedure satisfies the applicable requirements of the MIT NED
QAPP, Section 2.0, 9.0, 10.0 and 11.0.

POLICY

2.1 The MIT NED shall implement qualification of inspection and test
personnel in accordance with the MIT NED QAPP.

RESPONSIBILITIES AND PRACTICE

3.1 Graduate Research Assigtant

3.1.1 Certifies Lavel I and II personnel in accordance with the
requirements of this AP.

3.1.2 Completes Appendix B, MIT NED Inspection and Test Personnel
Certification Record, for the MIT NED personnel.

3.1.3 Specifies qualification levels for psrsonnel designated in
test procedures.

3.1.4 Ensures that personnel who perform inspection or testing are
qualified eccording to Appendix A to perform their assigned
activities.

3.2 MIT Principle Investigator

3.2.2 Ensuras the overall effectivenass and impismentation of this
decument.

3.2.2 Approves qualification levels designated on individual test

and inspaction personnel.
3.2 MIT QA Cooxdinator

3.3.1 Ensuzes certification of inspection and test personnel.

3.3.2 Ensures that records of inspection and test personnel
qualificatien and certification are eatablished and
majintained.

DEFINITIONS

4.1 Certification: the act of determining, verifying, and attesting in
writing to the qualification of personnel, processes, procedures, or
iteme in accordance with specified requirements.
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5.0

6.0

7.0

4.2 Ingpection: examination or measurement to verify whether an item or
activity conforms to specified requirementa.

inspection and Test Personnel: individuals who perform inspection
and testing, including set-up, adjustmen:t, and use of precision
measuring equipment.

4.4 Qualified Individual:s a porfon trained, indoctrinated, and
practiced to a level of capability commensurate with the scope,
complexity, or special nature of the job asaignment.

4.5 TJestirg: an element of verification for the determination of the
capability of an item to meet specified requirsments by subjecting

the item to a set of physical, chemical, environmental, or oparating
conditions. Testing may include nondestructive methods.

REFERENCES
The following documents were used to compile this AP:

5.1 SNL CSDP PD 5.7, Qualification of Inspection and Test Personnel
5.2 MIT NED QAPP
5.3 MIT NED AP 3.4, Records Management

RECQRDS

6.1 Inspection and test personnsl qualification and certification
documents are QA records and shall be maintzined in accordance with
AP 3.4, Records Manageasnt.

APPENDICES
7.1 Appsndix A, Requirements for the Qualification of Inspection and Test
Parsonnal

7.2 hppendix B, MIT NED Inspection and Test Personnel Cortification
Record
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APPENDIX A

REQUIREMENTS FOR THE QUALIFICRTION OF INSPECTION AND TEST PERSONNEL
GENERAL

The following are the requirements for the qualification of personnel who
perform inspsction and testing.

FUNCTIONAL QUALIFICATIONS

Three levels of qualification shall be utilized depending on the

_complexity of the functions involved. The requiremente for each level are

limiting with regard to functional activities.

LEVEL I PERSONNEL CAPABILITIES

A Level I person shall be cspable of performing and documenting the
results of inspacticns or tests that are raquirsd to be performed in
accordance with documented procedures and/or acceptance standards.

LEVEL II PERSONNEL CAPABILITIES

A Level II person shall have all of the capabilities of a Level I person
for the inspection or test category or class in question. Additionally,
a Leval II person shall have demonstrated capabilities in planning
inspections and tests; in setting up tests, including preparation and
setup of related equipment, as appropriste; in supervising and ceztifying
lower level parsonnel; and in evaluating the validity and acceptability of
inspection and test results.

LEVEL III PERSONNEL CAPABILITIES

A Level III person shall have all the capabilities of a Level II person
for the inspection, test category or class in question. In addition, the
individual shall also be capable of aevaluazing the adequacy of specific
programs used to train and certify inspection and test personnel whose
qualifications ere covered by this section.

EDUCATION AND BXPERIENCE QUALIFICATIONS

These education and experience requirements shall be considered with
recognition that other factors commensurite with the scope, complexity, or
special nature of the inspection or test activity may provide reascnable
assurance that a person can competently perform a particular task (such
as, demonstration capability testing).
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3.2

3.3

4.0

4.1

4.2

4.3

LEVEL I EDUCATION AND EXPERIENCE REQUIREMENTS

- Two years of related experience; or

- High school graduation and six months of related experience; or

- Completion of college level work leading to an associate degree in
a related discipline plus three months of related experience.

LEVEL II EDUCATION AND EXPERIENCE REQUIREMENTS

- One year of satisfactory performance as a Level I class; or

- High school graduation plus three yesrs of related experisnce; or

- Completion of college work leading to an associate degres in a
related discipline plus cne ysar of related experience; or

- Graduation from a four-year college plus six monthe of related
experience.

LEVEL III EDUCATION AND EXPERIENCE REQUIREMENTS

- Six years satisfactory performance as a Level II class; or

- High school graduation plus ten years of related expsrience; or

- Completion of college level work leading to an associate degree and
saven yearnv of related experience; or

- Graduation from a four-year college plus five ysars related
experience.

CERTIFICATION

PERSONNEL SBLECTICH

Personnel selected to perform inspection and test activities shall have
the experience or training commensurate with the scope of the activitiass.

INDOCTRINATION

Provisions shall be made for the indoctrination of personnel as to the
technical cbjectives and procedures that are to ks employed.

TRAINING

Training shall be provided with regard to the MIT NED QAPP and
implementing procedures.

DETERMINATION OF INITIAL CAPABILITY

The capabilities of a cendidate for certification shall be initially
determined by a suitable evaluation of the candidate’s education,
experience, training, and ccpability demonstration.
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CERTIFICATION OF QUALIFICATION

The qualification of personnel shall be certified in writing in an
appropriate form, including the following information:

Identification of person being certified
Activities certified to perform
Basis used for certification that includes such factors as:
1. Education, experience, and training
2. Results of capability demonstration
Signature of Graduate Research Assistant and MIT Principle Invoutigator
Daten of certification and cartification expiration
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APPENDIX B

MIT NED INSPECTION AND TEST PERSONNEL CERTIFICATION RECORD

NAME 3

POSITION:

ACTIVITIES CERTIFIED TO PERPORM (include certified level):

BASIS POR CERTIFICATION:

Bducation:

Experience:

DemonstrationCapabilities:

DATE OF CERTIFICATION:

Certified by:

Apptcvid by:

—

DATE CERTIFICATION RKXPIRRS:

Certifled Graduate Research Asslstent

MIT Principle Investigator
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1.0 PURPOSE AND SCOPE

1.1 The purpose and scope of this Administrative Procedurs (AP) is to
establish the policy, requirements, and responsibilities for the
initiating, processing, dispositioning, and closing a Nonconformance
Report (NCR). This procedure satisfies the applicable requiremsnts
of the MIT NED QAPP, Section 15.0.

2.0 POLICY
2.1 Nonconformance Reports shall be initiated for nonconforming items.

3.0 RESPONSIBILITIRS AND PRACTICE

3.1 MIT NED Personnel 1. Take any immediate action to mitigate
the conseguences of the
nonconformancs.

2. Initiate an NCR (Appendix A) by
completing all psrtinsnt information
describing the nonconformance; attach
additional pages &8 necessary.

3. Porward ths NCR to the Graduate
Ressarch Assistant.

3.2 Graduate Research 1. Reviews ths NCR for wvalidity.

Assistant
A. If not valid, returns tha NCR

to the originator with an
explanation and provides a copy
of the KCR and explanation to
the MIT QA Coordinator.

B. If valid, obtains an NCR number
from the MIT QA Coordinator.

3.3 MIT QA Coordinator 1. Assignaz NCR number and maintains a
log to track the status of applicable
corractive actions.

2. Accounts for voided NCRs.

3.4 Graduate Research 1. Ensures the placement ot a
Assistant Nonconformance Hold Tag (Appendix B)
on the item or seogregates the iteam
from used if tagging is not possible
or practical. Ensurss that the tag
contains:

A. The name of the tagger
B. Date

279



Title: Control of Nenconforming No. 5.8

Page 2 of 5
Date: 05/28/91
Ravision: B

MIT
NED Items
Administrative
Procedure
3.6 Assigned Personnel

4.
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C. Item identified
D. Serial number

B. A brief description of the
nonconformance
PF. The status of the item

{i.e., cut-of-service for
calibration and/or repair)

Determines the disposition of the NCR
snsuring that the digposition
adequately identifies, describes and
resolves the noaconformance.
Dispositions such as use-as-is,
scrap, repair, rework, return to
supplier, or conditional use should
be used whenever possible. Tschnical
justification for the acceptability
of use-as-is, conditional use, or
repair shall be documented. FErovides
necessary instructions for
accomplishing the correctivé action
including changing existing design
documents, test procedures, reports,
etc., 1if applicable. Docunent
changes shall reference the NCR
number and be cross-refarenced on the
NCR report.

Detormines the root cause and
preventive action to prevent
recurrence and provides necessary
instructions for accomplishing the
corzective action.

Approves the disposition and obtains
the approval of the MIT QA
Coordinator.

Distributes the NCR to personnel
assigned to sccomplish the
disposition, including the MIT QA
Coordinator.

Accomplish the disposition and
corractive actions as directed by the
NCR.,

Upon completion of the actions,
obtains MIT Qh Coordinator's
concurrence and/or verification as
required on tha MCR, signs and
returne the NCR to the Graduate
Ressarch Assistant.



MIT Title: Control of Nonconforming No. 5.8
NED Icems Page 3 of 5
Administrative Date: 05/28/91
Procedure Revision: B
3.7 Graduate Research 1. Distributes copies of the complete
Agaistant NCE to the originator and the MIT
Principle Invastigator and forwards
the original KCR to the MIT QA
Coordinator for retention.
3.8 MIT QA Coordinator 1. Removeg NCR Hold Tag.

2. Ensures that the NCR is retained as a
QA record in accordance with A» 3.4,
Records Management.

4.0  DEFINITIONS

4.1

4‘2

Item: an all-inclusive term used in placa of any of the following:
appurtenance, Aassembly, componant, equipment, material, wmodule,
part, structura, subassembly, subsystem. system, or unit.

Nonconformance: a deficiency in characteristic, documentation, or
procedure that renders the quality of an item unacceptable or
indeterminate.

5.0 REFERENCES
The following documsnts wers ugsed to compile this AP:

5.1 SNL CSDP PD 5.8, Control of Nonconforming Items
5.2 MIT NED QAPP
5.3 MIT NED AP 3.4, Records Management
6.0  RECORDS
6.1 The NCR and associatad decuments ara QA recorda and gzhall ke

maintained in accozrdance with AP 3.4, Records Managemsnt. .

7.0  ARPENDICES

7.1

Appendix A, MIT NED Nonconformance Report
Appendix B, MIT WED Nonconformance Hold Tag
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MIT Title: Control of Nonconforming Ne. 5.8
NED Items Page 4 of §
Administrative Date: 05/28/91
Procedur® Revision: B
APPENDIX A

MIT NED NONCONFORMANCE REPORT

NCR No: Date: / ! Page of

Item Identification: Location:

Description of Nonconformance and Requirements:

originated by!: Date: __/__/___

Dispogition, Justification, Cause, and Preventive Action:
[ 1 Void (Explain) [ ] Rework [ ] Repalr [ ) Use-Az-18 { ) Scrap
{ ] Return to Supplier { ] Conditional Usa

Inplementing Instructions /Procedures/Criteria:

Affected Documentas

Probable Cause and Actions Taken tec Prevant Recurrence:

Approval/Date:

Graduate Research Asgistant MiT Q& coordinator

verification of Dispesiticn and NCR Closure Approval:

{ ) Acceptable { ) Unacceptable* [ ] Other Action Required* * (Explain)
Approval/Date:
Graduate Research Assistant MIT QA coordinator

282



MIT Title: Control of Nonconforming No. 5.8
NED Items Page 5 of 5
Administrative Date: 05/28/91
Pzocedure Revision: B
APPENDIX B

MIT NED NONCONFORMANCE HOLD TAG

Nonconformance Report No.

NONCONFORMANCE HOLD

Tagged by:
Dates __ /__/___
Itam: Serial No.
Status:
To Be removed onlyi:zntxfzgp Coordinator

NONCONFORMANCE HOLD

Dascription

of

Nonconformance

Tc be removed only by MIT QA Coordinator

Back
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APPENDIX B

PERTINENT MIT QUALITY DOCUMENTS

This appendix contains the following pertinent MIT Quality Documents that are

referenced in this thesis:

[~
[L-1]

[M-4]

[S-3]

[5-5]

(S-6]

[S-7]

List of Approved Vendors for Quality item Procurement

Lovett, P.M., Memorandum of Understanding, Re: Project Tasks
Quality Level between Prof. N.E. Todreas and Ms. P.M. Lovett
(MIT), Cambridge, Massachiusetts, April 2, 1991.

MIT Nuclear Engineering Department Letter from Prof. Neil E.
Todreas (MIT) to Mr. Richard M. Baehr (SNL), Re: Resolution of
SNL Concern on MIT Nuclear Engineering Department Quality
Assurance Program Plan, Cambridge, Massachusetts, January 25,
1991.

SNL Letter from Mr. Richard M. Baehr (SNL) to Prof. Neil E.
Todreas (MIT), Re: SNL Conditional Approval of MIT Nuclear
Engineering Department Quality Assurance Program Plan,
Albuquerque, New Mexico, December 17, 1990.

SNL Quality Assurance Audit Report, Audit No. MIT-A91-1
conducted April 4, 1991, Lead Auditor: R.M. Baehr, CSDP QA
File 15.16 (MIT-A91-1), Albuquerque, New Mexico, April 9, 1991.

SNL Letter from Mr. Richard M. Baehr (SNL) to Ms. Phyllis M. Lovett
(MIT), Re: SNL Audit MIT-A91-1 Closure, Albuquerque, New
Mexico, April 9, 1991.

Sellon, Robert. S., General Electric Company, Letter from Mr. R.S.

Sellon (GE) to Ms. Phyllis M. Lovett (MIT), Re: Calibration of
HP 44708A Relay Multiplexers, Woburn, Massachusetts, March 1, 1991.
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LIST OF APPROVED VENDORS (page 1 of 4)

Name/Address

AIRCO - New England
Lawsbrook Road
Acton, MA 01720
(800) 832-6202
Contact: Bill Emmit

Atlantic Thermal Sales
1-B Business Way
P.O. Box 39
Hopedale, MA 01747
(508) 634-9600
Contact: Art Bower

Electronic Control System, Inc.
Rt. 19 South

P.O. Box 2650

Fairmont, WV 26554

(800) 233-0726

Centact: Bill Gray

E.LL. Instruments

21 A Street
Burlington, MA 01803
(617) 272-9450

General Electric Computer Svs.
215 Salem Street
Waoburn, MA 01801
(617) 938-1920
Contact: Russ Guglielmo,
Linda Vincent
Robert Sellon

Equipment Supplied

Containment Vessel Fill
Gases (N,, He, Ar)

ECS Supplier; Fiberglass
Sleeving

Heater Rod Control/Alarm
Unit; Watts Transducer;
Current Transformer

Shunt; Simpson Supplier
(digital millivolt meter &
analog voltmeter)

Calibration Service to
NIST standards



LIST OF APPROVED VENDORS (page 2 of 4)

Name/Address

Hewlett Packard, Co.

29 Burlington Mall Road
Burlington, MA 01803
(617) 270-7000

Kaufman Company, Inc.
110 Second Street
Cambridge, MA 02141
(617) 491-5500

Massachusetts Engineering Co.

40 Murphy Drive
Avon Industrial Park
Avon, MA 02322
(508) 580-0550
Contact: Bill Stafford

McMaster-Carr Supply Co.
P.O. Box 440

New Brunswick, NJ 08903
(201) 329-3200

MIT Laboratory/Physics/Solvents Supply

77 Massachusetts Avenue
Cambridge, MA 02139

Newark Electronics

200 West Cummings Park
Woburn, MA 01801
(617) 932-9040

Equipment Supplied

Multimeter;
Data Acquisition Equipment

Level, Tools

ASME Pressure Vessel

Electrical Wire; Valves;
Barrier Strips; Compound
Pressure Gauge

Electrical Wire; Fuses;
DEVCON Epoxy; AIRCO Supplier;
Krylon Paint; Vacuum Pump Oil

Simpson Supplier (analog
wattmeter & ammeters);
Digital voltmeter



LIST OF APPROVED VENDORS (page 3 of 4)

Name/Address

OEM Supply, Incorporated
Rt. 136 James Reynolds Road
Swansea, MA 02777

(800) 451-7141

Contact: Russell S. Wynne

Omega Engineering, Inc.
P.O. Box 2284
Stamford, CT 06906
(800) 826-6342

Piping Specialties, Inc.
56 Pickering Street
P.O. Box 315
Needham, MA 02192
(617) 444-9092
Contact: Lock Spain

Sheffield Progressive, Inc.
195 North Street

P.O. Box 187

North Reading, MA 01864
(617) 944-7886

Contact: Matthew Dietel

Thermo Electric Co., Inc.
Saddle Brook, NJ 07662
(201) 843-5800

287

Equipment Supplied

Watlow Supplier;
RTV106 Silicone Sealant

Thermocouple Wire and
Multipair Cable; Relays;
Controllers; Ribbon
Heater; Omegabond Epoxy;
Barrier Strips

Pressure Safety Relief Valves
(Anderson, Greenwood & Co.
Supplier)

Rod Support Plafes;
Boundary Condition Box
Support Structure

Compression Fittings



LIST OF APPROVED VENDORS (page 4 of 4)

Name/Address Eguigmént Supplied
Watlow Heater Rods;

12001 Lackland Road Strip Heaters;

St. Louis, MO 63146 Flexible Heaters

(314) 878-4600
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MEMORANDUM
OF
UNDERSTANDING

RE: Project Tasks Quality Level

The MIT Nuclear Engineering Department (NED) Quality Assurance Program Plan (QAPP)
and Administrative Procedures (APs) require that a "Quality Level Assignment Checklist,”
AP 5.6 Appendix C, be completed for each task to determine the appropriate Quality Level.
A Checklist (attached) has been completed for the project, as a whole, to determine the
most stringent Quality Level that could ever be assigned to any project task. The assigned
project Quality Level is QL2. This level will be assigned to all project tasks. QL2 requires
full compliance with the MIT NED QAPP and APs. This level does not have to be recorded
on any documentation (however, it is highly recommended). If there is no recorded Quality

Level, it should be understood that the Quality Level is QL2.

o 4 % N %VQ% od.ol-9

Assistant Date

_ﬂ%&d_ﬁz&[ o -01-9]
Approv MIT QA Coordinato Date
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MIT Title: Quality Program Levels No. 5.6

NED of Efforts Page 6 of 9
Administrative Date: 03/27/91
Procedure Revision: A

APPENDIX C (page 1 of &)
QUALITY LEVEL ASSIGNMENT CHECKLIST

Project Contract No. 42 - 35638 Contract Organization Sandia Mahomal Labersiories

MIT NED Participants _ Prot. Nul E. Todreas (miv Prncple Twverhaator )
R u . Lo 4 s )

Project Title _ Internc! weat ~Treusler Model tag Meothods
m&&ggmmt &%;&&

Q-Level Assignment Criteris: The dafinitions of qualiity level are given in AP
5.6, Quality Program Levels of Effort.

For convenience, the Quality Level definitions are:

Quality Level 1 (OLl): Iteme or activities asgigned this classification are ones
where an omission, error, or failure could directly impact public radiological
heslth and safety. From a mechanistic perspactive, if an adverse radiological
effact (exceading regulatory limits) may bo initiated by an omission, error, or
failure of an item or activity, then that item or activity must be claseified as
QLl. The dotermination of which initiating events invelving items and activities
that might result in the above effects must be made on a Case-by-case basis at
the time of classification. Criticality events and failure of containment and
shielding are among the events that require anslysis. QL1 itess and activities
shall meet the basic and supplemsntal requirements of ANSI/ASMR NQA-1l.

Quality Lavel 2 (QLZ): Items and activities sssigned this classification are
ones, under the direct control of the OCRIX CSDP, where an omission, error, or
failure could lead to ¢ircumstances that could require QL1 items or activities
to perform their safety-related funection. Therefore, an indirect relationship
exists betwesen QL2 items and activities and adverse radiological effects to
public health and safety. 2n sxanple might be the brakes on a trajiler carrying
a nuclear spent fuel cask. A fallure of the brakee might precipitate an accident
which in turn could challenge the cask containment. QL2 items and activities
shall meet the basic and selacted supplessntal roquirements of ANSI/ASME HQA-1.

Quality Level 3 (OL3): QL3 is for sssignment to OCRMM activities selectively
chosen becauée of speciasl programmatic importance other than radiological safety.
These include mission-oriented activities controlled by DOR orders and proceduzes
which reflect good tachnical management practices for the assurance of quality.
Additionally, NQA-1 requiroments may be selectively applied as determined by line
management.
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MIT Title: Quality Program Levals No., 5.6

NED of Efforts Page 7 of 9
Administrative Date: 03/27/91
Procaedure Revision: A

APPENDIX C (page 2 of 4)
QUALITY LEVEL ASSIGNMENT CHECKLIST

The xey to defining appropriate quality levels for each task is to use a logic
networi to identify how a "failure” in the task (or subtask) or erroncous results
can impact one of the cask safety functions; criticality control, shielding,
containment, or heat removal. An activity that can have a "direct” (QLl) impact
on a cask safety function is essentially a dominant, single failure mode; i.e.,
if an error or failure occurg, a cask safety function is directly compromisad.
In a "fault tree” or "event Iree,” & set of "directly” affecting svents will
intersect through an “or” gats; i.e., each event can alone have a major lmpact
on safety.

On the other hand a set of "indiract” evants or activities requiring QL2 quality
control will intersect through an "and™ gate in a failure mode logic network.
That is, an error or failure occurs in one or more othsr independent tasks or
activities.

Pinally, QL3 requirements are specified for all other activities. PFor other
programs, the dafinition above requizes QL3 quality contyol for all activitiss
which hava soms impact to health and safety.

The appropriats quality level of a task can be detarmined by addressing questions
related to the task's impact on heslth and safety, program direction, budget or
gchedule, or the functional design basis and subsoquent psrformance of
criticality, shislding, containment, or thermal safety features of a cask. The
questions may be appliad to any task category such as experimantal,
computational, safety assessments, goftware development, testing, data
acquisition, reporting, etc. All qusstions will not necessarily apply to every
t&gk. An affirmgtive reply in the highest quality catagory detarmines tha QA
requiremsnts for the task. ’

Q=Lavel i:

1. Is the task on the 3NL C2DF g-list?

2. Has DOZ specified QL-1 QA requirsments in progras
documants for this task?

ies

bokkE

3. Could erronecus taek results directly and
indapsndently result in exposure to radiation
or rolease of radioactive matsrisls (RAM) in
gxcass of the limits opecified in 10CFR71
during normal or accident conditions or transport?

¥

4. Do the rssults of this task directly deterains the
: design criterion or functional design basis of &

g-list item? (3uch as criticality, shielding,

containment or heat management effectiveness?)

I

5. Ars QL1 QA requirements appropriaste for this task
for other reasons?
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Administrative
Procsdure

MIT Title: Quality Program Levels
NED of Efforts

No. 5.6

Page 8 of 9
Date: 03/27/91
Ravision: A

APPENDIX C (page 3 of 4)
QUALITY LEVEL ASSIGNMENT CHECKLIST

Q-Leve) 2:
4] ) (-]
1. Could failure or malfunction of an item or activity X
asscciated with this task have a potentially
significant impact on worker or public radiological
or nonradiclogical health and safety?
2, Would loss of task data or racords result in P
significant program costs or scheduls delays?
3. Will the task recults support critical (SNL/DOE) X
program decisions such as which cask designs will
be develecped, fabricated, or procured for fleet use?
4. Could srronecus task results, in combination with X
abnormal factors, result in raduced reliability of
the criticality, shielding, containment, or heat
removal capabilities of a cask?
5. Does this task support the development of a design X
gtandard” for & cask safety feature?
6. Are QL2 QA requirements for this task zppropriate X
for othar reasons?
Q=Lavel 3:
Yes No
1. Does the task support the DOE CSDP program? X%
2. Doee the task have a potential impact on public ,
health and safety?
3. Will the task invelve validation of theoretical b,
or analytical mcdels relating to cask design?
4. Doas the task involve feasibility asssssments of L
advanced technological applications with the
results iatended to impact C3DP program direction?
S. Does the task involve parametric or sensitivity x —

analyses that will be used to focus more datalled
and expensive sfforte in the future?

292




MIT Title: Quality Program Levels
NED of Efforts
Administrative
Procedure

No. 5.6

Paga 9 of 9
Date: 03/27/91
Revision: A

APPENDIX C (page 4 of 4)
QUALITY LEVEL ASSIGNMENT CHECKLIST

pe 1] Ho
6. Would lose of task data and records or loss of X
task "memory" in the event of personnsl changeover
jeopardize the ability to meet outstanding program
milestonesa?
7. Are QL3 task requirements appropriate for other X
reasons?
ASSIGNED TASK QUALITY LEVEL: _ QL 2
r‘ﬁﬂ gcwd‘lL 03-29-9!1
Graduate Ressarch Assistant Date
aZOvéﬁ 03-29-9!
Approved HIT GA coordln::;' Date
/Aﬂq(A_a’/, 23 5297 557/
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;.ﬁ,g DEPARTMENT OF NUCLEAR ENGINEERING
;]Ou MASSACHUSETTS INSTITUTE OF TECHNOLOGY

Y
A'a- o =7 Massachusetts Avenue Cambridge. Massachuserts 02139

January 25, 1991

Mr, Richard M. Baehr

Quality Assurancs Coordinator
Department 6320

sandia National Laboratories
P.O. Box 5800

Albuguerque, NX 87185

Dear Mr. Baehr,

In response to your letter dated Dacember 17, 1990, this letter will
clarify the concern you had with the MIT Nuclear Engineering Department Quality
Assurance Program Plan (QAPP). Your concern was with the responsibility clarity
in a statement on page 6 in paragraph 2.3, line 1, "The QA Coordinator is
responsible ....”. The QA Cvordinator &t MIT is responsible for this action.
A change will be made to the MIT QAPP to clarify the actual responsibility, and
an updated MIT QAPP will be aent to you.

As stated in your December 17, 1990 letter, with the clarification of this
statement, our MIT QAFP is acceptabla to support SNL activities conducted for
Contract 42-5638.

Sincerely,

Neli
Frofessor
Nuclear BEngineering

-} N. Brown, SNL Division 6322
G. Hohnstreitexr, SNL Division 6322
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Sandia National Laboratories

Albuquergue, New Mexico 37'85

December 17, 1990

Dr. Neil E. Todreas

Professor, Nuclear Engineering
Department of Nuclear Engineering
Massachusetts Institute of Technology
77 Massachusetts Avenue

Cambridge, Massachusetts 02139

Dear Dr. Todresas:

I have reviewed the Quality Assurance Program Plan, MIT NED QAPP,
Rev. A, 10/12/90, that was developed by MIT for Sandia National
Laboratory Contract 42-5638 and have one concern. Page §,
paragraph 2.3, line 1, states "The QA Coordinator is
responsible.......". It is not clear whether the QA Coordinator
mentioned is the MIT or SNL QA Coordinator.

With the clarification of this statement, your QAPP will be
acceptable. The plan appears to be comprehensive and adequate
for support of SNL activities conducted for Contract 42-5638.

o d N, G b

Richard M. Baehr, QA Coordinator
Transportation Systems Develcpment
Department 6320

RMB:56320

copy to:

6323 T. L. Sanders

6320 N. N. Brown

6320 R. M. Baehr

6323 CSDD File 15.40
6323 CSDP QA File 15.40
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Sandia National Laboratories, Albuquerque
Transportation System Development Department 6320

QUALITY ASSURANCE AUDIT REPORT

MABSACHUSETTS INSTITUTE OF TECENOLOGY
Cambridge, Massachusetts

Audit No. MIT-A91-1
Conducted April 4, 1991

Qs Qade 2l
Lead Auditor t

CSDP QA File 15.16 (MIT-A91-1)
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INTRODUCTION

A Quality Assurance (QA) programmatic compliance audit was
conducted on April 4, 1991, by Richard M. Baehr, Sandia
National Laboratories (SNL), Transportation System Develcpment
Department (TSDD}, at Massachusetts Institute of Technology
(MIT), Nuclear Engineering Department (NED), Cambridge,
Massachusetts. The NED is performing conductive and radiative
heat transfer studies in enclosed spent fuel rod bundles in
spent fuel cask baskets under SNL Contract 42-5638. In
particular, MIT was tasked to:

o Conduct a literature study on the experimental and
numerical analysis of the heat transfer processes in
horizontal rod bundles in spent fuel cask baskets.

o Develop test hardware and conduct experimental studies of
the natural convection and radiation heat transfer
processes in the interior of rod bundle assemblies in the

horizontal orientation.

o Perform parametric studies and deduce the basic scales of
heat transfer processes.

o Develop predictive tools that can be used to determine the
three modes of heat transfer and the maximum fuel pin
temperature in horizontal fuel kundles. Benchmark these
results using experimental data and results available in
the literature.

AUDIT SCOPE

The scope of this audit was to determine the degree of
compliance of the MIT QA Program and implementing procedures
with the QA requirements in the Statement of Work for SNL

Contract 42-5638.

Objective evidence was examined to the depth necessary to
determine the applicability, effectiveness, and degree of
compliance of the MIT QA Program to the above mentioned
requirements. Appendix A lists pertinent documents reviewed.

The QA Audit Team consisted of Richard M. Baehr, SNL Lead
Auditor. Dr. N. Todreas, Phyllis M. Lovett, and Randall D.
Manteufel were contacted during the audit. (See Appendix B}.
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PERFORMANCE AND RESULTS OF THE AUDIT

An entrance meeting was held on the morning of April 4, 1991,
with Dr. N. Todreas et al.,, to review a. the audit plan, b.
audit scope and duration; c. agenda for the audit; to
establish channels of communication; and to set the time for
the close-out meeting.

Dr. Todreas briefed the audit personnel on the project
progress and on the ability and capability of MIT to meet the
QA requirements set forth in SNL Contract 42-5638.

A close~-out meeting was held with MIT personnel the evening of
April 4, 1991, to present the audit results and clarify any
misunderstandings.

The Lead Auditor received excellent cooperation throughout the
audit. MIT has an effectiva QA program in place which
satisfies the QA requirements of SNL Contract 42-5638.

The literature study on experimental and numerical analysis of
heat transfer processes in horizontal rod bundles in spent
fuel baskets has been completed.

Test hardware has been constructed and data will be taken in
the near future.

Parametric studies to deduce basic scales of heat transfer
processes have been started.

The development of predictive tools to determine modes of heat
transfar in hcrizontal fuel bundles has been started and work
is in progress.

Required deliverables have been/or are being submitted to SNL
at the recquired time.

The MIT NED has an effective QA program in effect which
satisfies the QA requirements of SNL Contract 42-5638.
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REVI DUR AU
DOCUMENTS:
1. SNL Contract 42-5638, Internal Heat Transfer Modeling Methods
Development Program.
2.  MIT NED Quality Assurance Marnual.
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APPENDIX B

MASSACHUSETTS INSTITUTE OF TECHNOLOGY PERSONNEL CONTACTED DURING AUDIT

MIT-A91-~1
April 4, 1991

Entrances Exit
Name Mesting hudit _Meating
Dr. N.'Todreas X X
Phyllis M. Lovett X X X
Raridall D. Manteufel X X
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Sandia National Laboratories

Albugueraue, New Mexica 37°22

April 9, 1991

Ms. Phyllis M. Lovett

Massachusetts Institute of Technology
Department of Nuclear Engineering

138 Albany Street, Room NW12-219
Cambridge, Massachusetts 02139

Dear Phyllis:
Subject: Close-out of Audit MIT-A91-1

Attached you will find a copy of the audit report for the

Quality Assurance Program audit that was conducted at the

Massachusetts Institute of Technolcgy, Nuclear Engineering
Department, April 4, 1991, by Richard M. Baehr.

There there were no reported Audit Findings or Observations
and Audit MIT-A91-1 is closed out.

Sincerely,

Reedacd V. Gkl

Richard M. Baéhr, QA Coordinator
Transportation Systems Development
Department 6220

RMB:6320
Attachment

Copy to: w/attach.

6320 R. E. Luna, Actg. (w/o attach.)
6322 G. F. Hohnstreitar

6323 T. L. Sanders

6323 N. N. Brown

6320 R. M. Baehr

6323 CSDP GA File 1i5.16 (MIT=-A91~1)
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GE Electronic Services

Geperar Hecere Cxmpary
215 Saipr 3reser
Wobura, Y4 JB07

16171 338 1920

March 1, 1991

Ms. pPhyllis Lovett, NW 12-219
MASSACHUSETTS INSTITUTE OF TECHNOLOGY
138 Albany Street

Cambridge, MA 02139

Dear Phyllis:

Per our phone conversation on February 28, 1991, the two (2)
Hewlett Packard boards, HP44708A and HP44713A, do not
require calibration. After our last conversation, I called
Hewlett Packard to verify this information. These boards
are "relays" only, and have no effect on the system’s
accuracy; therefore, do not require calibration. If you
have a problem with operation, or suspect an operation
problem, please call.

Thanks again for your continued support. Do not hesitate to
call with any questions regarding support gservices; we
welcome the opportunity to help.

Sincerely,

Robert S. Sellon
Major Accounts Manager
(617) 328-4725

/4

RSS/ps
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APPENDIX C

CRITERIA FOR SELECTING HEATER ROD LENGTH AND THICKNESS

This appendix contains the analysis performed by R.D. Manteufel to provide
justification of the selection of a length of 24.5 inches and a thickness of 0.049 inch for
the Heater Rods used in the experiment. The decision to purchase Heater Rods 24.5
inches in length and 0.049 inch in thickness was made by R.D. Manteufel with the

approval of N.E. Todreas in June 1990.
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Criteria for Selecting Rods of Length 24"

We present an argument for determining an appropriate iength of a heated rod.
Qualitatively, the length of the rod should be long enough so that thermal "end effects” do
not overwhelm the temperature readings which will be taken in the middle of the heater
rods. Infinitely long rods have the theoretical advantage of having no end effects, yet
infinite rods are an impossibility. The following calculations are used selected an
appropriate heater rod length.

We assume that the rods have the following physical characteristics: outside
diameter of 3/8" and copper wall thickness of 0.049”. The rod diameter of 3/8" was
chosen to be close to the nominal PWR fuel rod size. Copper was chosen as the sheathing
material because its high conductvity will eliminate circumferential temperature gradients.
A schematic of the heater rod is given in Figure C-1.

e |

Thermocouple *

and Power

Wires T
? 4
i
h
supports

Thermocouple located
in Center

Figure C-1: Schematic of Heater Rod

A basic assumption is the rods have the thermal behavior of a "heat generating fin".
The governing equation for the fin is simply stated:

de hPg + 9. =0
dx? kS kS (1)

where:
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h average convective heat transfer coefficient

k tube material conductivity (copper, 401 W/m-K)
S tube cross-sectional area (S =nd At)

P tube cross-sectional perimeter (P =n d)

q' axial heat generation rate

G temperature potential

d tube diameter

At tube wall thickness

The governing boundary conditions are:
BC#1 ihsulatcd end, i.¢., symmety

=0) = 0
%%(X ) 2)

BC #2, convective end used to account for the increased heat transfer mechanism available
in the rod support plate.

-kS %%(x:[ﬂ) = O(x=L/2) h P Axeq "

where
Axeq equivalent additional length for the support plate end boundary condition

The second boundary condition is a statemnent of the conservation of energy at the
supported end. It is derived by viewing the supports as offering a luroped conduction path.
The term "Axeq" is derived by considering the radial conduction path is through the support
plates. In comparison, Equation (1) considered the axial temperature profile for a single
rod. To assist the reader in making this mental switch, from axial to radial, we include a
diagram which shows a cross-section of 2 4x4 rod bundle:
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From previous work, we have derived an equivalent thermal conductivity for the
stagnant gas conduction and radiative heat transfer mechanisms in the radial direction of a
horizontal spent fuel assembly. Similarly, we can derive an equivalent conductivity for the
support plate. For a typical PWR with p/d=1.3, we found the equivalent conductivity is a
factor 2.6 greater that the fill gas conductivity. Having an ¢stimate of the keq, one can
estimate the maximum temperature in a square homogeneous region assuming isothermal
boundaries and uniform heat generation:

Tmax - Tsurf = 0.074 @'/ keq

or
Trnax - Tsurf = 0.074 ¢ / AX keq | (3.5)

where q' is the heat generation per unit depth, q is total heat generation, and Ax is depth.

We assurne the thermal behavior in the support plate is similar to the thermal
behavior in the fill gas, hence Equation (3.5) would be valid for both. From Equation
(3.5), we can identify a conductance: G = Ax keq. This conductance is similar to the
traditional conductance; G =k A/L. The only difference is that the geometrical information
of interest for this problem is Ax, the depth.

For computational purposes, we assume that the end support acts as an additional
area for convective heat transport. The basic assumption is equal conductance:
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Gsupport = Geg

or
ks AxSS = keq AXeq
where
ks stainless-steel conductivity (15 W/m-K)
kg  equivalent thermal conductivity of the rod bundle
Axgs  stainless-steel support plate thickness (0.015")
Axqq previously defined equivalent additional length
We solve for Axeq

Axeq = (Kss / Keg) Axss

which corresponds to the area (length) on the right hand side of equation (3).
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Figure C-2: Equivalent Thermal Conductivity for Radiative Heat Transfer and Stagnant
Gas Conduction Heat Transfer

From Figure C-2 (reproduced from P.. Manteufel's presentation given at the SNL-
DOE sponsored Cask Cavity Heat Transfer Workshop, January 9, 1990 in Alb. NM), one
can estimate the equivalent thermal conductivity ¢ be at least 0.1 W/m-K in a spent fuel

assembly.

We can estimate the average heat transfer coefficient, h, to be ~5 W/m2-K in two
ways:

(1) lookup the typical lower limit described in heat transfer textbooks, or

(2) compute the equivalent radiative heat transfer coefficient, hag = 4 © T3

Heat transfer textbooks suggest a convective heat transfer coefficient for natural
convection in air to be about 5-25 W/m2K, hence 5 W/m?2-K is a conservative

assumption. The equivalent radiative heat transfer coefficient is caiculated for the lower
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limit of the temperature range of interest (50 - 100 C) and is tabulated in Table C-1. From
the data in Table C-1, the assumed valued of 5 W/m2-K can be considered a conservative.
It will be shown that a larger h will minimize the support plate influence on the centerline
temperature measurements.

Table C-1: Equivalent Radiative Heat Transfer Coefficient

T (C) hrag (W/m?2-K)
50 7.7
75 9.6
100 11.8

We proceed to solve the mathematical problem of a second order ODE with two
distinct boundary conditions. The general solution for the ODE (Equation 1) is:

O(x) = C; sinh(B x) +C;cosh(Bx) + -
hP 4)

where we introduce a new parameter
B2 = (hP)/(kS)
and C1, C are constants to be determined from the boundary conditions.

When BC#1 (Equation 2) is applied, we find that Cy =0. When BC #2 (Equation 3) is
applied, we find:

kS C;Bsinh(BL/2) = czcosh(am)»rl% h P Axeq

Solving for C3 we find:

_ -q' Axeq
kS B sinh(B L/2) + h P Axeq cosh(B L/2) 5)

G

Substituting into our general solution we find:
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O(x) = . ~ G AXeq cosh(B x) + q_
k S B sinh(B L/2) + h P Axeq cosh(B L/2) hP

If we had an infinite rod, the temperature would not be influenced by the end conditions
and would be equal to:

. = 9
™ hP

Therefore, we introduce a new temperature potential, which is normalized by the infinite
rod temperature potential:

. O(x)
e(x) = ==~
(x) O
The general solution is then given by:
O'® =1 - BAxg cosh(B x)

sinh(B L/2) + B Axeq cosh(B L/2)

For comparison purposes, we compute the above normalized centerline temperature,
* *
® =06 (0), for different total rod lengths (L).

i B Axeq
sinh(B L/2) + B Axeq cosh(B L/2)

©o(L, B, Axeq) = 1
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Figure C-3: Normalized Centerline Temperature as a Function of Rod Length

In Figure C-3, itis clear that the rod length does influence the centerline rod temperature (as
one would expect). The influence is greatest for short rods. The influence diminishes as
the rod length increases. The reader is reminded of two important aspects:

(1) In an actual experiment, the rods must be supported and the
supports can't be arbitrarily far apart. In previous experiments, the
supports could not be located greater than ~ 2' apart. ‘

(2) We have made conservative assumption for this calculation.

The statement of conservative assumptions can be seea by the influence of B and

Axeq on the solution. For comparison purposes, in Figure C-4, we have plotted the
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normalized centerline temperature for different values of B which vary by a factor of 2,
keeping Axeq constant. Similarly, in Figure C-5, we vary Axeq by a factor of 2.
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Figure C-4: Effect of the Parameter B on Normalized Centerline Temperature

From Figure C-4, we see that as B decreases, the centerline temperature is more strongly
influenced by the support plate. Recalling the definition of B, B=(h P)/(k S), we note
that a larger value of h will increase B. Recalling our assumption of a low value ofh=35
W/m2-K, we now recognize this to be a conservative approximation (as we originally

expected).
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Figure C-5: Effect of the Parameter Axeq on Normalized Centerline Temperature

The equivalent fill gas conductivity was assumed to be 0.1 W/m-K from Figure C-
2. From the definition of Axeq: AXeq = ( ksg/ keq ) Axgs, We nOtE that a smaller value of keg
will increase Axeq. A smaller assumed conductivity will increase the influence of the
support plates on the centerline temperature. Hence, the assumption of a low thermal

conductivity is a conservative assumption.

From Figure C-3, we note that a rod of length ~24" will allow minimal support
influence on the centerline temperature measuremerits. For this reason, 24" was selected to

be the rod length.

The general solution for the above problem has been solved using Mathematica and

the applicable code is presented in Table C-2. 314
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Table C-2: The Code used to Compute the Centerline Temperature as a
Function of the Rod Length

{(* code used to compute rod centerline temperature

as a function of rod length *)

in = 0.0254

dia = 3/8 in

kcopper = 401.0

wallthickness = 0.049 in

sectionalarea = N[Pi] dia wallthickness
perimeter = N[{Pi] dia

B = ( (hconv perimeter) / ( kcopper sectionalarea) )“C.5
ssthickness = 0.015 in

kss = 15

krad = 0.1

addlength = ( kss / krad ) ssthickness

(* len input in inches, len in total length of rod *)

Tcenter[ len , bigB_, Axeq_ ] := ( 1 - bigB Axeq /
(Sinh[bigB len / 2 in] + bigB Axeq Cosh([bigB len / 2 inl))
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Criteria for Selecting Rod Sheathing

We present a quantitative analysis for the determination of an appropriate rod
sheathing material. In previous experiments, the rod walls offered significant
circumferential conductive resistance compared to the average surface resistance (due to
radiative and/or convective heat transfer). These two resistances can be compared in the
non-dimensional ratio called the Biot number. In Cox's Ph.D. Thesis, he recommended
that future experiments consider heater rods made with copper sheathing. We will compare
a typical Biot number for Cox's rods with our new rods.

The following diagram is introduced to assist in the discussion:

For analysis purposes, we will compare the 360 degree circumfetential conductive
resistance with the average convective resistarice. The conductive resistance is
approximately Reond = (% d) / ( k At). The convective resistance is Reony = 1/ (h d). The
average convective heat transfer coefficient will be computed considering only radiative
heat transfer at 2 350 C, a high estimate: hpg = 4 6 T3 = 55 W/n2-K. We compute the
Biot number:

Bi = Reond/ Rooav = h(md)2/(k A9

When Bi << 1, one would not expect circumferential temperature gradients. When Bi >>
1, one can expect severe circumferential temperature gradients. From Cox's rod data, we
can compute an approxirnate Biot number:
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d=0.25"
k = 15 W/m-K (stainless-steel)
At =0.035"

hence

Bi=1.6

We can compute a Biot number for the new rods:

d = 3/ L]
k =400 W/m-K (copper)
At = 0.049"

hence

Bi = 0.0987

For comparison purposes, the Bi number for our new rods is 6/100's of Cox’s. We expect
that our experiment will eliminate circumferential temperature gradients. '

317



APPENDIX D

DATA ACQUISITION PROGRAM

This appendix contains the data acquisition computer program written by S.
Friedenthal and the author. The computer program is written in the language Hewlett

Packard Basic 5.13.
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i | PROGRAM TO READ THERMOCOUPLE TEMPERATURES AND DISPLAY/PRINT RESULTS
2@ OIM Yes_nos$(1]

30 LINPUT " DO YOU WANT TO ENTER THE RUN ID NUMBER",Ins

40 ENTER In$:Yes_no$

5@ Yes_noS=UPCS(Yes_no$)

E@ IF Yes_mo$="Y* THEN GOSUB 960 | PROMPT FOR RUN ID NUMBER
70 PRINT ss+ss MEASURING THERMOCOUPLE TEMPERATURES sexe
8¢  REAL Tmp1(0:99,8:19),Tmp2(@:93,0:19),Tmp3(0:99,8:19) ,Tmp4d(2:93,0:19), TmpS¢
@:33,8:13)

=" REAL Templ{(0:19) Temp2(@:19),Temp3(0:13),Tempd(0:19) ,TempS(0:13)
10Q INTEGER Index1(9:19),Index2(0:19),Index3(B:19),Index4(B:18),Inde«5(2:19)
118 OUTPUT 7@9; "NPLC 5" | AVERAGE OVER & POWER LINE CYCLES
120 QUTPUT 7@9; “RST"

130 OUTPUT 7@9:"CONFMEAS TEMPK, 10@-119, NSCAN 10Q, USE 700"

148 ENTER 7@9:Tmpi(e)

18@ - OUTPUT 7@9;"RST"

16@ OQUTPUT 709; "CONFMEAS TEMPK, 200-219 ,NSCAN 100 ,USE 700"

178 ENTER 709;Tmp2(+)

180  OQUTPUT 7@9;°RST"

190  OUTPUT 789; CONFMEAS TEMPK, 300-319 ,NSCAN 100, USE 700"

28@ ENTER 7@9;Tmp3(+)

210 OUTPUT 7@8:"RST"

220 OUTPUT 7@9:"CONFMEAS TEMPK , 48@-419 NSCAN 100 ,USE 700"

230 ENTER 7@3:Tmpé&(s)

e QUTPUT 7@9;°RST*

249  QUTPUT 7@9:;°CONFMEAS TEMPK, S@0-519 ,NSCAN 100, USE 700"

25@ ENTER 7@9;TmpS(=)

268 ]

270 FOR I=2 70 !9

28@ Totali=@

299 Total2=@

k{.") Total3=@

30 Totalé=0

220 TotalS=0

330 FOR J=& TO 93

340 Totali=Totall1+Tmpi(Jt, I}

35@ Total2=Total2+Tmp2(J, 1}

360 Total3=Total3+Tmp3¢(J I}

370 TotaldnTotal4+Tmpd(J 1)

380 TotalS=TotalS+TmpS(J, I}

398 NEXT I

400 Tempi(I)=Totall /100

412 Temp2(I)=Total2/100

420 Temp3(i)=Total3/100

439 Tempd(I)=Totald/ 100

449 TempS(1iaTotalh/100

459 Indexi(I)=100@+1

459 Index2(1)=200+1

470 Index3(1)=300+1

48 Index4(])=40@+1

499 IndexS( I )»520+1

S@® NEXT I

319



550
500
618
520
530
540
650
660
670
580
90
700
710
720
730

FRINTER IS CRT SET3S PRINTCGUT TQ SCREEN

]
50308 €39 t PRINT RESULTE SUBROUTINE
2J3UB 550 I GET YES/NO RESFONSE FORP PRINTOUT
IF Prant$d="YES" THEN ¢ IF USER WANTS A PRINTQUT ...
GOSUE 5219 I PRINT TEMP. DISTRIBUTIONS
FRINTER IS PRT I GETS PRINTOUT TQ FRINTER
605U 6838 I PRINT RESULTS SUBROUTINE
END IF

DISP "SPAVE DATA TO FILE (Y/N)?";
INPUT ** ,Yeas_no$

IF Yes_no%="Y* THEN &0SUB 2010 ! SAVE DATA TO FILE
G0TC 6550 + G0TO END OF PROGRAM FQR "END"
! ssssenee PRINT SUB-ROUTINE essssses
PRINT " sossses THERMOCOUPLE TEMPERATURES sesssas’
PRINT **

PRINT DATES(TIMEDATE}
PRINT TIMES(TIMEDATE)
PRINT **
PRINT *RUN ID. NO. ";Run_i1d_no$
PRINT "
PRINT "~
FOR I=@ TO 1§
PRINT Index!(I);TAB(7)1Temp!(1)iTAB(20 ) Index2(1)1TAB(25)1Temp2(1);TAB(4A

@);Index3(1);TAB(45);Temp3( 1)1 TAB(GR )i Index4(1);TAB(ES )i Tampd( )

740
759
760
770
780
799
806
B1@
g2e
g3@
840
859
568
87@
880
830
3e?
310
929
930
940
850
950
g7e
98e
999
1209

NEXT 1
PRINT ""
PRINT "
FOR I=2 70 19
PRINT IndexS(I)sTAB{7)Teap5(1)
NEXT I .
PRINTER IS CRT | RETURN DISPLAY TO SCREEN
RETURN
i oseese END OF PRINT SUBROUTINE sesase
)
]
| sasesseees GET USER RESPONSE SUBROUTIME »ssssssae
LINPUT “COPY OUTPUT TO PRINTER (Y/N)?" . In8
ENTER InS:Yss_no$
IF Yes_nc%="Y" QR Yes_no8="y" THEN
Print$="YES"
ELSE
Print®=°"NO"
END IF
RETURN
| esenswss END OF GET RESPONSE SUBROUTINE teessese
|
i eessses RUN ID NUMBER SUBROUTINE sescese
DIM Campaigns()]
DIM Matrix$(1]
DIM Box_cont_tempS(3]
DIMm Cent_rod_temp${3]
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1@1¢ Campargnd="1"

1022 Mairi«$="1"

1@2@ PRINT "ENTER RUN ID NUMBEF (R <Return. FOR PROMPTS”
1042 INPUT " Run_1d_ncE

1050 IF Pum_:d_no$="" THEN

1060 Y=s_no$="N"

1@¢72 WHILE Yas _no$="N"

1289 DISP "Enter Tast Campaign Number {(Default = 1)";

1890 LINPUT "" ,Campaign$

1100 1F Campaignd="" THEN Campaign®="1~

1110 DISP "Enter Matrix Number (Cefault = 1)";

1120 LINPUT " Matrix$

1130 IF Matri1»8$="" THEN Matrix$="1"

1146 Environment$s=""

1158 Err=0

1182 WHILE Environmant$<>"N* AND Environment$<> X" AND Environment$<>"A" AN
D Environmant$<> H"®

1179 IF Err=1 THEN

1180 PRINT " MUST BE AN °'N', AN 'X', AN 'H' OR AN 'A’" ... RE-ENTER DAT
A"

1139 END IF

120@ Err=i

1219 DISP “Enter The Gas Environment -- (A)rgen, (N)itrogen, (Hlelium, or
X = AIR":

1228 LINPUT "* Environment$

1230 Emvironment S=UPCS(Environments)

124Q IF LEN(Environment$)>1 THEN

12590 IF Environment3s*NITROGEN" THEN

1269 Environmant®="N"

1270 ELSE

1280 IF Environment®="HELIUM™ THEN Environment®="H"

1290 iIF Environmant$="ARGON" THEN Environmanig="A"

130 IF Environment$="A[R* THEN Envirorment$="X"

1310 END IF

1320 END IF

133@ END WHILE

1340Q Err=0

135@ Pressureg=“"*

1360 WHILE Pressura$<>°@" AND Pressure$<>"P" AND Preasure${>°V”

137 IF Err=i THEN

1380 PRINT "YOU MUST ENTER A 'Q@' FOR ZERO PSI6 (Atmospheric Prass.)”
1390 PRINT * A °*P° FOR POSITIVE PRESSURE ( > Atmospharic Press.)”
1409 PRINT ° OR A 'Y' FOR VACUUM ... PLEASE RE-ENTER®

1410 END IF

1420 DISP “Enter Cask Pressure —- @ = Zero Psig, P = Positive Press., =
Vacuum® i

1430 LINPUT *" ,Pressure$

1448 PreassureSsUPC$(Prassures)

1459 IF Pressure$="2" THEN Pressure$="0°
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1460 IF LEN(Prassure$ ! THEN

1470 IF Prassura$="FRES3IURE" OR PressuraSa"PRESSURIZED" OR Pressure$="*
QSITIVE" THEN

1450 Pressyre$="9P"

1499 ELSE

1500 1F Pressure$s=<"ZERO" OR Pressure$="ATMOSPHERE" (R Prassura$="ATM(
SPHERIC" THEN Pressur=$=-Q"

1519 [F Pressure$="UACUUM" OR Preassure$="UACCUM" QR Pressure$="iJACUME
" THEN Prassuress"y”"

152Q END IF

1630 END IF

1540 Err=i

1850 END WHILE

1560 Err=Q

1579 Bo~x_cont_temp=5@0

1580 WHILE Box_cont_temp<® OR Box_cont_temp»252

1590 IF Err=i THEN

1500 PRINT * YOU MUST ENTER A NUMBER BETWEEN @ AND 250 (Deg. C)°
1810 END IF

1620 Err=]

16830 DISP "Enter Box Control Temperature (3 digit number)”:

1649 LINPUT "" ,Box_caont_temp®

1650 IF Box_cont_temp®<> "XXX" THEN

1660 Box_cont_temp=VAL(Box_cont_tempS)

1670 ELSE

1680 Box_cont_temp=1082

1690 END IF

1708 END WHILE

1710 DISP “Enter Central Heater Rod Set Temperature (3 digit number)”;
1720 LINPUT *" Cent_rod_temp$

173@ Run_id_no8=CampaigneiMatrix$sEnvironment$4PressurestBox_cont_temp$iCen
t_rod_temp$

1740 PRINT “RUN ID NUMBER IS: “iRun_id_no$

175@ LINPUT "IS THAT CORRECT",InS$

1760 ENTER InS;Yes_na$

1770 Yas_no$~UPCS(Yes_no@)

1788 END WHILE

1799 END IF

188@ RETURN

2080 !

2818 | sswesssse COPY DATA TO FILE stsssses

2020 IF Run_id_no@<>"" THEN

2038 CATISELECT Run_id_no8 COUNT Number_files NO HEADER

2040 Number_filessNumber_files+!

2059 FilerameS=Ryn_id_noS&" . "BVALS(Number_filas)

2060 ELSE

2070 Filename$=DATES( TIMEDATE)

2080 Filename$=Fjilenames(1 ,218F1lenamas$(4 614Filenames(8, 11}

2030 CAT(SELECT Filename$ ,COUNT Number_files NO HEADER

2109 Filenrame$=Filename$y",h “3VALS(Number_frles+l)

2119 END IF
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2120 OISP " ENTER FILE NAME FOR DATA STORABE (DEFAULT IS: "iFilename$:”)"1
2130 INPUT " File$

2140 IF F1le$<>"" THEN FilenamaS=File$

2150 PRINT “SAVING FILE AS: "iFilanames$

216@ CREATE BDAT Filename$ 12,128

217@ ASSIGN PPathl TO Filenames$

2180 OUTPUT ®PathliRun_id_not

2198 OUTPUT @Pathi:DATES(TINEDATE)

2200 OUTPUT ePathlTIMES(TINEDATE)

221@ OUTPUT ePathliVolts

2220 OQUTPUT @PathlsAmps

2232 OUTPUT @Pathl Watts_calc

2240 QUTPUT GPathljWatts_disp

2250 OUTPUT @PathlsTempl(e)

2260 OUTRUT OPathiliTamp2(e)

2276 OUTPUT @PathlicTemp3(e)

2288 OUTPUT OPathiliTempd(s)

2296 OUTPUT @PathlTempS(s)

23860 OUTPUT OPathliTemp_distri{e)

2310 OUTPUT OPathlsBebcolit

2320 OUTPUT OPathliBebe3ib

2332 OUTPUT OPathl iBebedil

2349 OUTPUT @PathliBchcZir

235@ OUTPUT OPath!iBcbebile

2260 OUTPUT &Pathl!:Bcbebiie

2361 OUTPUT @Path!iCtemp_user

2362 OUTPUT OPathl;Atemp_usar

2379 ASSIGN OPathl TO »

2380 RETURN

5000 ! scsvsssee PRINT TEMPERATURE DISTRIBUTIONS toeeess

5010 DIM Disply8(1:8,1:8) 18]

5020 REAL Temp_distr(1:8,1:8)

5@30 DISP “PLEASE ENTER AC VOLTS ROD-U-3(ID) -~ MULTIMETER":
5640 INPUT *"*® ,Uolts

5850 DISP "PLEASE ENTER AMPERAGE ROD-A-1(ID) =~ AMPS = DISPLAY / 10%:
5660 INPUT """ ,Amps

5070 uWatis_calceVoltsesAmps

5080 DISP "PLEASE EMTER WATTS ROD-W-I{(1D)"j

50390 INPUT "° Watts_disp

5190 PRIKT *PLEASE SUPPLY THE FOLLOWING BOX TEMPERATURES®

S11¢ DISP "TOP -- BCB-C-1(IT) (CHANNEL 1 ~ DIGITAL THERMOMETER) °3
5120 INPUT " Bebelit

5139 DISP " BOTTOM —-- BCB-C-3(1B) (CHANNEL 4 - DIGITAL THERMOMETER) *;
5140 INPUT " ,Bebe3ib

5150 DISP “LEFT -- BCB-C-4{IL) (CHANNEL 3 - DISITAL THERMOMETER)";
51686 INPUT "" ,Bcbeéil

5176 DISP “ RIGHT ~— BCB-C-2(IR) (CHANNEL 2 - DIGITAL THERMOMETER)
5180 INPUT "~ ,Bebelir

519@ DISP "~
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5230 FRINT " PLEASE SULPFLY THE 20¥ CONTROL TEMPERATURES”
5213 CISP "ENTER BCB-C~S(ILE’ iCHANNEL '@ - DIGITAL THERMCMETER)":
go2@ INPUT " BebgSile

S22 DISP “ENTER BCE=C-R{IIE} (CHANNEL & - DIGITAL THERMOMETER":
§249 INPUT " ,BecbcBiire

5752 DISP "ENTER ACTUAL CONTROL ROD TEMPERATURE (CH 7 DIGITAL THERMOME TZ2 1"
§26@ INPUT "' Ctemp_user

527G DISP “ENTER ACTUAL ALARM ROD TEMPERATURE (CH 8 DIGITAL THERMOMETER";
SI8@ INPUT *“* Atemp user

§529@ PRINT "

G300 PRINT .. .ttt iinnnsionnannnns THANK YOU ..... e et eaa s
E31Q@ Temp_distr(4 . 4)=DROUND(TempSita) 4) ‘C - TEMP
G320 Temp_di1str(5,5)=DROUND(TempS(13),4) 1A - TEMP
8330 Ctrs-—i

53490 FOR Row=! T0 2

5350 FOR Col=! TQ 8

5360 Temp_distr(Row,Col 1=DROUND(Templ{Col+Ctr),4)
5370 NEXT Col

5389 CtreCtr+8

£39@ NEXT Row

5400 Row=3

5410 Ctrsib

5420 FOR Cel=t 70 4

5430 Temp_distr({Row,Col )»DROUND(Tempi(Col+Ctr) 4)
544@ NEXT Col

5450 Temp_distr(3,5)=DROUND(Tempi(17),4)

G46@ Ctre=5 ’

€470 FOR Col=5 TO 8

5480 Temp_distr(Row,Col )=DROUND( Temp2(Col+Ctr ,4)
5430 NEXT Col

S500 Ctr=3

5519 Row=4

5520 FOR Col=t TO 3

5530 Temp_distr{Row,Col )=DROUND{ Terp2{Col+Ctir) 4}
55403 NEXT Col

GSS@ Temp_distr(4 ,5)sDROUND(Temp3(4),4)

5560 Rows=4

557@ Ctr=1

5589 FOR Col=s TO 8

5599 Temp_distr{Raw,Col }=DROUND(TempZ{Col+Ctr},4)
SE0Q@ NEXT Col

561@ Row=S

5620 Ctre-=i

G636 FOR Col=! TO 4

5640 Tamp_distr(Row,Col )=DROUND( Temp3(Col+Ctr) .4)
E65@ NEXT Col

S56@ Row=S

5678 Ctre-i

5680 FOR Col=B TO 8

5690 Tamp_di1str(Row,Col }=DROUND( Temp3(Col+Ctr) . 4)
5700 NEXT Col
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§71@ Ctr="

5720 Reouw=t

573@ FOR Col=1 TO 8

5748 Temp_distr(Row 0ol V=DROUNG( TampSiCal+Ttr ' 40
5780 NEXT Col

5760 FRow=?

5770 Ctr=15%

§78@ FOR Col=1 TO 4

S790 Temp_distr(Row,Col )=DROUND! Temp3(Coi+Ctr) &)
S80@ NEXT Col

5810 Row=7

5820 Ctre=-5

5830 FOR Col=5 TO 8

5840 Temp_distr(Row ,Col }=»DROUND( Temp4(Col+Ctr) ,4)
5850 NEXT Col

S852 Row=8

5878 Ctr=3

5880 FOR Col=1 TO B

5858 Temp_distr(Row ,Col )«DROUND(Temp4(Col+Ctr) ,4)
590@ NEXT Col

591@ ! w¢ PRINT RESULTS o»

5922 PRINTER IS PRT

593@ PRINT CHRB(27);"(s!1B"sTAB( 30 )" TEMPERATURE DISTRIBUTION® :CHR$(27);"(s0B"
5949 PRINT "°

595@ FPRINT DATES(TIMEDATE)

S9658 PRINT TIMES(TIMEDATE)

5979 PRINT “RUN ID. NO. ";Run_id_no$

5980 PRINT "VOLTAGE (V) “jValts

5980 PRINT *CURRENT (A} “iAmps

G800 PRINT “POWER (W) ~ DISPLAY “;Watts_disp

E@1@ PRINT “POWER (W) - CALCULATED "Watts_calc
E828 PRINT ™"

6039 PRINT **

6249 FOR Row=! TQ 8

6050 FOR Col=t1 TO 8

5069 Disply$(Row,Col )aUALS(Temp_distr(Row,Col))
6079 IF VAL(Disply${Row,Col))>1008 THEN

6080 Disply${Row Lol )w*~==" '

605 END IF

6100 Disply$#(3,2)e"«=="

6112 PRINT TAB(Col#8);0isply8(Row,Col);s

6120 NEXT Cel
6130 PRINT ="
6140 PRINT *°
B15@ NEXT Row
£16@ PRINT *°
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6170
(s@B
6180
5180
6200
621@
6220
6239
6240
6250
6260
6270
6280
5290
6322
6310
6320
633@
6340
6359
5360
6370
6380
6390
65400
E410
65420
B430
5440
6450
6460

PRINT CHRS(27)1“(s1B8"3TAB(34);CHRS (27 )3 *8dD " "BUX TEMPERATURES" ;CHRS(Z7)¢"

“;CHRS(27); "6d0"

PRINT **
PRINT TAB(36);"TOP"

PRINT **

PRINT TAB(36)10OROUND(Tenp2{17),4)

PRINT TAB(B);RPTS("-" ,28)iBchclat i TAB(44) 1RPTS( =" ,24)
PRINT TAB(8):"+" 1 TRB(36);DROUNDI Temp5(2) 411 TAB(BB ) "+
PRINT TAB{8):"+"sTAB(36);DROUND( Temp2( i8) .4 );TAB(EB):"+"
PRINT TAB(8)1~+" 1 TAB(35)DROUND( TempS(18),4 )1 TAB(BB ) "+"
FOR I=1 TQ 2

PRINT TAB(8)1"+";TAB(EB);"+"
NEXT 1
PRINT TAB(8);DROUND(TempS(3),4);TAB(ES ) ;DROUND( Tamp5( @) ,4)
FRINT TAB(B)IDROUND(TQMDS(}),litTﬁB(GS)tDROUND(TanDS(l),4)
PRINT “RIGHT*$TAB(8)1Bcbc2ir s TAB(ES )1Bebeds Iy TAD(72)sLEFT"
PRINT TAB(8)iDROUND( TerpS(5),4 )i TAB(ES ) sDROUND( Temp5(2) ,4)
PRINT TAB(8)1DROUND( TempS{17) ,4)1TAB(BES )sDROUND( TempS{16) ,4)
FOR I=1 TO 2

PRINT TAB(8);"+"iTAB{EB ) +"
NEXT I
PRINT TAB(8);"+" 1 TAB(36 )¢DROUND! Tenp4(19),4)sTAB(ES )1 "+"
PRINT TAB(B8):s"+";TAB(36);DROUND( Tomp4( 18) ,4:TAB(BB);"+"
PRINT TAB(8)iRPTS("~" ,28)1Bcbc3ib: TAB(44);RPTS("-" ,24)
PRINT TAB{ 36 )10ROUMD( Temp4{17),4)
PRINT TAB(36);DROUND(TempS5(153,4)
PRINT ="
PRINT TAB(38):"BOTTOM"
PRINT "°
PRINT **
PRINT TAB(iQ)Y(CHR$(27)s"8dD" ¢ “VESSEL " sCHRS(27);"8d0" ;TAB(3B); CHRS(27 ) “&dD

"+ "LEAD END"i1CHRS$(27):"850" 1 TAB(E3)1CHRS(27 )5 "8dD" 1 “INTEGRAL END";CHRS(27);"Rde"

6470

PRINT TAB( 10 )iDROUND{ TempS(E),4)1 TAB(30);DROUND! Tempa (14} ,4); TAB(SO s DROUN

D(Temp2¢18),4)

6480

PRINT TAB{10):DROUND( TempS5(7),4); TAB(38);DROUND( Tempd(13) ,4); TAB(SQ ); DROUN

D(Temp2(11),4):TAB(E@):""C' TEMP = ";Ctemp_user
5450 PRINT TAB(10);DROUND(TempS(10},4):TAB(30 );DROUND( Temp4(15),4):TAB(5@);0R0U
ND{Temp2(12),8); TAB(BB )1~ 'A° TEMP = ";Atemp_user

6500
L&)

6510
6520
6530
5540
6550

PRINT TAB{10)1DROUND{ TempS(8),4){TAB(30):BcbcSile;TABIS@);DROUND( Temp2(13)

PRINT TAB(18);DROUND( Temp5(18),4);:TAB(5D):Bcbcbiie
PRINT CHR$(12) ! FORM FEED
PRINTER IS CRTY

RETURN

END
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APPENDIX E

TEST DATA

This appendix contains the Test Data collected on the experimental apparatus.

The Test Data is presented in the following order:

E.l

E.2

E.3

E.4

E.S5

E.6

E.7

E.S8

Debugging Phase Test Data

This test data was collected during the Debugging Phase

prior to May 7, 1991.

Atmospheric Pressure Air Test Data #1

This test data was collected at atmospheric pressure (0 psig)
in air with Boundary Condition Box end heaters operating.
(Note: This data set was not analyzed because the error could
not be conveniently bracketed.)

Atmospheric Pressure Air Test Data #2

This test data was collected at atmospheric pressure (0 psig)

in air without Boundary Condition Box side or end heaters operating.

Above Atmospheric Pressure Nitrogen Test Data

This test data was collected above atmospheric pressure (15 psig)
in nitrogen without Boundary Condition Box side or end heaters
operating.

Above Atmospheric Pressure Argon Test Data

This test data was collected above atmospheric pressure (15 psig)
in argon without Boundary Condition Box side or end heaters
operating. '
Above Atmospheric Pressure Helium Test Data

This test data was collected above atmospheric pressure (15 psig)
in helium without Boundary Condition Box side or end heaters
operating.

Below Atmospheric Pressure Test Data #1

This test data was collected below atmospheric pressure (24 in. Hg)
without Boundary Condition Box side or end heaters operating.
Below Atmospheric Pressure Test Data #2

This test data was collected below atmospheric pressure at

16 in. Hg and 20 in. Hg without Boundary Condition Box side

or end heaters operating.
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E.1 Debugging Phase

This section of Appendix E contains the Test Data collected on the experimental
apparatus during the Debugging Phase. This test data was collected prior to May 7,
1991. The testing was performed at atmospheric pressure (0 psig) in air at 10 different
Heater Rod power levels with the controliing temperature ranging from 40°C to 250°C
without the Boundary Condition Box side or end heaters operating and 5 different
Heater. Rod power levels with the controlling temperature ranging from 70°C to 250°C
with the Boundary Condition Box end heaters operating. A Debugging Phase Campaign

Summary follows:

Central
Vessel Box Heater Rod
Pressure Fill Temperature  Temperature  Run Date
{psig) Gas (deg ©) (deg C) L.D. No. Completed
0 psig Air Not 40 11X0XXX040 04/30/91
Controlled 50 11X0XXX050 04/30/91
75 11X0XXX075 05/01/91
100 11X0XXX100 04/22/91
125 11X0XXX125 05/0191
150 11X0XXX150 04/25/91
175 11X0XXX175 05/02/91
200 11X0XXX200 04/28/91
225 11X0XXX225 05/02/91
250 11X0XXX250 04/29/91
0 psig Air Guard (end) 70 11X0XXX070E 05/04/91
Heaters 80 11X0XXX080E 05/06/91
Controlled by 90 11X0XXX09%0E 05/06/91
Position 2-7 225 11X0XXX22SE 05/02/91
250 11X0XXX250E 05/04/91
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Date: April 30, 1991
Time: 17:24:19

Run ID No. 11X0XXX040

Voltage: 10.3 Volts Fill Gas: Air
Current: 0.40 Amps Pressure: 0 psig
Power: 4.12 Watis

Vessel Temperature: Box End - 27.5 deg C

TCEnd -284degC

Heater Rod Temperature Distribution

383 394 40.1 40.5 40.3 40.1 393 380
389 40.6 41.5 41.9 419 414 40.5 389
394 - 42.1 42.6 42.6 42.1 41.1 394
39.3 40.9 419 426 424 419 40.9 393
39.2 40.7 41.6 419 42.1 41.6 40.7 389
386 40.0 40.7 411 - 41.1 40.7 39.9 38.8
379 39.1 39.7 398 398 39.5 389 379
36.9 376 379 381 38.1 319 374 37.1
Box Temperature Distribution
Top 34.36 (epoxy)
Right 34.18 (epoxy) Left  33.97 (epoxy)
Bottom  33.96 (epoxy)
End ¢f Heater Rod Temperature Distribution

Position i1 2-7 4-4 5-5 7-3
Temperature (deg C) 38.16 39.82 41.37 40.8 38.92
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Date: April 30, 1991
Time: 23:22:37

Run ID No. 11X0XXX050

Voltage: 11.9 Volts Fill Gas: Air
Current: 0.51 Amps Pressure: 0 psig
Power: 6.07 Watts

Vessel Temperature: Box End - 28.2 deg C

TCEnd -293degC

Heater Red Temperature Distribution

45.9 48.2 49.4 49.9 49.7 493 47.8 45.7
47.1 50.0 517 52.3 523 515 49.7 46.8
474 --- 52.2 53.0 53.2 521 504 47.3
47.1 50.0 51.8 52.7 525 51.8 50.1 471
46.7 494 509 51.6 51.7 50.8 493 46.5
45.7 48.0 49.3 49.9 49.9 494 48.1 45.8
44.6 46.4 474 41.7 47.7 47.1 46.3 44.6
42.9 43.9 4.6 44.8 44.7 4.4 437 429
Box Temperature Distribation
Top 38.86 (epoxy)
KRight 38.42 (epoxy) Left 38.08 (epoxy)
Bottom  37.87 (epoxy)
End of Heater Rod Temperature Distribution
~ Position 1-1 27 4-4 55 73

Temperature (deg C) 45.58 48.99 51.02 49.7 46.74
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Date: May 1, 1991
Time: 08:39:58

Run ID No. 11X0XXX075

Voltage: 21.5 Volts Fill Gas: Air
Current: 0.95 Amps Pressure: 0 psig
Power: 20.42 Watts

Vessel Temperai are: Box End - 29.4 deg C

65.9 70.3 72.6 734 733 726 69.7 65.4
68.1 73.6 76.7 779 78.1 76.5 73.2 67.6
63.4 774 789 79.1 77.2 74.1 68.1
674 73.2 16.4 719 71.7 76.3 73.1 67.5
66.6 71.7 744 75.5 75.5 74.2 71.6 66.2
64.7 68.7 71.2 724 724 71.5 68.9 64.7
62.3 65.8 67.7 68.1 68.1 67.1 65.6 62.4
59.3 60.9 61.9 62.4 62.3 61.9 60.6 593
Box Temperature Distribution
Top 50.78 (epoxy) -
Right 50.10 (epoxy) Left 49.61 (epoxy)
Bottom  49.54 (epoxy)
End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 65.58 7131 74.89 72.3 65.83

TC End - 31.6deg C

Heater Rod Temperature Distribution
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Date: April 22, 1991
Time: 14:34:09

Run ID No. 11X0XXX100

Voltage: 34.8 Volts Fill Gas: Air
Current: 1.37 Amps Pressure: 0 psig
Power: 47.68 Watts

Vessel Temperature: Box End - 30.2 deg C

8438 91.2 94.4 95.3 95.3 94.4 90.4
879 96.2 100.4 101.8 102.4 9.8 95.4
83.1 --- 101.3 103.5 103.8 101.1 96.7
87.1 95.2 99.6 102.1 101.9 99.6 95.7
85.5 929 96.8 98.9 98.8 96.7 93.1
82.7 89.0 92.2 94.4 94.1 92.6 89.6
79.8 844 87.5 87.7 87.7 87.1 84.3
75.9 77.3 78.9 £0.3 79.7 79.1 77.2
Box Temperature Distribution
Top 62.33 (epoxy)
Right 61.11 (epoxy) Left  61.04 (epoxy)
Bottom  60.25 (epoxy)
End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5
Temperature (deg C) 84.28 91.89 97.43 95.8

TCEnd -34.1degC

Heater Rod Temperature Distribution
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874

87.8

87.5

84.8

83.5

80.2

75.7
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83.89



Date: May 1, 1991
Time: 17:36:15

Run [D No. 11X0XXX125

Voltage: 36.7 Volts Fill Gas: Air
Current: 1.59 Amps Pressure: 0 psig
Power: 58.35 Watts

Vessel Temperature; Box End - 31.9deg C

TCEnd - 354deg C

Heater Rod Temperature Distribation

104.6 112.5 116.8 118.0 1180 116.7
108.9 119.1 124.9 126.9 127.2 1244
109.2 -- 126.5 129.1 129.3 125.8
107.7 118.7 124.6 127.5 126.8 125.5
106.3 115.9 1213 1233 123.2 120.9
102.6 110.6 115.2 1174 1174 1154
98.2 104.9 108.2 109.3 1093 107.5
92.5 95.4 97.6 98.4 98.2 97.3
Box Temperature Distribution

Right 74.00 (epoxy)

Position

Top 76.17 (epoxy)

Boutom  73.04 (epoxy)

End of Heater Red Temperature Distribution

1-1 2.7 4-4 5-5

1114
118.2
120.0
118.6
115.6
110.8
104.6

94.8

Left  73.58 (epoxy)

Temperature (deg C) 104.2 115.0 1120 116.7
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103.6

107.7

108.9

108.0

105.3

102.6

98.6

924

7-3
105.0



Date: April 25, 1991
Time: 09:32:54

Run ID No. 11X0XXX150

Voltage: 35.3 Volts Fiil Gas: Air
Current: 2.19 Amps Pressure: 0 psig
Power: 121.12 Watts

Vessel Temperature: Box End - 37.8 deg C

TC End -329deg C

Heater Rod Temperature Distribution

124.3 134.2 139.2 140.8 140.6 139.1
129.9 142.5 149.3 151.7 151.9 148.8
130.7 -en 151.7 154.6 154.9 151.3
129.0 142.5 149.7 1529 153.2 149.6
127.3 139.9 146.2 149.1 148.7 145.7
122.8 133.3 138.7 1417 141.5 132.0
117.2 126.1 130.3 1315 131.7 129.3
110.2 113.9 116.8 117.9 117.7 116.6

Right 86.55 (epoxy)

Position

Box Temperature Distribution

Top 88.58 (epoxy)

Bottom  85.55 (epoxy)

End of Heater Rod Temperature Distribution

1-1 2-7 4-4 5-5

132.7
141.2
144.5
142.6
1394
133.6
125.4

113.0

Left  85.90 (epoxy)

Temperature (deg C) 122.6 136.3 145.2 146.2
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Date: May 2, 1991
Time: 00:10:57

Run ID No. 11X0XXX175

Woltage: 59.7 Volts Fill Gas: Air
Curtent: 2.34 Amps Pressure: 0 psig
Power: 139.7 Watts

Vessel Temperature: Box End - 41.2 deg C
TC End -345deg C

Heater Rod Temperature Distribution

143.4 154.6 160.4 162.5 162.1 160.4 153.2
150.4 164.8 1729 1758 176.4 172.4 163.7
151.7 - 176.3 180.1 180.4 175.2 167.1
149.9 166.0 174.8 179.0 178.1 174.6 166.3
148.5 162.8 170.7 173.7 173.7 170.3 162.3
143.6 155.6 162.6 165.9 166.1 162.8 155.8
137.1 147.6 152.9 1544 154.4 151.6 146,
1287 133.4 136.9 1384 138.1 136.7 132.5

Box Temperature Distribuation

Top 102.0 (epoxy)
Right 99.88 (epoxy)

Bottom 98.60 (epoxy)

End of Heater Rod Temperature Distribution

* Position 1-1 27 44 55
Temperature (deg C) 142.7 158.5 170.8 163.3
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Left 99.10 (epoxy)

142.2
148.9
151.2
150.8
147.2
143.8
137.8

128.4

7-3
147.7



Date: April 28, 1991
Time: 13:52:51

Run ID No. 11X0XXX200

Voltage:
Current:

Power:

72.2 Volts Fill Gas: Air
2.85 Amps Pressure: 0 psig
205.77 Waus

Vessel Temperature: Box End - 45.3 deg C

162.5 175.1 181.8 184.3 183.6 181.7 173.5
170.7 187.1 196.3 199.4 200.5 195.4 186.1
172.7 200.7 204.9 205.4 199.3 190.4
171.9 189.6 199.6 204.0 203.3 199.6 189.7
169.7 186.1 195.6 199.2 198.9 194.8 185.7
1643 178.4 186.4 190.3 190.6 186.8 178.5
157.2 169.5 1759 177.6 177.6 174.6 168.7
148.0 153.4 157.5 159.1 159.8 157.5 1526
Box Temperatiire Distribution
Top 1174 (epoxy) -
Right 1146 (epoxy) Left 113.7 (epoxy)
Bottom 113.1 (epoxy)
End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 3-5
Temperature (deg C) 161.2 178.7 193.3 186.6

TCEnd -37.2degC

Heater Rod Temperature Distribution
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161.3
169.0
172.6
171.7
168.1
164.5
157.8

147.7
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Date: May 2, 1991
Time: 10:17:06

Run ID No. 11X0XXX225

Yoltage: 77.1 Volts Fill Gas: Air
Current: 3.12 Amps Pressure: 0 psig
Power: 240.55 Watts

Vessel Temperature: Box End - 47.8 deg C

181.6 1954 2025 205.6 204.7 202.7 193.8
191.1 209.4 2194 2232 223.7 2189 208.1
194.0 --- 2253 2301 2304 224.1 213.7
192.8 213.6 225.1 230.1 229.1 224.7 2139
191.8 210.7 2214 225.2 2253 220.8 2104
1862 2025 2114 2164 2167 2122 2025
178.2 192.7 199.9 202.2 2023 1984 1919
167.6 174.6 179.7 181.3 181.3 1794 173.2
Box Temperature Distribution
Top 132.5 (epoxy)
Right 1296 (epoxy) Left 1283 (epoxy)
Bottom  128.1 (epoxy)
End of Heater Rod Temperature Distribution
Position 1-1 2-7 4-4 5-5
Temperature (deg C) 178.6 199.1 216.3 2102

TCEnd -385deg C

Hesater Rod Temperature Distribution
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180.3

189.5

193.6

193.6

190.3

186.1

179.0

167.3

7-3
190.5



Date: April 29, 1991
Time: 19:26:24

Run ID No. 11X0XXX250

Voltage: 86.5 Volts Fill Gas: Air
Current: 3.46 Amps Pressure: 0 psig
Power: 299.29 Watts

Vessel Temperature: Box End - 52.3 deg C

201.5  216.6 2245 227.8 226.8 2248 215.2
212.4 2323 243.1 2472 247.7 242.6 2311
215.8 250.1 255.1 255.7 248.8 2373
2147 2376 2502 255.7 254.6 2498 238.0
214.1 234.9 246.6 2511 250.9 246.2 2344
208.1 2264 236.9 241.7 2420 2369 226.2
1993 2157 2238 2263 226.6 2222 2147
187.5 195.3 201.2 203.6 203.2 201.1 194.0
Box Temperature Distribution
Top 148.1 (epoxy)
Right 143.9 (epoxy) Left 142.8 (epoxy)
Bottom  140.0 (epoxy)
End of Heater Rod Temperature Distribution

Position 1-1 2.7 4-4 5-5
Temperature (deg C) 200.2 2213 241.5 2335

TCEnd -41.2degC

Heater Rod Temperature Distribution
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200.3
210.6
215.2
215.8
2121
207.7
200.1

187.1

7-3
213.7



Date: May 4, 1991
Time: 20:56:51

Run ID No. 11X0XXX070E

Voltage: 19.46 Volts Fill Gas:
Current: 0.85 Amps Pressure:
Power: 16.54 Watts

Vessel Temperature: Box End - 30.4 deg C
TC End - 28.6 deg C

Air
0 psig

Heater Rod Temperature Distribution

62.4 66.4 68.4 69.3 69.1
64.5 69.4 723 73.3 734
64.6 --- 72.9 74.2 74.3
63.8 69.1 72.0 73.4 73.1

63.0 67.7 70.3 71.2 713
613 65.1 673 684 . 68.3
59.2 62.3 64.1 64.7 64.6

56.6 57.8 589 594 59.3

63.4

72.1

72.6

719

70.1

67.4

63.7

58.8

Box Temperature Distribution

Top 47.8 (epoxy)

Right 474  (epoxy)

Bottom  46.3 (epoxy)

65.9
690
69.8
69.1
67.6
65.3
62.3

571.7

61.9

63.8

64.5

63.9

62.8

61.3

59.3

56.3

Left 47.2 (epoxy)

End of Heater Rod Temperature Distribution

Postion 1-1 2-7 4-4

Temperature (deg C) 63.18 67.35 70.57
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Date: May 6, 1991
Time: 08:38:10

Run ID No. 11X0XXX080E

Voltage: 20.6 Volis Fill Gas: Air
Current: 0.92 Amps Pressure: 0 psig
Power: 18.95 Watts

Vessel Temperature: Box End - 328 deg C

70.3 74.7 710 779 77.9 77.1 74.1
726 78.1 81.3 824 82.7 811 716
72.7 == 82.1 83.6 83.8 82.0 78.6
719 779 810 8238 82.2 80.9 778
71.1 76.2 79.1 803 80.2 789 76.1
69.0 73.2 75.7 76.9 76.9 759 73.4
66.7 70.2 720 726 72.6 71.6 70.8
63.6 65.2 66.4 66.8 66.7 66.3 64.9
Box Temperature Distribution
Top 53.9 (epoxy)
Right 53.4 (epoxy) Left 53.2 (epoxy)
Bottom  52.0 (epoxy)
End of Heater Rod Temperature Distribution
~ Position 1-1 2.7 44 55
Temperature (deg C) 72.49 77.97 81.81 813

TC End - 30.4 deg C

Heater Rod Temperature Distribution
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69.8

71.9

72.7

72.1

70.6

69.1

66.9

63.6

7-3
71.88



Date: May 6, 1991
Time: 20:08:35

Run ID No. 11XCXXX090E

Voliage: 21.2 Volts Fiil Gas: Air
Current: 0.95 Amps Pressure: 0 psig
Power: 20.14 Watts

Vessel Temperature: Box End - 34.8 deg C

79.3 844 86.6 876 875 86.3 83.3
81.8 88.1 91.1 922 92.1 90.4 86.8
81.5 91.7 93.2 932 91.3 87.8
80.7 87.1 90.4 923 91.7 90.3 86.9
79.6 8.3 88.4 89.6 896 838.2 85.0
716 822 84.9 86.1 86.1 84.8 82.1
75.1 788 80.9 813 813 80.3 78.5
71.7 733 74.7 75.1 74.9 744 72.9
Box Temperature Distribution
Top 60.9 (epoxy) -
Right 60.1 (epoxy) Left  59.9 (epoxy)
Bouwtom  58.5 (epoxy)
End of Heater Rod Temperature Distribution
Position 1-1 2-7 4-4 5-5
Temperature (deg C) 80.38 87.18 92.07 889

TCEnd -31.5degC

Heater Rod Temperature Distribution
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80.6
81.1
80.6
79.1
77.5
75.2

71.5
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80.89



Date: May 2, 1991
Time: 22:16:10

Run ID No. 11X0XXX225E

Voltage: 55.9 Volis Fill Gas: Air
Current: 2.32 Amps Pressure: 0 psig
Power: 129.69 Watts

Vessel Temperature: Box End - 54.8 deg C

188.2 199.3 204.7 207.6 206.7 204.8 197.9
196.9 2123 220.2 2231 2229 218.7 2104
199.4 - 2258 2294 229.5 2248 216.3
199.4 2175 2264 230.3 229.5 2253 216.1
198.3 214.2 223.1 2268 226.8 2225 214.1
193.7 207.8 216.2 2193 218.9 2153 206.7
187.8 198.7 204.9 207.2 206.9 2043 193.3
179.9 1839 188.6 190.2 1893 188.3 184.3
Box Temperature Distribution
Top 145.3 (epoxy)
Right 143.2 (epoxy) Left 142.4 (epoxy)
Bottom 138.5 (epoxy)
End of Heater Rod Temperature Distribution
Position 11 27 4-4 5-5
Temperature (deg C) 191.9 2111 228.7 2239

TCEnd -425deg C

Heater Rod Temperature Distribution
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195.2
198.9
199.1
196.9
193.3
187.7
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Date: May 4, 1591
Time: 01:36:36

Run ID No. 11X0XXX250E

Voltage: 68.9 Volts Fill Gas: Air
Current: 2.80 Amps Pressure: 0 psig
Power: 192.92 Watts

Vessel Temperature: Box End - 59.3 deg C

207.7 2202 226.1 2292 2283 226.4 218.7
2178 234.8 243.3 246.5 246.6 2420 232.7
221.1 2499 2542 254.3 2489 239.6
2211 2410 2515 255.6 2549 250.2 2399
2204 238.1 248.1 252.3 2524 247.6 2380
215.5 2314 240.9 2444 244.1 240.2 2304
208.8 2216 2289 2313 231.2 2281 2212
199.8 204.9 2103 2120 2119 2100 205.2
Box Temperature Distribution
Top 160.0 (epoxy)
Right 1582 (epoxy) Left  157.1 (epoxy)
Bottom  152.7 (epoxy)
End of Heater Rod Temperature Distribution

Position 1-1 2.7 44 5-5
Temperature (deg C) 254.7 231.2 250.4 246.6

TCEnd -452degC

Heater Rod Temperature Distribution
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206.9
2159
220.5
221.2
2189
215.0
208.8

197.8

7-3
225.5



E.2 Atmospheric Pressure Test Data #1

This section of Appendix E contains the Test Data collecied on the experimental
apparatus at atmospheric pressure in air at 10 different Heater Rod power levels with
the controlling temperature ranging from 70°C to 250°C with Boundary Condition Box
end heaters operating. (Note: This data set was not analyzed because the error could

not be conveniently bracketed.) A Campaign Summary follows:

Central
Vessel Box Heater Rod
Pressure Fill Temperature  Temperature  Run Date
(psig) Gas (deg C) {deg C) LD. No. Completed
0 psig Air Guard (end) 70 11X0XXX070E 05/07/91
Heaters 80 - 11X0XXXO080E 05/08/91
Controlled by % 11X0XXX090E 05/09/91
Position 2-7 100 11X0XXX100E 05/10/91
125 11X0XXX125E 05/11/91
150 11X0XXX150E 05/12/91
175 11X0XXX175E 05/12/91
200 11X0XXXZ00E 05/13/91
225 11X0XXX225E 05/14/91
250 11X0XXX250E 05/15/91
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Date: May 7, 1991
Time: 23:11:46

Run ID No. 11X0XXX070E

Voltage: 16.7 Volts Fill Gas: Air
Current: 0.72 Amps Pressure: 0 psig
Power: 12.024 Watis

Vessel Temperature: Box End - 31.9 deg C
TC End - 285deg C

Heater Rod Temperature Distribution

62.3 65.9 67.7 68.3 68.2 67.6 65.2 61.8
64.2 68.7 713 723 723 709 68.1 63.6
64.2 --- 71.9 73.1 73.2 71.6 69.2 64.1
63.7 684 71.1 72.5 720 709 68.2 63.5
62.8 67.1 69.3 70.3 704 69.2 66.8 62.1
60.9 64.7 66.8 67.6 67.5 66.6 64.6 60.9
59.2 62.0 63.6 63.9 63.8 63.2 61.8 59.2
56.6 578 58.8 59.2 59.1 58.7 57.6 56.4

Box Temperature Distribution

Top 48.4(epoxy) 49.2(under htr)

Right 43.1(epoxy) 48.9(under htr) Left 48.1(epoxy) 48.9(under htr)

Bottom 46.9(epoxy) 47.9(under htr)

End of Heater Rod Temperature Distribution

 Position i-1 2-7 44 5.5 7.3
Temperature (deg C) 62.55 67.27 67.86 68.2 62.73
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Date: May 8, 1991
Time: 19:48:17

Run ID No. 11X0XXX080E

Voltage: 18.9 Volts Fill Gas: Air
Current: 0.85 Amps Pressure: 0 psig
Power: 16.065 Watts

Vessel Temperature: Box End - 33.6 deg C
TCEnd -291degC

Heater Rod Temperature Distribution

71.2 75.4 71.6 78.3 78.3 774 74.9 70.7
73.4 78.9 81.8 829 82.8 81.3 78.1 72.8
73.6 - 824 83.8 83.8 82.1 79.2 73.3
2.7 78.3 81.4 82.8 824 811 78.1 72.6
71.6 76.7 79.2 80.4 80.4 78.9 76.4 71.2
69.8 739 76.4 77.6 71.2 76.1 73.6 69.8
67.3 707 72.4 729 72.9 72.1 70.6 67.4
64.6 66.1 67.1 67.4 67.3 66.9 65.7 64.4

Box Temperature Distribution

Top S54.8(epoxy) 55.9(under htr) -
Right 54.4(epoxy) 55.4(under htr) Left S54.4(epoxy) S5S5.4(under htr)

Bottom 52.7(epoxy) S4.1(under htr)

End of Heater Rod Temperature Distribution

Position i-1 2-7 4-4 5-5 7-3
Temperature (deg C) 72.19 78.41 81.04 79.2 72.57°
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Date: May 9, 1991
Time: 16:50:49

Run ID No. 11X0XXX09E

Voltage: 23.2 Volis Fill Gas: Air
Current: 1.07 Amps Pressure: 0 psig
Power: 24.824 Watts

Vessel Temperature: Box End - 34.9 deg C
TCEnd -292degC

Heater Rod Temperature Distribution

79.1 83.8 86.3 87.2 87.2 86.3 83.2 78.4
81.7 87.9 91.3 RN6 92.7 90.8 87.1 80.8
81.8 .- R.1 93.7 93.9 91.8 88.5 81.7

81.2 87.9 91.2 929 92.6 90.7 87.2 80.8

79.9 85.6 88.6 89.9 90.3 884 854 79.2
71.6 323 853 86.2 86.0 84.8 82.1 77.3
74.8 78.4 80.5 81.0 80.9 800 783 74.7
71.4 72.9 74.2 74.7 746 74.0 727 71.2

Box Temperature Distribution

Top 60.2(epoxy) 61.6(under htr)

Right 59.8(epoxy) 60.7(under htr) Left 59.6(epoxy) 61.0(under htr)

Bottom 57.8(epoxy) 59.3(under hitr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 31.42 88.09 93.13 88.9 80.97
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Date: May 10, 1991
Time: 12:48:15

Run ID No. 11X0XXX100E

Voitage: 23.8 Volts Fill Gas: Air
Current: 1.04 Amps Pressure: 0 psig
Power: 24.752 Watts

Vessel Temperature: Box End - 37.2 deg C
TC End -303degC

Heater Rod Temperature Distribution

87.9 929 95.6 96.6 96.6 95.6 92.3 87.1
90.7 97.6 101.3 102.5 102.5 100.7 96.7 89.8
90.8 --- 102.3 103.9 104.1 102.0 98.4 91.2
90.6 98.1 101.7 103.0 102.5 100.9 97.0 90.0
88.7 95.0 98.5 99.9 100.2 98.2 94.7 87.8
86.0 91.3 94.4 95.8 95.6 94.3 91.3 85.8
833 873 89.5 90.1 50.1 88.9 86.9 83.1
79.3 81.0 82.8 83.1 829 823 80.7 79.1

Box Temperature Distribution

Top 66.7(epoxy) 68.1(under hir)
Right 65.9(epoxy) 67.3(under hir) Left 65.8(epoxy) 67.4(under htr)

Bottom 63.7(epoxy) 65.7(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 90.34 97.89 103.3 100.8 90.26
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Date: May 11, 1991
Time: 10:24:48

Run ID No. 11X0XXX125E

Voltage: 30.9 Volis Fill Gas: Air
Current: 1.24 Amps Pressure: 0 psig
Power: 38.316 Watts

Vessel Temperature: Box End - 40.3 deg C
TCEnd -31.0degC

Hesater Rod Temperature Distribution
107.6 114.4 1179 119.1 119.0 1179 1133 106.7
111.8 121.1 1258 1274 127.2 124.7 119.5 110.6
111.8 - 127.3 1294 129.5 126.7 121.7 111.9
111.2 120.9 125.9 127.8 127.1 125.2 119.9 110.6
108.7 1174 122.2 123.9 124.1 1216 117.0 107.8
105.6 112.8 117.0 118.8 118.5 116.8 112.5 105.4
101.8 107.6 110.7 1115 1115 110.3 107.6 102.2

97.8 99.4 1014 102.2 102.1 101.3 99.8 96.9

Box Temperature Distribution

Top 79.9(epoxy) 81.7(under htr)

Right 78.6(epoxy) 80.3(under htr) Left 78.3(epoxy) 80.6(under htr)

Bottom 75.5(epoxy) 78.1(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 108.7 1189 124.1 123.2 109.8
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Date: May 12, 1991
Time: 01:55:35

Run ID No. 11X0XXX150E

Voltage: 35.6 Volis Fill Gas: Air
Current: 1.53 Amps Pressure: 0 psig
Power: 54.468 Watts

Vessel Temperature:

Box End - 46.2 deg C

TCEnd -338degC

Heater Rod Temperature Distribution

128.1 136.2 140.1 141.7 1414 139.9 135.0 127.2
133.6 1444 149.8 151.6 151.4 1484 142.6 131.8
133.9 -- 151.9 154.2 154.4 151.2 145.5 133.9
1329 144.5 150.3 1523 151.6 1496 1434 132.2
130.3 140.8 146.2 1482 148.6 145.7 140.1 129.1
126.6 1353 140.3 142.7 142.3 140.1 135.0 126.4
121.9 1293 133.1 134.1 134.1 132.4 129.0 122.5
116.8 1193 1220 123.1 122.8 121.8 1193 116.1
Box Temperature Distribution
Top 95.1(epoxy) 98.2(under htr)
Right 94.2(epoxy) 96.3(under htr) Left 93.7(epoxy) 96.7(under htr)

Bottom 89.9(epoxy) 93.6(under htr)

End of Heater Rod Temperature Distribotion

Position i-1 2-7 4-4 5-5
Temperature (deg C) 130.3 142.6 150.5 147.1
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Date: May 12, 1991
Time: 15:41:03

Run ID No. 11X0XXX175E

Voltage: 45.7 Volts Fill Gas: Air
Current: 1.79 Amps Pressure: 0 psig
Power: 81.803 Watts

Vessel Temperature: Box End - 52.0deg C

TC End - 36.5deg C

Heater Rod Temperature Distribution
147.2 156.4 161.1 163.1 162.5 161.0 155.1 146.3
153.3 165.9 172.3 174.7 174.6 171.3 164.2 151.8
154.5 - 1754 1786 178.8 174.8 168.1 154.6
154.3 168.1 175.2 178.4 177.8 174.0 166.8 153.7
152.7 164.8 171.4 1745 174.8 171.0 164.7 151.7
1487 1593 165.4 167.8 167.1 164.5 158.2 148.3
143.7 1513 155.7 1573 157.1 155.6 151.1 143.3

137.6 139.4 143.0 143.8 143.7 142.7 140.1 1353
Box Tempereature Distribution
Top 109.5(epoxy) 113.9(under htr) -
Right 109.0(epoxy) 111.6(under htr) Left 108.6(epoxy) 111.8(under hir)

Boitom 103.7(epoxy) 108.3(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 1499 163.2 1414 1709 154.2°
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Date: May 13, 1991
Time: 11:48:50

Run ID No. 11X0XXX200E

Voltage: 48.8 Volts Fill Gas: Air
Current: 1.92 Amps Pressure: 0 psig
Power: 93.696 Watts

Vessel Temperature: Box End - 59.5 deg C
TCEnd -394degC

Heater Rod Temperature Distribution
168.9 179.0 183.7 186.0 1854 183.7 177.5 168.1
176.3 189.9 196.8 199.2 198.9 195.3 187.9 1743
177.7 --- 200.8 204.0 204.2 199.9 1926 1774
1776 193.2 2009 204.0 203.3 199.8 191.5 176.9
176.1 189.6 196.9 200.4 200.4 196.6 189.2 174.7
171.8 183.9 190.6 193.2 192.6 189.7 182.6 171.3
166.4 175.0 180.2 182.0 181.8 179.8 174.8 165.9

159.5 162.2 166.3 1674 167.0 165.9 162.9 157.5
Box Temperature Distribution
Top 129.2(epoxy) 134.8(under htr)

Right 128.2(epoxy) 131.9(under htr) Left 127.7(epoxy) 132.0(under htr)
Bottom 121.9(epoxy) 127.7(under htr)

End of Heater Rod Temperature Distribution

Position I-1 2-7 4-4 5-5 7-3
Temperature (deg C) 173.1 189.2 204.6 199.7 180.9
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Date: May 14, 1991
Time; 22:50:12

Run ID No. 11X0XXX225E

Voltage: 62.1 Volts Fill Gas: Air
Current: 242 Amps Pressure: 0 psig
Power: 150.282 Watts

Vessel Temperature: Box End - 63.9 deg C
TC End - 42.1deg C

Heater Rod Temperature Distribution
188.1 199.5 205.1 207.8 207.1 205.1 198.0 187.2
1968 2125 2204 2233 2232 219.0 2104 194.8
_199.2 2256 229.4 229.5 224.7 216.3 198.8
198.9 2173 226.2 229.9 229.3 225.0 215.8 198.7
197.7 2136 2225 226.7 226.5 2219 2133 196.3
193.1 2071 215.7 218.6 2182 214.5 206.0 192.4
187.0 197.8 204.0 206.3 206.2 203.4 1974 186.9

179.1 1829 187.7 189.1 188.8 187.5 183.5 177.1
Box Temperature Distribution
Top 143.4(epoxy) 149.9(under htr)
Right 142.9(epoxy) 147.0(under htr) Left 142.2{epoxy) 147.1(under htr)

Bottom 135.7(epoxy) 142.3(under htr)

End of Heater Rod Temperature Distribution

Position 141 2-7 4-4 5-5 7-3
Temperature (deg C) 199.9 2102 2256 223.3 203.0
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Date: May 15, 1991
Time: 12:31:52

Run ID No. 11X0XXX250E

Voltage: 79.6 Volis Fiill Gas: Air
Current: 3.07 Amps Pressure: 0 psig
Power: 244.372 Watts

Vessel Temperature: Box End - 69.1 deg C
TCEnd -44.5degC

Heater Rod Temperature Distribution
2079 220.3 226.8 229.8 2289 2269 2189 206.7
217.8 235.1 2439 2473 2473 242.5 233.1 215.7
220.8 -e- 250.3 2547 255.1 249.2 2398 220.3
2207 240.9 2514 255.7 2549 250.2 2368 2206
219.8 237.6 2477 2520 252.3 247.4 2374 218.2
214.6 230.7 240.2 2439 243.6 2394 229.7 214.1
207.7 220.7 227.7 2304 2303 227.2 220.2 207.7

198.5 203.6 209.1 211.1 210.7 209.0 204.0 196.7
Box Temperature Distribution
Top 157.7(epoxy) 165.3(under hitr)

Right 156.9(epoxy) 162.3(under htr) Left 156.1(epoxy) 162.5(under htr)
Bottom 149.3(epoxy) 156.9(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) - 231.1 24535 246.1 224.8
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E.3 Atmospheric Pressure Test Data #2

This section of Appendix E contains the Test Data collected on the experimental
apparatus at atmospheric pressure (0 psig) in air at 12 different Heater Rod power levels

with the controliing temperature ranging from 70°C to 250°C without Boundary

Condition Box side or end heaters operating. A Campaigh Summary follows:

Central

Vessel Box Heater Rod

Pressure’ Filll Temperature Temperature Run Date

(psig) Gas (deg ©) (deg C) LD. No. Completed

0 psig Air Not 70 11X0XXX070 0¢/01/91

Controlled 75 11X0XXX075 05/23/91

100 11X0XXX100 524 6/3
125 11X0XXX125 05/24/91
140 11X0XXX140 052091
150 11X0XXX150 527 6/4 6/5
175 11X0XXX175 0572791
190 11X0XXX190 05/20/91
200 11X0XXX200 5128 6/8
225 11X0XXX225 05/28/91
240 11X0XXX240 5117 521
250 11X0XXX250 521 5/29
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Date: June 1, 1991
Time: 16:24:45

Run ID No. 11X0XXX070

Voltage: 28.66 Volts Fill Gas: Air
Current: 1.11 Amps Pressure: 0 psig
Power: 31.813 Watts

Vessel Temperature: Box End - 30.83 deg C

TC End -28.33 deg C

Heater Rod Temperature Distribution

6125 6521 67.39 68.16 68.01 67.36 64.73 60.75
6332 6840 71.24 72.35 7247 70.99 67.86 62.70
6347 - 71.93 73.28 73.44 71.62 68.72 63.27
62.69 68.09 71.04 73.02 72.14 70.97 68.04 62.84
61.98 66.73 69.33 70.39 70.47 69.17 66.52 61.52
60.21 64.13 66.31 67.49 67.44 66.46 64.21 60.21
58.02 61.31 62.99 63.47 63.47 62.59 61.10 58.12

55.13 56.67 57.81 38.21 58.11 3771 56.42 55.12

Box Temperature Distribution
Top 46.6(epoxy) 47.57(under htr) -

Right 46.4(epoxy) 47.13(under hir) Left 46.2(epoxy) 47.29(under htr)
Bottom 45.0(epoxy) 46.38(under htr)

Enrd of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 61.04 66.05 63.31 67.5 61.46
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Date: May 23, 1991
Time: 23:05:03

Run ID No. 11X0XXX075

Voltage: 26.8 Volts Fill Gas: Air
Current: 1.51 Amps Pressure: 0 psig
Power: 40.5 Watts

Vessel Temperature: Box End - 31.6 deg C
TCEnd -275degC

Heater Rod Temperature Distribution

65.1 69.44 71.82 72.64 72.49 7181 68.9 64.49
67.85 72.95 76.0 77.24 77.37 75.7 72.32 66.66
67.44 --- 76.77 78.56 78.42 76.62 73.33 67.34

66.69 72.59 15.86 7.1 77.06 75.76 72.56 66.81
65.94 71.14 73.98 75.11 75.42 73.77 70.86 65.33
63.91 68.2 70.59 719 71.85 70.71 68.26 63.9

61.43 65.07 66.91 67.37 67.53 66.54 64.91 61.64

5841 60.04 61.28 61.68 61.6 61.18 59.68 58.34

Box Temperature Distribution

Top 48.9(epoxy) 49.87(under htr)

Right 48.8(epoxy) 49.34(under htr) Left 48.4(epoxy) 49.58(under htr)

Bottom 47.1(epoxy) 49.14(under htr)

End of Heater Rod Temperature Distribation

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 65.07 70.37 67.65 72.0 65.22
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Date: May 24, 1991
Time: 14:49:14

Run ID No. 11X0XXX100

Voltage: 37.7 Volis Fill Gas: Air
Current: 1.84 Amps Pressure: 0 psig
Power: 69.4 Watts

Vessel Temperature: Box End - 349 deg C

TC End -308degC

Heater Rod Temperature Distribution

84.6 90.76 94.06 95.05 95.02 94.12 90.02 83.77
88.6 95.82 100.1 101.8 102.0 99.72 94.95 86.88
88.0 --- 101.2 103.6 103.5 100.8 96.27 87.68
86.7 95.15 99.84 102.2 101.3 99.62 95.14 86.98
8549 9291 96.95 98.52 98.84 96.74 92.58 84.69
82.62 88.72 92.12 93.95 93.9 92.32 88.82 82.58
79.08 84.25 86.87 87.54 87.67 86.31 83.98 79.34

74.77 77.01 78.76 79.33 79.23 78.58 76.54 74.64
Box Temperature Distribution
Top 60.8(epoxy) 62.38(under hir)

Right 60.6(epoxy) 61.54(under hir) Left 60.1(epoxy) 61.70(under htr)
Bottom 58.3(epoxy) 60.93(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 84.51 51.99 87.75 93.8 84.45
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Date: June 3, 1991
Time: 18:10:32

Run ID No. 11X0XXX100

Voltage: 40.5 Volts Fill Gas: Air
Current: 1.58 Amps Pressure: 0 psig
Power: 63.99 Watts

Vessel Temperature: Box End - 34.8 deg C
TC Eré - 308 deg C

Heater Rod Temperature Distribution

8498 9121 94.54 95.52 95.51 94.57 90.46 84.21
8836  96.26 100.6 1023 102.5 100.3 95.44 87.31
8847 - 101.7 103.8 104.0 101.2 96.73 88.15
8719 9565 100.2 103.0 1019 100.1 95.58 8738
8592 9341 91.46 99.05 99.29 97.24 93.11 85.2

83.1 89.24 92.66 94.47 94.4 92.87 89.37 83.05
7958  84.73 87.36 88.1 88.12 86.76 84.47 79.81

75.14 7743 79.19 79.83 79.71 79.04 77.01 75.1
Box Temperature Distribution
Top 60.9(cpoxy) 62.66(under htr)
Right 60.7(epoxy) 61.86(urder htr) Left 60.2(epoxy) 62.06(under htr)

Bottom 58.3(epoxy) 60.58(under htr)

End of Heater Rod Temperatare Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 84.53 92.43 87.58 9.3 84.75
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Date: May 24, 1991
Time: 23:37:18

Run ID No. 11X0XXX125

Voltage: 47.7 Volts Fill Gas: Air
Curreat: 2.22 Amps Pressure: 0 psig
Power: 105.894 Watts

Vessel Temperature: ~  Box End - 38.7 deg C
TCEnd -333deg C

Heater Rod Temperature Distribution
104.6 1126 1168 118.0 118.0 116.9 111.6 103.6
110.1 1193 1248 126.9 127.2 124.4 118.3 107.8
109.4 - 126.5 1294 129.4 126.0 120.2 109.1
107.8 1189 1248 1279 126.8 124.7 1189 108.2
106.4 116.1 1214 1234 123.7 121.1 115.8 103.3
102.7 1108 1153 117.6 117.5 115.5 1109 102.6
98.1 104.9 1084 109.3 109.4 107.6 104.5 98.38

92.35 95.39 97.68 98.47 98.34 97.48 94.73 92.24
Box Temperature Distribution
Top 73.3(cpoxy) 75.71(under hir)

Right 73.1(epoxy) 74.59(under htr) Left 72.4(cpoxy) 74.69(under htr)
Bottom 70.0(epoxy) 73.20(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5.5 7-3
Temperature (deg C) 104.2 1143 108.9 116.7 105.0
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Date: May 20, 1991
Time: 10:10:49

Run ID No. 11X0XXX140

Voltage: 46.3 Volts Fill Gas: Air
Current: 1.85 Amps Pressure: 0 psig
Power: 85.1 Watts

Vessel Temperature: Box End - 389 deg C
TC End -30.1deg C

Heater Rod Temperature Distribution
115.0 124.0 128.7 130.2 130.1 1288 123.0 114.0
1204 131.8 138.1 1404 1408 1376 1306 1189
120.8 - 140.2 1434 143.5 139.6 133.3 120.7
1194 1319 138.7 142.7 1413 138.6 1320 1199
118.0 1293 1354 137.6 137.8 135.0 1289 116.9
113.9 1233 1285 131.2 131.2 128.8 123.5 1139
108.7 116.8 120.9 1220 1221 120.1 116.5 109.2

102.2 105.6 108.4 109.5 1093 108.3 105.1 102.1

Box Temperature Distribution
Top 79.6(epoxy) 82.38(under htr) -

Right 79.1(epoxy) 80.96(under htr) Left 78.3(epoxy) 81.01(under hty)
Bottom 75.6(epoxy) 78.91(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2.7 4-4 5-5 7-3
Temperature (deg C) 114.2 126.1 120.5 1304 1164
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Date: May 27, 1991
Time: 13:24:21

Run ID No, 11X0XXX150

Voltage: 58.0 Volts Fill Gas: Air
Current: 2.58 Amps Pressure: 0 psig
Power: 149.64 Watts

Vessel Temperature: Box End - 41.2 deg C
TCEnd -346deg C

Heater Rod Temperature Distribution
123.5 133.1 138.2 139.7 1396 138.3 1320 122.4
130.0 1416 1482 150.7 151.1 147.8 1404 127.7
129.8 - 150.5 154.0 154.0 149.8 142.9 129.4
128.1 141.6 148.9 1524 1513 148.6 141.6 128.6
126.4 1384 144.9 147.3 1475 144.5 1380 125.2
122.0 1319 137.6 140.4 140.5 137.8 132.1 121.9
116.3 1249 129.2 130.4 130.6 1283 124.5 116.8

109.3 113.1 116.0 i17.1 116.9 115.8 112.4 109.2

Box Temperature Distribution
Top 85.0{epoxy) 88.40(under htr)

Right 84.8(epoxy) 86.87(under htr) Left 83.9(epoxy) 86.82(under htr)

Bottom 80.9(epoxy) 85.15(under hir)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 122.8 1354 129.2 139.1 124.6
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Date: June 4, 1991
Time: 15:16:16

Run ID No. 11X0XXX150

Voltage: 60.8 Volts Fill Gas: Air
Current: 2.37 Amps Pressure: 0 psig
Power: 144.096 Watts

Vessel Temperature: Box End - 404 deg C

TC End - 33.3 deg C

Heater Rod Temperature Distribution

123.8 133.5 138.7 140.2 140.1 138.8 132.5 122.7
1298 1421 148.9 1514 151.7 1484 140.9 128.1
130.3 - 151.2 1543 154.8 1504 143.5 129.9
128.6 142.2 149.6 153.1 152.0 1493 142.3 129.0
126.8 139.0 145.6 148.0 147.9 145.3 138.6 125.6
122.5 132.6 1383 141.2 1412 138.5 132.7 1223
116.8 125.4 129.8 131.1 131.1 1289 125.0 117.1

109.5 113.4 116.4 117.5 1174 116.2 112.7 109.4
Box Temperature Distribution
Top 84.9(epoxy) 88.53(under hir)
Right 34.8(epoxy) 86.93(under hir) Left 83.7(epoxy) 87.03(under htr)

Bottom 80.8(epoxy) 84.91(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 122.8 135.8 129.1 139.7 125.1
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Date: June §, 1991
Time: 20:03:06

Run ID No. 11X0XXX150

Voltage: 61.4 Volis Fill Gas: Air
Current: 2.39 Amps Pressure: 0 psig
Power: 146.746 Watts

Vessel Temperature: Box End - 40.14 deg C
TC End -33.22deg C

Heater Rod Temperature Distribution
123.8 133.5 138.7 140.2 140.1 138.8 1324 122.7
129.9 142.2 1489 151.4 151.8 1485 141.0 128.1
1303 - 151.3 154.4 154.8 150.5 1436 1299
128.6 1423 149.6 153.6 152.1 1494 142.3 129.0
126.9 139.1 145.7 148.1 148.7 1454 138.7 125.7
122.5 132.7 1384 141.3 1413 1386 132.8 122.4
116.8 125.5 129.9 131.2 131.2 129.0 125.1 117.2

109.6 113.5 116.5 1176 117.4 116.2 112.7 109.4

Box Temperature Distribution
Top 84.6(epoxy) 88.23(under htr)

Right 84.6(epoxy) 86.65(under hir) Left 83.6(cpoxy) 86.84(under htr)
Bottom 80.6{epoxy} 84.28(under htr)

End of Heater Rod Tempersture Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 122.8 135.8 129.1 1399 125.1
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Date: May 27, 1991
Time: 21:51:20

Run ID No. 11X0XXX175

Voltage: 65.5 Volts Filt Gas: Air
Current: 2.85 Amps Pressure: 0 psig
Power: 186.675 Watts

Vessel Temperature: Box End - 44.5deg C
TCEnd -359deg C

Heater Rod Temperature Distribution
143.9 1550 160.9 162.8 162.6 161.1 153.8 142.7
151.8 165.4 173.1 176.1 176.6 1726 164.0 149.2
152.0 - 176.5 180.6 180.6 1756 167.4 151.6
150.2 166.3 175.0 179.2 177.8 174.7 166.3 150.9
148.6 162.9 170.7 173.6 173.8 170.3 162.3 147.1
143.5 155.5 162.4 165.8 165.8 162.6 155.7 143.5
136.9 147.4 152.6 154.2 154.3 151.6 146.9 137.5

128.6 1333 137.0 1383 138.1 136.7 1324 128.4
Box Temperature Distribution
Top 98.9(epoxy) 103.2(under htr)

Right 98.7(epoxy) 101.3(under htr) Left 97.4(epoxy) 101.3(under htr)
Bottom 93.9(epoxy) 98.79(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 44 5-5 7-3
Temperature (deg C) 142.9 157.8 151.6 163.3 146.9
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Date: May 20, 1991
Time: 22:04:20

Run ID No. 11X0XXX190

Voltage: 63.3 Volts Fill Gas: Air
Current: 2.53 Amps Pressure: 0 psig
Power: 160.149 Watis

Vessel Temperature: Box End - 47.7 deg C
TC End -34.2deg C

Heater Rod Temperature Distribution
154.5 166.4 172.8 175.1 174.6 173.0 165.3 153.4
162.6 178.0 186.4 189.6 190.1 185.9 176.5 160.6
164.0 - 190.5 194.9 195.0 189.5 180.8 163.7
162.4 179.9 189.4 193.9 192.7 189.1 180.1 163.3
161.0 176.8 1854 188.5 188.5 184.9 176.4 159.5
1558 169.0 176.7 180.5 180.5 176.9 169.2 155.7
148.8 160.5 166.3 168.1 i68.1 165.2 159.9 149.5

1399 145.1 149.3 150.8 150.6 149.1 1443 139.8
Box Temperature Distribution
Top 107.7(epoxy) 112.5(under htr) -
Right 107.3(¢poxy) 110.5(under htr) Left 105.8(epoxy) 110.5(under htr)

Bottom 102.1(epoxy) 107.4(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 153.2 169.7 164.5 176.9 159.7
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Date: May 28, 1991
Time: 11:30:08

Run ID No. 11X0XXX200

Voltage: 770 Volis Fill Gas: Air
Current: 3.16 Amps Pressure: 0 psig
Power: 243.32 Watts

Vessel Temperature: Box End - 48.8 deg C

TCEnd -387degC

Heater Rod Temperature Distribution

162.7 1753 181.9 184.3 183.9 1822 174.1 161.5
1720 187.6 196.5 1999 2004 196.0 186.1 169.2
172.9 - 201.0 205.6 205.8 199.9 190.6 1724
171.2 189.8 199.9 204.8 2033 199.6 189.9 172.0
169.7 186.3 195.5 198.9 199.2 195.1 185.8 168.0
164.2 1783 186.4 190.4 190.4 186.6 1783 164.0
156.7 169.1 175.3 177.2 1773 174.1 168.4 1573

147.2 152.9 157.3 1589 158.7 157.0 151.9 147.1
Box Temperature Distribution
Top 112.5(epoxy) 118.0(under htr)

Right 112.6(epoxy) 115.9(under hir) Left 110.9(epoxy) 116.0(under htr)
Bottom 106.8(epoxy) i12.8(under htr)

End of Heater Rod Temperature Distribution

Paosition 1-1 2-7 44 5-5 7-3
Temperature (deg C) 161.5 178.6 172.8 186.3 168.1
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Date: June 8, 1991
Time: 12:15:08

Run ID No. 11X0XXX200

Voltage: 73.8 Volts Fill Gas: Air
Current: 2.85 Amps Pressure: 0 psig
Power: 210.33 Watts

Vessel Temperature: Box End - 49.6 deg C

TC End - 39.2deg C

Heater Rod Temperature Distribution

162.5 175.1 18L.7 184.1 183.7 182.0 1739 161.4
171.5 187.4 196.3 199.7 200.2 195.8 186.0 169.2
1729 --- 200.8 205.2 205.6 199.7 190.4 1724
171.3 189.7 i99.9 204.8 203.3 199.5 189.9 172.1
169.8 186.3 195.5 1989 199.2 195.1 185.9 168.1
164.4 178.4 186.6 190.6 190.6 186.8 178.6 164.2
157.0 169.3 175.6 177.5 177.6 1744 168.7 157.6

147.7 153.3 157.7 1593 159.1 1574 152.3 147.4
Box Temperature Distribution
Top 113.1(epoxy) 118.7(under htr)
Right 113.1(epoxy) 116.6(under htr) Left 111.5(epoxy) 116.7(under hir)

Bottom 107.4(epoxy) 113.1(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 161.0 1784 1724 186.3 168.3
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Date: May 28, 1991
Time: 21:11:42

Run ID No. 11X0XXX225

Voltage: 81.0 Volts Fill Gas: Air
Current: 3.28 Amps Pressure: 0 psig
Power: 265.68 Watts

Vessel Temperature: Box End - 54.7 deg C
TCEnd -425degC

Heater Rod Temperature Distribution
182.5 196.3 203.6 206.5 205.8 204.0 195.0 181.3
193.0 2105 220.2 2240 2246 219.7 2089 190.3
194.8 - 2259 2309 231.2 224.7 214.4 194.2
193.3 214.1 225.5 230.7 229.2 225.0 214.3 194.2
192.1 210.8 2213 2250 225.2 2207 210.2 190.1
186.2 2023 2116 216.1 216.1 2117 202.3 185.9
177.9 1922 199.5 201.7 201.8 198.0 1914 178.6

167.3 174.0 179.2 181.1 180.9 1789 1729 167.1
Box Temperature Distribution
Top 128.2(epoxy) 134.5(under htr)

Right 128.3(epoxy} 132.3(under htr) Left 126.4(epoxy) 132.3(under htr)
Bottom 121.6(epoxy) 128.5(under htr)

End of Heater Rod Temperatore Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 180.7 199.9 194.9 209.8 190.6
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Date: May 17, 1991

Time: 12:40:50

Run ID No. 11X0XXX240

Voltage: 86.0 Volts Fill Gas: Air
Current: 3.40 Amps Pressure: 0 psig
Power: 292.4 Wattis

Vessel Temperature: Box End - 58.1 deg C

TC End -408deg C

Heater Rod Temperature Distribution

193.3 207.8 215.2 2187 2174 2157 206.3 192.4
204.0 2229 233.1 237.1 2378 232.8 221.7 202.2
207.4 - 2399 244.9 2454 238.7 2218 206.8
2065 2283 240.3 245.6 2444 239.8 2285 2074
2060 2263 2373 2414 2409 236.7 225.6 204.3
2004 2178 228.1 232.7 2329 2283 218.2 200.4
192.3 207.8 215.8 218.5 2186 214.6 207.3 193.3

181.1 1883 194.7 196.8 196.6 194.6 187.9 181.3
Box Temperature Distribution
Top 139.3(epoxy) 145.8(under htr)
Right 139.1(cpoxy) 143.4(under htr) Left 136.9(epoxy) 144.5(under htr)

Bottom 131.8(epoxy) 138.2(under htr)

End of Heater Rod Temperature Distribution

Position . 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 191.2 2116 209.3 2259 204.9

369



Date:May-21,1991

Time: 11:17:51

Run ID No. 11X0XXX240

Voltage: 89.9 Volis Fill Gas: Air
Current: 3.52 Amps Pressure: 0 psig
Power: 316.448 Watts

Vessel Temperature: Box End - 56.2 deg C
TCEnd -393degC

Heater Rod Temperature Distribution
1934 2079 2156 2188 2178 2160 2067 1923
2041 2232 2335 2315 2380 2329 216 2019
2070 - 2399 2453 2455 2386 2278 2066
2058 2279 2399 2454 2440 2396 2282 2069
2049 2250 2361 2400 2400 2356 2245 2029
1987 2161 2263 2311 2310 2265 2163 1987
1902 2058 2136 2161 2162 2124 2050 1910

179.0 186.2 192.1 194.2 1940 191.9 185.3 178.8
Box Temperature Distribution
Top 137.1(epoxy) 144.0(under hir)

Right 136.9(cpoxy) 141.6(under htr) Left 134.8(epoxy) 141.6(under htr)
Bottom 129.8(epoxy) 136.9(under htr)

End of Heater Rod Temperature Distribution

Position . 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 191.5 211.8 208.0 2238 203.6

370



Date: May 21, 1991
Time: 19:51:06

Run ID No. 11X0XXX250

Voltage: 96.1 Volts Fill Gas: Air
Current: 3.74 Amps Pressure: 0 psig
Power: 359.414 Watts

Vessel Temperature: Box End - 58.3 deg C

TC End - 403 deg C

Heater Rod Temperature Distribution

2013 216.3 224.2 2275 226.5 224.6 215.0 200.2
2125 2323 2429 247.0 2476 242.3 230.7 2104
215.7 --- 249.9 2553 255.7 248.5 2373 215.3
2146 2375 250.1 255.7 254.3 249.7 2379 2158
2139 2348 2463 250.5 250.8 245.8 234.2 211.8
207.7 2258 236.4 241.3 2414 236.5 2259 207.6
1989 2152 2235 226.1 226.2 2221 2144 199.7

187.2 1949 2011 2033 203.1 200.9 193.9 187.0
Box Temperature Distribution
Top 143.1(epoxy) 150.6(under htr)

Right 143.2(epoxy) 148.4(under htr) Left  141.0(epoxy) 148.2(under htr)
Bottom 135.7(epoxy) 143.4(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 1993 220.2 2169 233.1 2127
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Date: May 29, 1991

T Ty

Time:-19:5106..

Run ID No. 11X0XXX250

Voitage: 100.5 Volts Fill Gas: Air
Current: 3.87 Amps Pressure: 0 psig
Power: 388.935 Watts

Vessel Temperature: Box End - 599 deg C
TCEnd -453degC

Heater Rod Temperature Distribution
2020 2168 2247 228.1 2211 2253 2156 200.9
2137 2327 2433 2475 2480 242.8 231.2 210.9
216.3 --- 250.2 255.5 256.0 248.8 2376 215.7
2153 2379 2504 256.3 254.7 2501 2382 216.2
214.3 235.0 246.6 250.7 2510 246.1 2344 2122
208.3 226.2 236.7 241.6 2418 236.7 226.1 208.0
1994 2155 2237 226.3 2265 2223 214.7 200.2

187.7 195.6 2016 203.7 2036 2013 194.4 187.5
Box Temperature Distribution
Top 143.6(epoxy) 151.1(under htr)
Right 143.8(epoxy) 149.0(under htr) Left 141.6(cpoxy) 148.8(under htr)

Bottom 136.3(epoxy) 144.3(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 199.7 220.6 2169 233.2 2130
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E.4 Above Atmospheric Pressure Nitrogen Test Data

This section of Appendix E contains the Test Data collected on the experimental

apparatus above atmospheric pressure in nitrogen at 14 different Heater Rod power

levels with the controlling temperature ranging from 70°C to 250°C without Boundary

Condition Box side or end heaters operating. A Campaign Summary follows:

Central

Vessel Box Heater Rod

Pressure: Fill Temperature Temperature

(psig) Gas (deg C) (deg C)

15 psig N, Not 70
Controiled 85
100
115
125
140 -
150
165
175
190
200
225
240
250
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Run
L.D. No.

2INPXXX070
21INPXXX085
2INPXXX100
4INPXXX115
2INPXXX125
4INPXXX140
2INPXXX150
4INPXXX165
2INPXXX175
41INPXXX190
2INPXXX200
2INPXXX225
4INPXXX240
2INPXXX250

Date
Completed

69 76
06/09/91
06/10/91
07/07/91
06/1191
07/08/91
06/11/91
07/08/91
06/11/91
07/09/91
06/12/91
6/13 7/10
07/09/91
06/13/91



Date: June 9, 1991
Time: 12:52:26

Run ID No. 2INPXXX070

Voltage: 26.0 Volts Fill Gas: Nitrogen
Current: 1.00 Amps Pressure: 17 psig
Power: 26.0 Watts

Vessel Temperature: Box End - 31.0deg C
TC End -288deg C

Heater Rod Temperature Distribution

66.2 69.71 71.56 72.34 72.59 72.23 70.08 66.29

68.4 72.39 74.16 75.06 75.25 74.23 72.0 67.73
67.44 .- 73.33 74.16 74.27 73.12 71.37 67.24
65.74 69.55 71.21 72.49 717 71.2 69.53 65.71

64.2 67.34 68.8 69.33 69.45 68.79 67.29 63.7

62.08 64.44 65.57 66.25 66.19 65.72 64.66 62.04

59.77 61.58 62.36 6241 62.43 61.9 61.39 59.82
5731 57.38 57.52 5771 57.68 515 57.12 571
Box Temper_ature Distribution

Top 47.1(epoxy) 48.27(under htr)

Right 46.9(epoxy) 47.46(under htr) Left 46.6(epoxy) 47.64(under htr)

Botton: 45.2(epoxy) 46.53(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 65.8 69.91 61.67 66.6 60.82
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Date: July 6, 1991
Time: 22:48:54

Run ID No. 41INPXXX070

Voltage: 222 Volts Fill Gas: Nitrogen
Current: 0.87 Amps Pressure: 15 psig
Power: 19.314 Watts

Vessel Temperature: Box End - 31.4 deg C
TCEnd -29.1degC

Heater Rod Temperature Distribution

65.68 69.22 71.11 71.77 720 71.57 69.42 65.74
67.66 71.79 73.7 74.65 74.83 73.76 71.43 67.11
66.88 - 73.06 73.96 74.12 72.95 71.03 66.74

65.39 69.38 71.17 72.76 71.82 71.19 69.34 65.35
63.99 67.35 68.97 69.56 69.78 68.94 67.26 63.48
61.94 64.57 65.8 66.54 66.51 65.94 64.69 61.92
59.72 61.77 62.69 62.77 62.8 62.26 61.58 59.78

57.24 5759 579 581 58.08 57.85 57.3 57.07

Box Temperature Distribution

Top 47.6(cpoxy) 48.61(under htr)

Right 47.2(epoxy) 47.50(under htr) Lefi 46.9(epoxy) 47.91(under hir)

Bottom 45.7(epoxy) 46.96(under htr)

End of Heater Rod Temperature Distribetion

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 65.33 69.43 62.25 668 . 6099
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Date: June 9, 1991
Time: 22:13:34

Run ID No. 2INPXXX085

Voltage: 33.2 Volts Fill Gas: Nitrogen
Current: 1.28 Amps Pressure: 16 psig
Power: 42.496 Watts

Vessel Temperature: Box End - 33.2deg C

TC End -30.2deg C

Heater Rod Temperature Distribution

78.61 83.34 85.71 86.22 86.5 86.48 83.56 78.41
8192 8115 89.47 90.56 90.82 89.56 86.63 80.97
80.84  --- 83.6 89.69 89.84 88.37 86.06 80.63
78.75 83.79 85.98 8771 86.61 85.96 83.75 78.73
76.77 80.95 82.89 83.59 83.76 82.87 80.89 76.1
7403 7719 78.71 79.59 79.54 78.89 77.45 74.01
71.06 7347 74.52 74.62 74.63 73.95 73.27 71.18

67.86  68.02 68.21 68.46 68.44 68.2 61.71 67.67
Box Temperature Distribution
Top 54.6(epoxy) 56.12(under htr)

Right 54.2(epoxy) 35.01(under htr) Left 53.7(epoxy) 55.23(under htr)

Bottom 52.0(epoxy) 53.64(under hir)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 71.81 83.84 73.24 79.8 72.42
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Date; June 10, 1991
Time: 14:22:34

Run ID No. 2ZINPXXX100

Voltage: 38.0 Volts Fill Gas: Nitrogen
Current: 1.47 Amps Pressure: 15 psig
Power: 55.86 Watts

Vessel Temperature: Box End - 353 deg C
TCEnd -31.7deg C

Heater Rod Temperature Distribution
91.44 97.25 100.4 101.5 101.8 101.2 97.7 91.76
95.1 101.8 104.9 106.4 106.7 105.1 101.3 94.16
93.88 -- 104.1 105.5 105.7 103.7 100.6 93.66
91.39 97.94 100.9 1029 101.8 100.5 97.97 91.45
89.02 94.52 97.17 98.12 98.33 97.12 94.46 88.25
85.66 89.9 91.97 93.18 93.1 92.23 90.19 85.64
81.98 85.27 86.73 86.91 86.97 86.1 85.02 82.16

78.05 78.52 78.92 79.27 79.22 78.88 78.03 77.75

Box Temperature Distribution
Top 61.9(epoxy) 63.86{(under htr)

Right 61.6(epoxy) 62.53(under htr) Left 60.9(epoxy) 62.98(under hir)
Bottom 58.8(epoxy) 60.93(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 90.74 97.81 85.39 93.4 84.14
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Date: July 7, 1991
Time: 21:17:46

Run iD No. 4INPXXX115

Voltage: 40.4 Volis 7 Fili Gas: Nitrogen
Current: 1.58 Amps Pressure: 13 psig
Power: 63.832 Watts

Vessel Temperature: Box End - 36.8 deg C

TCEnd -322degC

Heater Rod Temperature Distribution

162.9 1099 113.6 114.9 1153 114.5 113:2 103.1
107.3 1155 1194 121.1 121.5 1195 114.8 106.2
106.1 - 118.7 120.5 1209 1184 114.5 105.9
103.5 111.6 1154 1i7.8 116.6 1154 111.6 103.5
100.8 107.7 111.1 112.3 112.5 1110 107.6 99.88
96.92 102.3 105.0 106.5 106.4 105.2 102.5 96.87
92.54 96.78 98.75 99.01 92.07 97.98 96.53 92.78

87.83 88.54 89.27 89.73 89.67 89.17 88.06 87.46
Box Temperature Distribution
Top 68.4(epoxy) 70.80(under hir)

Right 68.1(epoxy) 69.23(under kur) Left 67.4(epoxy) 69.75(under hti)

Boitom 64.9(epoxy) 67.44(under htr)

End of Heater Rod Temperature Distribution

" Position 1-1 2.7 4-4 5.5 7-3
Temperature (deg C) 102.0 110.6 97.02 106.3 95.19
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Date: June 11, 1991
Time: 00:04:14

Run ID No. 2INPXXX125

Voltage: 51.4 Volts Fill Gas: Nitrogen
Current: 1.99 Amps Pressure: 16 psig
Power: 102.286 Watts

Vessel Temperature: Box End - 38.7 deg C
TCEnd -33.7degC

Heater Rod Temperature Distribution
111.9 1196 123.3 123.7 124.0 124.3 119.7 1115
1176 126.1 129.9 131.5 131.9 13G.1 1253 116.1
116.2 129.1 130.8 1311 128.6 124.8 1159
1130 121.4 125.2 127.5 126.2 125.2 1215 113.2
1100 117.0 120.3 1215 121.5 120.2 1169 108.9
105.7 111.0 113.7 115.1 115.0 113.9 1113 105."6
100.9 105.0 106.8 1070 107.1 105.9 104.7 101.2

95.81 96.27 96.63 97.06 97.05 96.59 95.69 95.61
Box Temperature Distribution
Top 73.9(epoxy) 76.74(under htr) -

Right 73.4(epoxy; 74.77(under htr) ' Left 72.7(epoxy) 75.05(under htr)
Bottom 69.8(epoxy) 72.46(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 110.7 120.6 103.2 114.9 103.2
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Date: July 8, 1991
Time: 11:11:03

Run ID No. 4INPXXX140

Voltage: 51.8 Volis Fill Gas: Nitrogen
Current: 2.01 Amps Pressure: 15 psig
Power: 104.118 Watts

Vessel Temperature: Box End - 40.6 deg C

TCEnd -348deg C

Heater Rod Temperature Distributiori

123.8 132.5 137.0 137.9 138.2 138.0 132.7 123.7
130.4 140.1 144.7 146.6 147.1 144.9 139.2 128.5
128.9 --- 144.2 146.3 146.7 143.7 139.1 128.5
125.6 135.6 140.2 143.0 141.6 140.2 135.6 125.8
122.4 130.8 134.9 136.3 136.4 134.8 130.7 121.2
117.6 124.1 1274 129.2 129.0 127.6 124.4 117.5
1121 117.2 119.5 119.9 119.9 118.6 116.9 1i24

106.2 107.0 107.7 108.2 108.2 107.6 106.3 105.9
Box Temperature Distribution
Top 81.0(epoxy) 84.36(under htr)

Right 80.6(epoxy) 82.19(under htr) Left 79.6(epoxy) 82.44(under htr)

Bottom 76.5(epoxy) 79.77(under htr)

End of Heaier Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 122.7 133.8 115.1 128.7 114.8

380



Date: June 11, 1991
Time: 12:35:18

Run ID No. 2INPXXX150

Yoltage: 64.9 Volts Fill Gas: Nitrogen
Current: 2.53 Amps Pressure: 15 psig
Power: 164.197 Watts

Vessel Temperature: Box End - 42.7 deg C

TCEnd -364degC

Heater Rod Temperature Distribution

132.1 141.4 145.2 1470 1474 147.2 1415 1319
1389 149.5 154.5 156.5 157.0 154.7 148.6 137.2
137.7 .- 154.1 156.4 156.8 153.5 148.6 1374
134.1 145.0 150.0 152.9 1514 149.9 145.1 134.5
1309 140.0 1444 145.9 146.0 144.3 139.9 129.6
125.7 132.8 136.5 138.4 138.3 136.7 133.2 125.7
1199 125.5 128.0 128.5 128.5 127.0 125.2 120.3

113.6 1146 1154 116.0 116.0 115.4 1139 1133
Box Temperature Distribution
Top 86.6(epoxy) 90.25(under htr)
Right 86.0(epoxy) 87.86(under htr) Left 85.0(epoxy) 87.97(under hir)
Bottom 81.6(epoxy) 84.97(under hir)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 1308 142.9 1230 137.8 123.3
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Date: July 8, 1991 -~
Time: 21:35:04

Run ID No. 4INPXXX165

Voltage: 65.2 Volts Fill Gas: Nitrogen
Current: 2.53 Amps Pressure: 16 psig
Power: 164.956 Watts

Vessel Temperaiure: Box End - 46.1 deg C

TC End -388deg C

Heater Rod Temperature Distribution

145.4 155.6 160.9 161.3 161.5 161.8 1554 144.7
1533 164.9 170.4 172.6 173.2 170.6 163.8 151.2
1519 - 170.3 172.9 1733 169.7 164.1 151.5
148.2 160.3 165.9 169.4 167.6 165.9 160.5 148.6
144.8 154.9 160.0 16_1.7 161.9 159.8 154.9 143.4
136.2 1472 151.2 153.5 153.2 151.5 147.4 139.1
132.8 139.2 142.0 142.5 142.6 140.9 138.8 1333

126.0 127.0 1280 128.6 128.6 127.8 126.2 125.6
Box Temperature Distribution
Top 95.2(epoxy) 99.52(under hir)

Right 94.6(epoxy) 96.87(under htr) Left 93.5(epoxy) 57.02(under htr)
Bottom 89.8(epoxy) 93.80(under htr)

End of Heater Rod Temperature Distribution

Position I-1 27 4-4 5-5 7-3
Temperature (deg C) 143.6 157.2 134.9 152.2 1359
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Date: June 11, 1991
Time: 23:33:19

Run ID No. 2INPXXX175

Voltage: 74.8 Volis Fill Gas: Nitrogen
Current: 2.89 Amps Pressure: 15 psig
Power: 216,172 Watts

Vessel Temperature: Box End - 46.5deg C

TC End - 38.7 deg C

Heater Rod Temperature Distribution

153.2 164.0 169.9 171.8 172.3 171.2 164.5 153.7
161.0 173.6 179.8 182.5 183.1 180.2 1727 159.2
159.7 - 179.8 182.7 183.2 179.2 173.1 159.5
1558 169.0 175.3 178.9 1771 175.2 169.3 156.4
152.3 163.4 169.0 170.8 171.0 168.8 163.4 150.9
146.4 155.1 159.6 162.0 161.9 159.9 1554 1464
139.6 146.6 149.8 150.3 150.5 1486 146.2 140.1

1322 1336 134.7 135.5 135.5 134.6 132.6 131.8
Box Temperature Distribution
Top 99.3(epoxy) 104.1(under hir)

Right 98.8(epoxy) 101.2(under htr) Left 97.6(epoxy) 101.3(under htr)
Bottom 93.5(epoxy) 97.71(under htr)

End of Heater Rod Temperature Distribution

" Position 1-1 2.7 4-4 5.5 7.3
Temperature (deg C) 1515 165.6 1423 160.8 143.7
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Date: July 9, 1991
Time: 11:39:13

Run ID No. 41INPXXX190

Voltage: 77.4 Volis Fill Gas: Nitrogen
Current: 3.0 Amps Pressure: 15 psig
Power: 232.2 Watts

Vessel Temperature: Box End - 48.9 deg C

TC End - 40.0deg C

Heater Rod Temperature Distribution

164.8 176.7 183.2 185.2 185.7 184.5 177.0 165.1
173.3 187.5 194.7 197.7 198.3 195.1 186.6 1714
1724 --- 195.4 198.7 199.3 194.7 187.6 172.1
168.5 183.6 191.0 195.0 1933 191.0 183.9 169.2
1650 1777 184.4 186.6 186.7 184.2 177.8 163.3
158.6 168.8 174.2 177.1 176.9 174.5 169.1 158.5
151.1 159.4 163.3 164.1 164.2 162.0 159.0 1517

143.0 145.0 146.7 147.6 1476 146.5 144.0 142.6
Box Temperature Distribution
Top 107.4(epoxy) 112.7(under htr) -

Right 106.8(epoxy) 109.7(under htr) Left 105.5(epoxy) 109.8(under htr)
Bottom 101.0{epoxy) 105.7(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7.3
Temperature (deg C) 162.3 1784 155.2 174.8 156.1
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Date: June 12, 1991
Time: 13:47:25

Run ID No. 2INPXXX200

Voltage: 84.0 Volis Fill Gas: Nitrogen
Current: 3.24 Amps Pressure: 15 psig
Power: 272.16 Waus

Vessel Temperature: Box End - 50.6 deg C

TCEnd -41.1deg C

Heater Rod Temperature Distribution

172.0 184.6 1913 1934 193.9 192.5 184.6 172.1
180.8 196.0 203.6 206.8 207.5 2039 194.9 178.9
1802 - 204.8 208.3 208.8 203.8 196.2 179.8
176.1 192.3 200.2 204.5 202.7 200.2 192.6 176.9
172.6 186.3 193.5 195.9 196.0 193.2 186.2 1709
166.0 177.0 182.9 186.0 185.9 183.2 1773 165.9
1582 1673 171.5 1724 172.5 170.2 166.8 158.9

149.7 152.1 154.0 155.0 155.1 153.9 151.0 149.4

Box Temperature Distribution
Top 112.8(epoxy) 118.4(under htr)
Right 112.1(epoxy) 115.3(under hitr) Left 11G.8(epoxy) 115.4(under htr)
Bottom 106.0(¢poxy) 1l1l.1(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 169.9 186.3 162.9 183.4 164.2
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Date: June 13, 1991
Time: 00:34:34

Run ID No. 2INPXXX225

Voltage: 99.1 Volts Fill Gas: Nitrogen
Current: 3.84 Amps Pressure: 15 psig
Power: 380.544 Watts

Vessel Temperature: Box End - 53.5 deg C
TC End - 42.3degC

Heater Rod Temperature Distribution
1920 2063 2139 216.3 2168 2153 206.3 192.3
2024 219.6 2283 231.8 2326 228.7 2184 200.2
202.0 - 230.1 234.2 2348 2291 220.5 2017
197.8 2164 225.6 230.2 2285 2255 216.7 198.8
194.1 209.9 218.2 221.0 221.1 2179 209.9 192.1
186.6 199.5 206.5 2100 209.9 206.7 199.9 186.6
1777 1884 1934 194.5 194.6 191.8 187.8 178.5

168.0 170.8 173.2 174.4 174.4 173.0 169.6 167.6

Box Temperature Dristribution

Top 125.2(epoxy) 1i31.9(under htr)

Right 124.6(epoxy) 128.3(under htr) Lefi 123.1(epoxy) 128.4(under htr)

Bottom 117.4(epoxy) 123.4(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 35 7-3
Temperature (Geg C) 189.2 2080 1810 205.7 184.2
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Date: July 10, 1991
Time: 10:35:30

Run ID No. 2INPXXX225

Voltage: 89.0 Volts Fill Gas: Nitrogen
Current: 3.43 Amps Pressure: 15 psig
Power: 305.27 Watts

Vessel Temperature: Box End - 54.7 deg C
TCEnd -435degC

Heater Rod Temperature Distribution
191.6 205.8 2134 215.7 216.3 214.8 205.8 191.8
2020 2191 2278 2313 2321 2282 2179 199.8
2016 - 229.7 233.8 2345 2289 220.1 201.3
1976  216.2 2255 230.5 228.5 225.5 216.6 198.5
1940 2099 2183 221.2 2215 2180 209.9 192.0
186.6 199.6 206.7 2103 210.1 2069 199.9 186.5
177.7 188.5 193.6 194.7 195.0 192.2 188.1 178.6

1683 171.1 173.7 174.9 1749 173.5 170.0 167.8
Box Temperature Distribution
Top 125.8(epoxy) 132.7(under htr)

Right 125.3(epoxy) 129.2(under htr) Left 123.8(epoxy) 129.2(under htr)
Bottom 11&2(epoxy) 123.5(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 188.6 207.5 181.8 206.0 1842
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Date: July 9, 1991
Time: 23:22:04

Run ID No. 4INPXXX240

Voltage: 96.1 Volts Fill Gas: Nitrogen
Current: 3.70 Amps Pressure: 16 psig
Power: 355.57 Watts

Vessel Temperature: Box End - 57.9deg C

TCEnd -455degC

Heater Rod Temperature Distribution

2038 2188 2269 2293 2299 228.2 2187 2039
2149 233.1 242.3 246.1 246.9 242.7 231.9 2126
214.8 - 2448 2493 2499 243.8 234.5 214.5
210.8 230.7 240.6 2458 2439 240.7 231.2 211.7
2072 2242 2333 236.4 236.7 233.0 224.3 205.0
199.4 2135 221.2 225.1 2249 221.3 213.8 1993
1900 2017 2074 208.6 208.9 2059 2013 191.0

179.8 183.1 186.0 187.3 187.4 185.8 181.8 1794
Box Temperature Distribution
Top 134.7(epoxy) 142.0(under htr)

Right 134.1(epoxy) 138.2(under htr) Left 132.3(epoxy) 138.4(under htr)
Bottom 126.4(epoxy) 132.7(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 55 7-3
Temperature (deg C) 200.7 2204 193.5 219.7 196.9
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Date: June 13, 1991
Time: 15:34:43

Run ID No. 2INPXXX250

Voltage: 100.7 Volts Fill Gas: Nitrocgen
Current: 3.87 Amps Pressure: 14 psig
Power: 389.709 Watts

Vessel Temperature: Box End - 58.8 deg C

TCEnd -45.7 deg C

Heater Rod Temperature Distribution

2101 2260 2344 236.8 2372 2354 225.5 210.1
2218 2410 251.0 255.0 255.8 2513 239.7 219.3
222.2 - 2543 259.1 259.8 253.2 243.1 2217
2184 239.7 250.6 256.0 2542 250.6 240.1 2194
2149 2335 2434 246.8 247.0 243.1 2335 212.8
207.1 222.5 2311 2353 2353 2313 222.8 207.0
197.3 2104 216.7 218.3 2185 215.2 209.9 198.3

186.3 190.5 194.2 195.7 195.8 194.0 189.3 186.0
Box Temperature Distribution
Top 139.7(cpoxy) 147.4(under htr)

Right 139.2(epoxy) 143.8(under htr) Left 137.3(epoxy) 143.7(under htr)
Bottom 131.3(epoxy) 138.4(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 206.9 2217 203.0 2289 2059
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E.5 Above Atmospheric Pressure Argon Test Data

This section of Appendix E contains the Test Data collected on the experimental
apparatus above atmospheric pressure (15 psig) in argon at 14 different Heater Rod
power levels with the controlling temperature ranging from 70°C to 250°C without

Boundary Condition Box side or end heaters operating. A Campaign Summary follows:

Central

Vessel Box Heater Rod

Pressure- Fill Temperature  Temperature  Run Date

(psig) Gas (deg €) (deg C) LD. No. Completed

15 psig Ar Not 70 21APXX X070 7/10 7/14

Controlled 85 21APXXX085 07/1191

100 21APXXX100 07/1191
115 41APXXX115 07/15/91
125 21APXXX125 712 7/12
140 41APXXX140 07/15/91
150 21APXXX150 07/12M1
165 41APXXX165 07/16/91
175 21APXXX175 07/1291
190 41APXXX190 07/16/91
200 21APXXX200 07/13/91
225 21APXXX225 07/1391
240 41APXXX240 07/1791
250 21APXXX250 07/14/91
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Date: July 10, 1991
Time: 21:14:26

Run ID No. 21APXXX070

Voltage: 18.6 Volts Fill Gas: Argon
Current: 0.72 Amps. Pressure: 15 psig
Power: 13.392 Watts

Vessel Temperature: Box End - 32.7 deg C
TCEnd -30.0deg C
Heater Rod Temperature Distribution
6545  68.81 70.57 71.1 71.29 70.9 68.75 65.25

67.43 71.55 73.47 74.36 74.52 73.49 71.15 66.87

67.01 - 733 74.15 74.34 73.01 71.07 66.76
63.78 69.79 71.7 72.89 72.24 71.67 69.75 65.7
64.53 67.97 69.65 70.29 70.34 69.6 67.85 64.04

62.69 65.43 66.77 67.54 67.47 66.86 65.53 62.67
60.69 62.83 63.83 63.96 63.93 63.35 62.57 60.68

584 589 59.25 59.48 59.44 5922 5863 58.25

Box Temperature Distribution

Top 48.9(epoxy) 50.32(under htr)

Right 45.1(epoxy) 49.17(under htr) Left 48.8(epoxy) 49.74(under htr)

Bottom 47.2(epoxy) 48.63(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 65.05 69.33 62.54 67.6 62.37
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Date: July 14, 1991
Time: 20:33:55

Run ID No. 41APXXX070

Voltage: 19.1 Voits Fill Gas: Argon
Current: 0.74 Amps Pressure: 15 psig
Power: 14.134 Watts

Vessel Temperature: Box End - 31.9 deg C
TCEnd -29.4 deg C

Heater Rod Temperature Distribution

65.48 68.96 70.77 71.34 71.55 71.17 68.97
67.54 71.79 73.79 74.7 74.89 73.83 71.42
67.11 -e- 73.55 74.46 74.62 733 71.33
65.8 69.96 71.88 73.17 7245 71.34 69.9
64.53 68.05 69.74 70.39 70.43 69.7 67.92
62.59 65.39 66.73 67.48 67.45 66.84 65.48
60.54 62.69 63.68 63.8 63.8 63.2 62.43
58.13 58.64 58.97 59.19 59.14 5891 5835

Box Temperature Distribution

Top 43.3(epoxy) 49.76(under htr)

Right 48.5(epoxy) 48.55(under htr)

Bottom 46.5(epoxy) 47.86(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5
Temperature (deg C) 65.09 69.52 62.39 67.6
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Date: July 11, 1991
Time: 11:18:52

Run ID No. 21APXXX085

Voltage: 26.0 Volts Fill Gas: Argon
Current: 1.03 Amps Pressure: 15 psig
Power: 26.78 Watts

Vessel Temperature: Box End - 33.8 deg C
TCEnd - 304 deg C

Heater Rod Temperature Distribution
77.93 82.55 84.92 85.47 85.68 85.45 82.54 77.68
81.15 86.5 89.05 90.18 90.43 89.11 86.01 80.22
80.47 - 888 89.97 90.2 88.62 86.11 80.29
78.99 84.32 86.8 88.73 87.73 86.78 84.28 78.82
77.33 81.92 84.13 84,98 85.16 84.09 81.82 76.68
74.83 78.44 80.22 81.17 81.13 80.33 78.59 74.82
72.08 74.88 76.17 76.33 76.36 75.59 74.65 72.15

69.05 69.53 69.9 70.2 70.15 69.86 69.23 68.84

Box Temperature Distribution

Top 55.2(epoxy) 57.17(under htr)

Right 55.4(epoxy) S56.11(under htr) Left 55.1(epoxy) 56.40(under hir)

Bottom 53.0(epoxy) 354.81(under htr)

End of Heater Rod Temperature Distribution

 Position 1-1 2.7 44 5-5 7-3
Temperature (deg C) 717.34 83.48 73.66 81.2 73.83
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Date: July 11, 1991
Time: 19:21:55

Run ID No. 21APXXX100

Voltage: 31.3 Volts Fill Gas: Argon
Current: 1.20 Amps Pressure: 16 psig
Power: 37.56 Watts

Vessel Temperature: Box End - 36.0 deg C

TC End - 31.8deg C

Heater Rod Temperature Distribution

90.42 96.25 99.09 99.28 99.46 99.73 96.15 90.0
94.87 101.5 104.4 105.7 106.0 104.5 100.8 93.71
94.12 104.2 105.6 105.9 103.9 101.0 93.86
92.23 98.75 101.7 103.4 102.6 10L1.7 98.77 92.08
90.08 95.66 98.31 99.3 99.17 98.25 95.55 89.28
86.97 91.34 93.47 94.6 94.52 93.61 91.53 86.94
83.55 86.89 88.37 88.58 38.5 87.52 86.48 83.54

79.74 80.21 80.51 80.88 80.82 80.46 79.85 79.49
Box Temperature Distribution
Top 62.7(epoxy) 64.97(under htr) -

Right 62.9(epoxy) 63.61(under htr) Left 62.3(epoxy) 64.23(under hir)

Bottom 59.7(epoxy) 61.95{under hir)

End of Heater Rod Temperature Distribution

Position 1-1 2.7 4-4 5-5 73
Temperature (deg C) 89.72 97.58 84.5 93.9 85.52
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Date: July 15, 1991
Time: 09:14:04

Run ID No. 41APXXX115

Voltage: 35.4 Voits Fill Gas: Argon
Current: 1.40 Amps Pressure: 15 psig
Power: 49.56 Watts

Vessel Temperature: Box End - 37.5 deg C
TCEnd -325deg C

Heater Rod Temperature Distribution
101.0 107.9 1113 1115 111.7 111.9 107.6 100.5
106.0 114.0 117.7 1193 119.7 117.9 113.3 104.8
105.4 - 117.8 119.6 1199 117.4 113.7 105.1
103.2 111.1 1149 117.4 116.1 114.9 111.2 103.2
100.9 107.7 111.0 112.3 1125 110.9 107.5 100.0
97.28 102.7 105.3 106.7 106.7 105.5 102.9 97.29
93.34 97.5 99.39 99.7 99.79 98.61 97.21 93.55

89.08 89.89 90.48 90.94 20.83 90.31 89.45 88.83
Box Temperature Distribution
Top 69.7(epoxy) 72.38(under htr)

Right 69.8(epoxy) 70.90(under htr) Left 69.2(epoxy) 71.40(under htr)
Bottom 66.2(epoxy) 68.72(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 100.2 109.5 95.34 106.7 95.97
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Date: July 12, 1991
Time: 08:30:29

Run ID No. 21APXXX125

Voliage: 37.3 Volis Fill Gas: Argon
Current: 1.42 Amps Pressure: 15 psig
Power: 52.966 Watts

Vessel Temperature: Box End - 39.4 deg C
TC End - 33.7deg C

Heater Rod Temperature Distribution
109.1 116.6 120.3 1206 120.7 120.9 116.2 108.6
114.6 123.3 1273 1290 1294 127.5 122.5 1133
1140 - 127.6 129.4 129.8 1269 122.8 113.5
111.5 120.2 124.3 126.8 125.5 1243 120.3 111.5
108.9 116.4 120.0 121.4 121.7 119.9 116.2 107.9
105.1 110.9 113.9 115.5 1154 114.1 1i1.1 104.9
100.7 105.3 107.4 107.8 107.9 106.6 105.0 160.9

96.13 97.03 97.74 98.24 98.17 97.66 96.59 95.86

Box Temperature Distribution

Top 74.9(epoxy) 78.09(under htr)

Right 75.2(epoxy) 76.35(under htr) Left 74.5(epoxy) 76.48(under htr)

Bottom 71.1(epoxy) 74.09(under htr)

End of Heater Rod Temperature Distributicn

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 108.1 118.2 102.7 1155 103.9

396



Date: July 12, 1991
Time: 08:49:28

Run ID No. 21APXXX125

Voltage: 38.8 Volis Fill Gas: Argon
Current: 1.52 Amps Pressure: 135 psig
Power: 58.976 Watts

Vessil Temperature: Box End - 39.3 deg C

TCEnd - 33.6deg C

Heater Rod Temperature Distribution

109.7 117.2 120.9 121.2 121.3 121.5 116.9 109.2
115.4 124.0 128.0 129.6 130.0 128.1 123.2 114.0
114.7 - 128.2 130.2 130.5 127.9 123.9 114.6
112.6 121.4 125.5 1284 127.0 125.5 121.5 112.5
1103 1179 121.7 123.0 123.3 121.5 117.8 109.3
106.4 112.5 115.6 117.1 117.0 115.7 112.7 106.4
102.1 106.9 109.0 109.4 109.5 108.2 106.6 1024

97.35 98.35 99.03 99.56 69.52 98.97 97.86 97.05

Box Temperature Distribution

Top 75.0(epoxy) 78.06(under hir)

Right 75.2(epoxy) 76.30(under htr) Left 74.5(epoxy) 76.45(under htr)

Bottom 71.1(epoxy) 74.06(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2.7 4-4 5-5 7-3
Temperature (deg C) 108.9 1191 103.2 116.7 104.9
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Date: July 15, 1991
Time: 20:15:48

Run ID No. 41APXXX140

Voltage: 44.2 Volts Fill Gas: Argon
Current: 1.74 Amps Pressure: 15 psig
Power: 76.908 Watts

Vessel Temperature: Box End - 41.9 deg C

TCEnd -353deg C

Heater Rod Temperature Distribution

122.1 130.5 134.8 1351 135.3 135.5 130.2 121.5
1287 1384 143.1 144.9 145.4 1433 1376 127.0
128.0 --- 143.5 145.7 146.2 143.2 1385 127.7
125.5 135.7 140.5 143.6 142.2 140.6 1359 125.7
123.0 131.7 136.1 137.6 137.9 136.0 131.6 121.9
118.6 125.6 129.2 130.9 130.9 129.3 125.8 118.6
113.7 1192 1217 122.2 122.3 120.7 118.8 114.0

108.2 1094 1103 110.9 110.8 110.1 108.9 108.0

Box Temperature Distribution
Top 82.9(epoxy) 86.56(under htr)

Right 83.3(epoxy) 84.62(under htr) Left 82.3(cpoxy) 84.86(under htr)
Bottom 78.4(epoxy) 81.67(under htr)

End of Heater Rod Temperature Distribution

* Position 1-1 2.7 44 5.5 73
Temperature (deg C) 121.1 132.7 114.9 130.3 116.8
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Date: July 12, 1991
Time: 16:08:55

Run ID No. 21APXXX150

Voltage: 46.7 Volts Fill Gas: Argon
Current: 1.82 Amps Pressure: 16 psig
Power: 84.994 Watts

Vessel Temperature: Box End - 43.7 deg C

TC End - 36.5 deg C

ileater Rod Temperature Distribution

130.6 139.8 144.4 144.7 144.9 145.2 139.5 130.1
137.7 148.3 153.2 155.2 1558 153.5 147.4 136.1
137.2 153.9 156.4 156.7 153.4 148.4 136.8
134.6 145.5 150.6 153.7 152.3 150.7 145.6 134.5
131.7 141.2 145.9 147.5 147.7 145.7 141.1 130.5
127.1 134.6 138.5 140.4 140.3 1386 134.8 127.0
121.7 127.6 130.4 130.9 1309 129.3 1272 1220

1159 117.1 118.0 118.7 1187 117.9 116.5 1156

Box Temperature Distribution

Top 88.2(epoxy) 92.42(under hir) -

. Right 88.7(epoxy) 90.18(under htr) Left 87.7(epoxy) 90.35(under htr)
Bottom 83.4{epoxy) 86.98(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 129.4 142.1 122.4 139.5 1252 -
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Date: July 16, 1991
Time: 09:27:47

Run ID No. 41APXXX165

Voltage: 51.3 Volts Fill Gas: Argon
Current: 2.01 Amps Pressure: 14 psig
Power: 103.113 Wats

Vessel Temperature: Box End - 45.4 deg C

TC End - 369 deg C

Heater Rod Temperature Distribution

142.2 152.0 1571 158.7 159.0 158.0 151.8 142.0
149.4 161.2 167.2 169.7 170.3 167.5 160.4 147.8
149.1 - 168.4 171.2 171.7 167.8 161.9 148.8
146.3 159.0 165.2 168.8 167.2 165.2 159.2 146.7
143.7 154.6 160.2 162.2 162.4 160.0 1544 142.4
138.6 147.5 152.2 154.5 154.4 152.3 147.7 138.6
132.7 140.0 143.3 144.0 144.1 142.1 1394 133.0

126.1 128.0 129.5 130.3 130.2 129.2 127.3 125.8
Box Temperature Distribution
Top 95.6(epoxy) 100.5(under htr)

Right 96.3(epoxy) 98.24(under htr) Left 95.1(epoxy) 98.37(under htr)

Bottom 90.4(epoxy) 94.45(under hir)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 140.9 154.4 1349 153.1 137.5
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Date: July 12, 1991
Time: 23:44:03

Run I No. 21APXXX175

Voltage: 55.7 Volts Fill Gas: Argon
Current: 2.16 Amps Pressure: 16 psig
Power: 120.312 Watts

Vessel Temperature: Box End - 47.5 deg C
TC End - 38.3 deg C
Heater Rod Temperature Distribution

151.2 161.6 167.1 168.7 169.2 168.1 161.5 151.1
159.1 171.6 177.8 180.5 181.1 178.2 170.7 157.3
158.7 —- 179.2 182.2 182.7 1785 172.3 158.4
1559 169.2 175.8 1794 177.8 1758 169.5 156.1
153.0 164.5 170.4 172.4 172.6 170.2 164.4 151.6
147.7 156.9 161.9 164.3 164.2 162.0 157.2 147.6
1414 148.9 152.4 153.1 153.2 151.1 148.4 141.7

134.4 136.3 137.7 1386 138.5 137.6 135.5 134.0

Box Temperature Distribution

Top 10l.4(epoxy) 106.7(under htr)

Right 102.0(epoxy) 104.1(under htr) Left 100.8(epoxy) 104.1(under htr)

Bottom 95.7(epoxy) 100.0(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 149.8 164.2 142.1 162.4 146.1
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Date: July 16, 1991
Time: 18:09:45

Run ID No. 41APXXX190

Voltage: 62.8 Volts Fill Gas: Argon
Current: 2.46 Amps Pressure: 16 psig
Power: 154.488 Watts

Vessel Temperature: Box End - 50.0 deg C
TCEnd - 39.7deg C

Heater Rod Temperature Distribution
162.4 173.8 179.8 181.5 1820 180.8 173.6 162.3
171.2 184.9 191.9 194.7 195.4 192.2 183.9 169.2
171.0 --- 193.8 197.2 197.7 193.0 186.1 170.7
168.0 183.0 190.5 194.7 192.8 190.4 183.3 168.6
165.3 178.2 184.9 187.2 187.6 184.6 178.0 163.7
159.5 170.0 175.7 178.4. 1783 175.8 170.3 159.5
152.7 161.3 165.4 166.2 166.4 164.1 160.9 153.3

145.3 1477 149.5 150.5 150.4 149.2 146.8 145.0
Box Temperature Distribution
Top 109.1(epoxy) 115.2(under hir)
Right 109.9(epoxy) 112.6(under htr) Left 108.5(epoxy) 112.6(under htr)
Bottom 103.1(epoxy) 107.9(under htr)

End of Heater Rod Temperature Distribation

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 160.8 176.5 153.9 175.8 158.2
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Date: July 13, 1991
Time: 11:45:07

Run ID No. 21APXXX200

Voltage: 65.9 Volts Fill Gas: Argon
Current: 2.56 Amps Pressure: 15 psig
Power: 168.704 Watts

Vessel Temperature: Box End - 52.1 deg C

TCEnd -409deg C

Heater Rod Temperature Distribution

170.3 182.2 188.5 190.3 190.7 185.4 181.8 169.9
179.5 194.0 201.5 204.6 2053 201.8 193.0 1774
179.5 --- 2039 207.6 208.1 203.2 195.7 179.2
176.7 192.7 200.9 2053 203.5 200.9 193.1 1772
174.0 187.9 1954 197.9 198.2 195.0 187.8 1723
168.0 179.5 185.8 188.8 188.7 185.8 179.7 168.0
160.9 170.3 174.9 1759 176.1 173.5 169.9 161.4

152.8 155.8 1580 159.1 159.1 157.8 154.8 152.6

Box Temperature Distribution

Top 115.1(epoxy) 121.8(under htr)

Right 116.2(epoxy) 118.9(under htr) Left 114.6(epoxy) 118.8(under htr)

Bottom 108.9(epoxy) 114.0(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 1683 185.1 162.4 185.6 167.4
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Date: July 13, 1991
Time: 20:54:04

Run ID No. 21APXXX225

Voliage: 76.6 Volts Fill Gas: Argon
Current: 2.97 Amps Pressure: 16 psig
Power: 227.502 Watts

Vessel Temperature: Box End - 56.7 deg C
TC End - 434 deg C

Heater Rod Temperature Distribution
189.9 203.3 210.3 2124 212.8 211.3 202.8 189.6
2004 216.9 2254 2289 2296 2258 2158 198.2
201.1 --- 2289 2330 2336 2279 219.3 200.6
198.1 216.6 226.0 2309 2291 2259 217.1 198.8
195.5 2116 220.2 2232 2235 2199 2115 193.6
188.9 202.4 209.8 2134 213.2 2098 202.6 188.8
180.9 192.1 197.6 198.9 199.1 196.1 191.6 181.5

171.8 175.5 178.3 179.7 179.7 178.1 174.5 1715

Box Temperature Distribution
Top 129.1(epoxy) 137.1(under htr) .

Right 130.4(epoxy) 133.8(under htr) Left 128.6(epoxy) 133.7(under htr)
Bottom 121.9(epoxy) 128.1(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-3 -3
Temperature (deg C) 187.3 206.3 182.0 208.3 188.4
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Date: July 17, 1991
Time: 10:04:17

Run ID No. 41APXXX240

Voltage: 83.5 Volts Fill Gas: Argon
Current: 3.23 Amps Pressure: 15 psig
Power: 269.705 Watts

Vessel Temperature: Box End - 59.4 deg C

TCEnd -44.5deg C

Heater Rod Temperature Distribution

200.9 215.0 2224 2245 224.8 223.2 214.1 2003
2119 2295 238.7 2423 243.1 2389 2283 209.7
213.1 --- 24390 2475 248.1 2418 2325 2126
2104 2304 240.7 245.7 243.9 240.6 230.8 211.2
207.9 225.4 2350 2382 2384 2346 225.3 205.9
201.1 216.0 2243 2283 2282 2243 216.2 2011
192.6 205.3 2115 2131 213.2 209.9 204.7 193.5

182.9 187.4 190.9 192.5 192.5 190.6 186.4 182.6

Box Temperature Distribution

Top 137.4(epoxy) 146.4(under htr)

Right 139.2(epoxy) 143.3(under htr) Left 137.2(epoxy) 143.0(under htr)

Bottom 130.1(epoxy) 137.G(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 198.0 2179 194.8 221.9 201.4
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Date: July 14 1991
Time: 08:27:18

Run ID No. 21APXXX250

Voltage: 88.1 Volts Fill Gas: Argon
Current: 3.40 Amps Pressure: 15 psig
Power: 299.54 Wats

Vessel Temperature: Box End - 61.5 deg C
TCEnd -458degC

Heater Rod Temperature Distribution
208.6 2233 2309 233.1 2334 2318 2224 208.1
220.1 238.4 2479 2517 252.6 248.2 2372 2179
221.6 - 252.6 2573 2579 251.5 241.8 221.2
218.8 239.7 250.5 2559 254.0 250.5 240.2 2199
216.6 2349 2449 248.3 248.7 244.5 234.8 214.5
209.6 225.2 2340 238.1 238.0 234.0 225.4 209.6
200.9 214.2 220.8 222.5 2229 2192 213.6 201.7

190.7 195.7 199.4 201.1 201.1 199.2 194.5 190.5
Box Temperature Distribution
Top 143.1(epoxy) 152.6(under htr)

Right 145.0(epoxy) 149.3(under htr) Left 142.9(epoxy) 149.0(under htr)
Bottom 135.5(epoxy) 143.0(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 205.8 226.1 202.6 230.9 210.0
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E.6 Above Atmospheric Pressure Helium Test Data

This section of Appendix E contains the Test Data collected on the experimental

apparatus above atmospheric pressure (15 psig) in helium at 13 different Heater Rod

power levels with the controlling temperature ranging from 70°C to 240°C without

Boundary Condition Box side or end heaters cperating. A Campaign Summary follows:

Vessel

Pressure Fill
(psig) Gas
15 psig He

Box
Temperature

(deg ©)

Not
Controlled

Ceniral
Heater Rod
Temperature

(deg ©)

70
85
100
115
125
140
150
165
175
190
200
225
240*
250

Run
1.D. No.

21HPXXX070
21HPXXX085
21HPXXX100
41HPXXX115
21HPXXX125
41HPXXX140
21HPXXX150
41HPXXX165
21HPXXX175
41HPXXX190
21HPXXX200
21HPXXX225
41HPXXX232
21HPXXX250

Date
Completed

6/14 /1
06/14/91
06/15/91
07/01/91
06/16/91
07/02/91
06/16/91
07/03/91
06/17/91
07/03/91
06/17/91
74 6
07/05/91
canceled

* Control Setpoint was modified to 232°C due to the inability of the apparatus in its present
electrical configuration to reach 240°C.
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Date: June 14, 1991
Time: 11:32:08

Run ID No. 2IHPXXX070

Voltage: 32.8 Volts Fill Gas: Helium
Current: 1.27 Amps Pressure: 15 psig
Power: 41.656 Watits

Vessel Temperature: Box End - 324 deg C
TCEnd -29.1degC

Heater Rod Temperature Distribution
57.91 61.45 63.36 64.6 64.32 63.71 61.39 5794
61.2 65.39 67.92 69.15 69.25 67.64 65.06 60.65
62.26 - 70.26 71.75 71.88 69.96 67.04 62.23
62.55 67.74 71.01 72.79 72.34 70.97 67.85 62.93
62.5 67.47 70.42 7185 71.94 70.31 67.38 62.36
61.22 65.54 68.28 69.74 69.82 68.54 65.6 61.28
5898  63.03 65.31 66.18 66.2 64.97 62.98 59.27

55.87 583 60.06 60.53 60.35 59.85 57.98 55.82
Box Temperature Distribution
Top 48.1(epoxy) 48.41(under hir)

Right 47.2(epoxy) 47.84(under htr) Left 47.1(epoxy) 47.97(under htr)
Bottom 47.1(epoxy) 47.68(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 57.57 62.49 67.01 68.1 62.55
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Date: July 1, 1991
Time: 15:53:33

Run ID No. 41HPXXX070

Voltage: 41.8 Volts Fill Gas: Helium
Current: 1.63 Amps Pressure: 15 psig
Power: 68.134 Watts

Vessel Temperature: Box End - 32.9 deg C
TCEnd -29.6deg C

Heater Rod Temperature Distribution

38.2 61.73 63.64 64.88 64.6 63.99 61.67 58.23
61.5 65.65 68.17 694 69.49 67.91 65.32 60.92
62.51 - 70.49 72.01 72.14 70.26 67.34 62.53

62.8 68.01 71.25 73.27 72.61 71.24 68.13 63.22
62.83 67.77 70.7 72.14 72.26 70.59 67.68 62.68
61.52 65.85 68.57 70.0 70.08 68.83 65.9 61.6

59.3 63.32 65.59 66.45 66.49 65.28 63.31 59.61

56.13 58.59 60.4 60.87 60.7 60.19 58.34 56.18
Box Temperature Distribution
Top 48.4(epoxy) 48.78(under htr) -

Right 47.6(epoxy) 48.24(under hir) Left 47.5(epoxy) 48.37(under htr)
Bowom 47.4(epoxy) 48.06(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 57.63 62.81 6723 684 62.76
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Date: June 14, 1991
Time: 20:24:13

Run ID No. 21HPXXX085

Voltage: 42.9 Volts Fill Gas: Helium
Current: 1.67 Amps Pressure: 15 psig
Power: 71.643 Watts

Vessel Temperature: Box End - 35.2 deg C

TC End - 31.2 deg C

Heater Rod Temperature Distribution

68.69 73.39 75.92 77.55 77.17 76.38 733 68.76
73.1 78.49 81.79 83.42 83.56 81.46 78.06 72.23
7431 - 84.79 86.78 86.92 84.48 80.68 74.32
7466 815 85.8 88.54 87.53 85.71 81.67 75.24
7463  81.12 84.96 86.81 87.07 84.85 81.03 74.43
7294  78.58 82.12 84.01 84.1 8243 78.65 72.99
69.99 75.26 78.22 79.33 79.43 77.86 75.27 70.41

65.9 69.11 71.39 720 71.8 71.11 68.7 65.89
Box Temperature Distribution
Top 55.6(epoxy) 56.13(under htr)
Right 54.4(epoxy) 55.47(under htr) Left 54.3(epoxy) 55.56(under htr)

Bottom 54.2(epoxy) 55.01(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 68.21 74.67 80.29 819 74.47
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Date: June 15, 1991
Time: 13:24:17

Run ID No. 21HPXXX100

Voltage: 51.5 Volts Fill Gas: Helium
Current: 2.02 Amps Pressure: 14 psig
Power: 104.03 Watts

Vessel Temperature: Box End - 37.0 deg C
TCEnd -32.0 degC

Heater Rod Temperature Distribution

78.68 34.42 87.49 89.47 89.01 88.08 84.34 78.8

8403  90.73 9481 9675 9691 94.4 90.24  83.11
8571 - 9854 1010 1011 9816 9353  85.74
8.2 946 9986 1028 1020 9978 9485 8692
8618 9417 989 101.2 1012 9877 941 85.97

84.14 91.11 95.53 97.82 97.97 95.91 91.22 84.23
80.54 87.08 90.75 92.14 92.25 90.33 87.1 81.08

75.54 79.5 82.36 83.14 82.87 82.02 79.03 75.52

Box Temperature Distribation

Top 62.9(epoxy) 63.47(under htr)

Right 61.4(epoxy) 62.64(under hir) Left 61.2(epoxy) 62.80(under htr)

Bottom 61.1(epoxy) 62.40(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 77.97 86.0 93.07 95.1 86.04
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Date: July 1, 1991
Time: 23:39:04

Run ID No. 41HPXXX115

Voltage: 59.6 Volis Fill Gas: Helium
Current: 2.32 Amps Pressure: 17 psig
Power: 138.272 Waus

Vessel Temperature: Box End - 38.6 deg C

TCEnd -333degC

Heater Rod Temperature Distribution

89.5 96.78 100.6 103.1 1025 101.4 96.66 89.63
96.25 104.5 109.5 1119 112.1 109.1 1039 94.91
98.05 --- 114.0 116.9 117.2 113.5 107.7 98.08
98.48 108.8 115.3 118.6 117.9 115.2 109.1 99.35
98.36 108.1 113.9 116.7 116.9 113.7 108.0 98.02
95.77 104.2 109.6 112.4 112.6 110.0 104.3 95.83
91.3 99.24 103.7 105.3 105.4 103.1 99.21 91.91

85.09 89.87 93.34 94.28 93.96 92.91 89.28 85.03
Box Temperature Distribution
Top 69.6(epoxy) 70.25(under htr)

Right 67.6(epoxy) 69.04(under htr) Left 67.4(epoxy) 69.38(under htr)
Bottom 67.3(epoxy) 68.54(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 88.24 98.56 106.5 108.8 97.72
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Date: June 16, 1991
Time: 10:50:18

Run ID No. 21HPXXX125

Voltage: 63.5 Volts Fill Gas: Helium
Current: 2.47 Amps Pressure: 14 psig
Power: 156.845 Watts

Vessel Temperature: Box End - 404 deg C
TC End -34.2 deg C

Heater Rod Temperature Distribution
96.44 104.1 108.1 110.7 110.1 108.9 104.0 96.68
103.5 1124 117.8 1203 120.6 117.3 111.8 102.3
105.8 - 122.7 126.0 126.1 122.2 116.1 105.8
106.4 117.5 1244 127.8 127.2 124.3 117.8 107.3
106.3 1169 123.2 126.1 126.2 123.0 116.8 106.0
103.7 1129 1188 121.7 1219 119.2 113.0 103.3
98.95 107.6 112.5 1143 114.4 111.9 107.6 99.63

92.28 97.56 101.4 102.4 1020 100.9 96.93 92.24
Box Temperature Distribution
Top 75.3(epoxy)} 76.12(under htr)

Right 73.2(epoxy) 74.88(under htr) Left 73.0(epoxy) 75.16(under htr)
Bottom 72.9(epoxy) 74.37(under htr)

End of Heater Rod Temperature Distributicn

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 95.26 106.0 115.1 117.6 106.0
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Date: July 2, 1991
Time: 19:42:50

Run ID No. 41HPXXX140

Voltage: 67.9 Volts Fiil Gas: Helium
Current: 2.64 Amps Pressure: 13 psig
Power: 179.256 Watts

Vessel Temperature: Box End - 43.2 deg C
TC End - 36.0 deg C

Heater Rod Temperature Distribution
107.7 116.4 120.9 1238 123.1 121.8 116.3 107.9
116.2 125.8 131.8 1346 134.9 131.2 125.1 114.5
118.5 - 137.5 141.0 141.3 136.9 130.1 1185
119.2 131.7 139.5 1434 142.6 139.4 132.1 120.3
119.3 131.2 138.3 141.6 141.7 138.1 131.1 119.0
116.4 126.8 133.4 136.8 137.0 1339 126.9 116.4
110.9 120.9 126.3 128.4 1236 125.8 120.9 111.8

103.5 109.5 113.9 115.0 114.6 113.3 108.8 103.4

Box Temperature Distribution

Top 83.8(epoxy) 84.83(under htr) -

Right 81.4(epoxy) 83.39(under htr) Left 31.1(epoxy) 83.72(under htr)

Bottom 81.0(epoxy) 82.80(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 106.1 1185 1288 132.1 118.8
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Date: June 16, 1991
Time: 22:13:22

Run ID No. 21HPXXX150

Voltage: 71.1 Volts Fill Gas: Helium
Current: 2.77 Amps Pressure: 15 psig
Power: 196.947 Watts

Vessel Temperature: Box End - 43.5 deg C

TC End - 364 deg C

Heater Rod Temperature Distribution

1143 124.0 129.1 132.3 131.5 130.1 123.9 114.7
123.6 134.4 141.0 144.2 144.5 140.5 133.6 121.7
126.0 - 147.1 151.0 151.2 146.4 1389 126.1
126.7 140.5 149.1 1533 152.5 1489 141.0 1279
126.7 139.9 147.6 151.1 1514 1474 139.8 126.3
123.4 1349 142.1 145.8 146.0 142.6 135.0 123.5
117.4 1283 1342 136.5 136.7 133.6 1283 118.3

109.1 115.7 120.5 121.7 121.3 119.9 114.9 108.9
Box Temperature Distribution
Top 87.3(epoxy) 88.49(under htr)
Right 84.6(cpoxy) 86.84(under htr) Left 84.4(epoxy) 87.22(under htr)

Bottom 84.3(epoxy) 86.25(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 112.4 126.2 137.1 140.5 125.8
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Date: July 3, 1991
Time: 14:27:46

Run ID No. 41HPXXX165

Voltage: 82.5 Volts Fill Gas: Helium
Current: 3.20 Amps Pressure: 13 psig
Power: 264.0 Watts

Vessel Temperature: Box End - 47.4 deg C

TCEnd -390deg C

Heater Rod Temperature Distribution

126.3 136.6 141.9 145.3 144.5 143.0 136.5 126.5
136.3 147.8 154.8 158.1 158.5 154.2 147.0 1343
1390 - 161.5 165.7 166.0 160.9 152.9 139.1
1399 1547 164.0 168.2 167.7 163.9 155.3 1413
140.1 154.2 162.6 166.5 166.5 162.4 154.2 139.7
136.6 149.1 156.9 160.9 161.2 157.4 149.2 136.7
130.2 142.1 148.6 151.0 151.2 1479 142.1 131.1

121.2 128.4 133.7 135.1 134.6 133.0 127.5 121.0
Box Temperature Distribution
Top 97.0(epoxy) 98.58(under htr)

Right 94.1(epoxy) 96.77(under htr) Left 93.9(epoxy) 97.14(under htr)
Bottom 93.8(epoxy) 96.13(under htr)

End of Heater Rod Temperature Distribution

Paosition 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 124.0 138.8 150.9 154.5 1393
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Date: June 17, 1991
Time: 10:25:12

Run D No. 21HPXXX175

Voliage: 80.8 Volts Fill Gas: Helium
Current: 3.17 Amps Pressure: 15 psig
Power: 256.136 Watts

Vessel Temperature: Box End - 474 deg C

TC End - 388 deg C

Heater Rod Temperature Distribution

133.5 144.8 150.7 1544 153.5 151.9 144.7 133.9
144.6 157.0 164.8 168.5 168.9 164.2 156.2 1423
147.4 - 172.1 176.8 177.0 171.3 162.5 147.4
148.2 164.4 174.5 1794 178.5 174.4 165.0 149.7
1484 163.8 172.9 177.2 177.3 172.7 163.7 147.8
144.5 158.0 166.6 170.9 171.3 167.2 158.1 144.6
137.5 150.4 157.4 160.1 160.4 156.6 150.4 1386

127.6 135.4 141.2 142.7 142.3 140.5 134.6 127.5

Box Temperature Distribution

Top 101.3(epoxy) 102.9(under htr)

Right 97.9(epoxy) 100.8(under htr) Left 97.7(epoxy) 101.3(under htr)

Bottom 97.6(epoxy) 100.1(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 131.0 147.1 159.9 163.8 147.2
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Date: July 3, 1991
Time: 23:45:47

Run ID No. 41HPXXX190

Voltage: 89.2 Volts Fill Gas: Helium
Current: 3.48 Amps Pressure: 16 psig
Power: 310.416 Watts

Vessel Temperature: Box End - 50.2 deg C

TC End -41.1degC

Heater Rod Temperature Distribution

145.0 1574 163.9 167.9 166.9 165.2 157.3 1454
156.9 170.8 179.2 183.3 183.7 178.6 169.9 1545
160.1 .- 187.2 1923 192.6 186.3 176.8 160.1
161.0 178.8 189.9 195.1 194.3 189.8 179.5 162.6
161.1 . 1781 183.1 192.7 192.8 187.8 178.0 160.5
156.8 171.7 181.1 185.9 186.2 181.7 171.8 156.9
149.3 163.3 171.1 1739 174.2 170.1 163.3 150.3

138.4 146.9 153.2 154.8 1543 1524 145.9 138.2

Box Temperature Distribution

Top 109.1(epoxy) 11i1.2(under hir)

Right 105.5(epoxy) 108.9(under htr) Left 105.3(epoxy) 109.4(under htr)

Bottom 105.2(epoxy) 108.1(under htr)

End of Heater Rod Temperature Distribution

" Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 142.1 159.7 1733 177.6 159.5
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Date: June 17, 1991
Time: 18:33:36

Run ID No. 21HPXXX200

Voltage: 99.2 Volts Fill Gas: Helium
Current: 3.86 Amps Pressure: 16 psig
Power: 382.912 Waits

Vessel Temperature: Box End - 50.7 deg C
TCEnd - 41.1 deg C
Heater Rod Temperature Distribution

151.8 165.0 171.8 176.1 175.0 173.2 164.9 152.3
164.4 179.2 188.2 192.5 193.0 187.6 1783 162.0
167.9 --- 196.7 202.1 202.4 195.8 185.7 168.0
168.9 187.9 199.7 205.4 204.4 199.6 188.6 170.6
169.2 187.2 197.9 202.8 203.0 197.7 187.2 168.5
164.7 180.5 190.5 195.6 196.0 1911 180.7 164.8
156.6 171.6 179.9 182.9 183.3 179.0 171.7 157.8

145.2 154.2 161.0 162.7 162.2 160.1 153.2 145.0
Box Temperature Distribution
Top 114.0(epoxy) 116.1(under htr) -

Right 109.8(epoxy) 113.6(under htr) Left 109.6(epoxy) 114.1(under htr)
Bottom 109.6(epoxy) 112.7(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 148.7 167.2 181.7 186.4 167.2
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Date: July 4, 1991
Time: 22:49:05

Run ID No. 21HPXXX225

Voltage: 111.1 Volts Fill Gas: Helium
Current: 4.30 Amps Pressure: 15 psig
Power: 4771.73 Watts

Vessel Temperature: Box End - 56.7 deg C

TCEnd -45.2 degC

Heater Rod Temperature Distribution

171.6 185.7 193.1 197.7 196.5 194.7 185.7 172.0
185.3 201.5 2111 215.8 2163 210.5 200.5 182.7
1894 - 220.7 226.5 226.9 2198 208.8 1894
1906 2115 224.3 230.1 229.4 2242 2123 1925
191.0 210.8 22296 227.9 2279 2224 2109 190.3
1863 2038 2149 220.4 2209 215.5 204.0 186.4
177.6 194.3 2034 206.9 207.2 202.5 194.3 178.8

165.0 175.1 182.6 184.5 184.0 181.7 174.0 164.8
Box Temperature Distribution
Top 130.8(epoxy) 133.1(under htr)

Right 125.9(epoxy) 130.4(under htr) Left 125.7(epoxy) 131.0(under htr)

Bottom 125.7(epoxy) 129.2(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 168.1 1877 203.9 209.0 188.8
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Date: July 6 1991
Time: 12:51:25

Run ID No. 21HPXXX225

Voltage: 111.1 Volis Fill Gas: Helium
Current: 4.29 Amps " Pressure: 14 psig
Power: 476.619 Watis

Vessel Temperature: Box End - 569 deg C
TCEnd -45.0 degC

Heater Rod Temperature Distribution
171.8 185.8 193.1 197.7 196.5 194.7 185.8 172.2
185.5 201.6 211.2 2159 2164 210.6 200.7 183.0
189.7 - 221.0 226.8 227.2 2200 209.1 189.7
190.9 211.8 224.7 230.3 2297 224.5 2127 192.8
191.4 211.2 223.1 2284 2283 2228 2113 190.7
186.7 204.3 2154 2209 2214 216.0 204.4 186.8
178.1 194.8 204.0 207.5 207.8 203.1 194.9 1793

165.6 175.8 183.3 185.2 184.7 182.3 174.6 165.3
Box Temperature Distribution
Top 131.3(epoxy) 133.6(under htr)

Right 126.7(epoxy) 131.1(under htr) Left 126.5(epoxy) 131.6(under htr)
Bottom 126.4(epoxy) 129.9(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4.4 5-5 7-3
Temperature (deg C) 168.2 187.8 204.4 209.4 1894
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Date: July 5, 1991
Time: 20:55:22

Run ID No. 41HPXXX232

Voltage: 122.9 Volts Fill Gas: Helium
Current: 4.74 Amps Pressure: 16 psig
Power: 582.546 Watts

Vessel Temperature: Box End - 56.6 deg C
TC End - 45.0deg C

Heater Rod Temperature Distribution
175.2 190.2 197.9 202.8 20015 199.6 190.1 175.7
189.6  206.7 216.8 221.7 2223 216.2 205.7 187.0
1940  --- 226.8 2329 2332 2259 2143 1939
195.1 217.1 2304 236.8 235.8 230.3 2179 197.2
1957 2164 2287 2342 2343 2285 216.5 1949
1906 2090 2205 226.2: 226.7 2212 209.2 190.7
181.5 199.0 2085 2121 2124 207.5 199.0 182.8

1683 1789 186.8 188.7 1838.2 185.7 177.7 168.1
Box Temperature Distribution
Top 132.4(epoxy) 134.8(under htr)

Right 127.4(epoxy) 132.0(under htr) Left 127.2(epoxy) 132.6(under htr)
Bottom 127.2(epoxy) 130.8(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 171.6 192.2 208.8 214.4 192.9
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E.7 Below Atmospheric Pressure Test Data #1

This section of Appendix E contains the Test Data collected on the experimental
apparatus below atmospheric pressure (24 inches Hg) at 14 different Heater Rod power
levels with the controlling temperature ranging from 70°C to 250°C without Boundary

Condition Box side or end heaters operating. A Campaign Summary follows:

Central

Vessel Box Heater Rod

Pressure Fill Temperature  Temperature  Run Date

(in H2) Gas (deg C) (deg C) L.D. No. Completed

24 in Hg Air Not 70 31XVXXX070 0772291

Controlled 85 31XVXXX085 07/23/91

100 31XVXXX100 7123 7728
125 31XVXXX125 724 7729
140 42XVXXX140 07/2991
150 31XVXXX150 07/25/91
165 42X VXXX165 0773091
175 31XVXXX175 0772591
190 42XVXXX190 07/3191
200 31XVXXX200 07/26/91
215 42XVXXX215 07/31/1
225 31XVXXX225 0772791
240 42XVXXX240 82 83
250 31IXVXXX250 0772791
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Date: July 22, 1991
Time: 12:33:43

Run ID No. 31XVXXX070

Voltage: 12.1 Volis Fill Gas: Air
Current: 0.46 Amps Pressure: 26 in Hg
Power: 5.566 Watts

Vessel Temperature: Box End - 37.6 deg C
TCEnd -304deg C

Heater Rod Temperature Distribution
63.34 65.26 66.32 66.88 66.73 66.42 65.1 63.07
65.15 67.98 69.54 70.21 70.31 69.44 67.79 65.03
66.11 --- 7137 7217 72.37 7.17 69.38 66.06
66.29 69.9i 72.07 73.38 72.96 72.08 70.07 66.52
66.47 69.94 720 72.94 72.96 7204 69.93 66.34
65.71 68.82 70.81 71.78 71.89 70.99 69.0 65.86
64.48 67.32 68.93 69.56 69.53 68.7 67.23 64.59

62.47 64.13 65.35 65.72 65.65 65.21 64.03 62.58
Box Temperature Distribution
Top 55.6(epoxy) 57.22(under htr) -

Right 56.6(epoxy) 57.01(under htr) Left 56.2(epoxy) 57.17(under htr)
Bottom 54.9(epoxy) 56.78(under htr)

End of Heater Red Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 63.21 66.68 68.16 70.9 67.3
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Date: July 23, 1991
Time: 01:08:02

Run ID No. 31XVXXX085

Voltage: 15.5 Volis Fill Gas: Air
Current: 0.58 Amps Pressure: 26 in Hg
Power: 8.99 Watts

Vessel Temperature: Box End - 40.5 deg C
TCEnd -314degC

Heater Rod Temperature Distribution
74.88 7741 78.78 79.51 79.32 78.93 771.21 74.56

71.33 80.97 82.98 83.85 83.98 82.85 80.75 77.11

78.51 -- 85.34 86.44 86.64 85.13 82.81 78.49
78.82 83.52 86.3 87.711 87.4 86.3 83.71 79.08
78.95 83.49 86.16 87.37 87.3 86.21 83.49 78.77

78.0 82.05 84.62 85.86 86.01 84.85 82.27 78.16
76.38 80.1 82.2 83.0 82.91 81.86 79.94 76.49

73.72 7592 71.49 77.97 77.86 77.29 75.76 73.84

Box Temperature Distribution

Top 64.7(epoxy) 66.83(under htr)

Right 65.8(epoxy) 66.50(under htr) Left 65.4(epoxy) 66.79(under htr)

Bottom 63.9(epoxy) 66.06(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 4-4 5-5 7-3
Temperature (deg C) 74.73 79.26 81.08 84.6 80.05
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Date: July 23, 1991
Time: 15:34:16

Run ID No. 31XVXXX100

Voltage: 18.1 Volts Fill Gas: Air
Current: 0.70 Amps Pressure: 26 in Hg
Power: 12.67 Waits

Vessel Temperature: Box End - 45.3 deg C

TCEnd -334deg C

Heater Rod Temperature Distribution

87.37 90.38 92.02 92.89 92.65 92.2 90.16 87.02
90.36 94.65 97.07 98.08 98.24 96.92 94.38 90.07
91.75 - 99.9 101.2 101.5 99.61 96.87 91.7
92.1 97.69 101.0 102.8 102.4 101.0 97.94 92.42
92.32 91.73 100.9 102.4 102.4 101.0 97.74 92,13
9123  96.04 9.14 100.6 100.8 99.39 96.3 91.41
89.3 93.73 96.24 97.21 97.2 95.94 93.65 89.52

86,29 88.87 90.75 91.34 91.21 90.52 88.69 86.4

Box Temperature Distribution
Top 75.2(epoxy) 77.99(under hir)

Right 76.7(epoxy) 77.6Z(under hitr) Left 76.1(epoxy) 77.93(under hir)
Bottom 74.3(epoxy) 77.13(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 87.2 92.59 94.76 98.9 93.6
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Date: July 28, 1991
Time: 14:16:27

Run ID No. 31XVXXX100

Voltage: 20.8 Volts Fill Gas: Air
Current: 0.81 Amps Pressure: 23 in Hg
Power: 16.848 Watts

Vessel Temperature: Box End - 38.6 deg C

TCEnd -31.1degC

Heater Rod Temperature Distribution

8207 8642 88.69 89.96 89.62 88.95 86.09 81.69
86.33 92.09 95.38 96.84 97.01 95.17 91.67 85.65
87.87 --- 98.89 100.7 100.9 98.51 94.71 87.77
8329 9568 100.1 102.4 1009 100.1 95.92 88.64
8833 9549 99.62 101.5 101.6 99.6 95.38 88.03
86.75 93.08 96.95 98.84- 98.99 97.21 93.26 86.85
8398 8971 92.88 94.05 94.08 92.46 89.57 84.27

79.93 83.23 85.54 86.26 86.07 85.26 82.89 79.97
Box Temperature Distribution
Top 66.5(epoxy) 68.84(under htr)

Right 67.3(epoxy) 68.18(under htr) - Left 66.7(cpoxy) 68.51(under htr)
Bottom 64.9(epoxy) 67.16(under htr)

End of Heater Rod Temperature Distribution

Position i-1 2-7 4-4 5-5 7-3
Temperature (deg C) 81.95 89.22 91.97 97.2 89.46
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Date: July 24, 1991
Time: 13:20:09

Run ID No. 31XVXXX125

Voltage: 22.7 Volis Fill Gas: Air
Current: 0.88 Amps Pressure: 26 in Hg
Power: 19.976 Watis

Vessel Temperature: Box End - 52.4 deg C
TCEnd -35.1degC

Heater Rod Temperature Distribution
108.2 1120 114.1 115.2 1149 1144 111.8 107.8
1122 117.5 120.5 121.8 122.0 1204 117.2 111.7
1138 - 124.1 125.8 126.1 1238 120.3 113.8
1143 1214 125.6 127.8 127.3 125.6 121.7 114.7
114.6 121.5 1255 127.3 1274 125.6 121.5 1143
113.2 1193 1233 125.1 125.4 123.6 119.7 113.5
1109 116.5 119.7 1209 1209 1193 116.4 111.2

107.1 110.4 112.8 113.5 1134 1125 110.1 107.2
Box Temperature Distribution
Top 92.3(epoxy) 96.41(under htr)
Right 94.6(epoxy) 95.9%(under htr) Left 93.6(epoxy) 96.34(under hir)

Bottom 91.2(epoxy) 95.20(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 107.9 114.7 117.4 122.7 116.1
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Date: July 29, 1991
Time: 01:04:15

Run ID No. 31XVXXX125

Voltage: 25.5 Volts Fill Gas: Air
Current: 1.00 Amps Pressure: 25 in Hg
Power: 25.5 Watts

Vessel Temperature: Box End - 44.8 deg C
TCEnd -333degC

Heater Rod Temperature Distribution
1023 107.7 110.5 1120 111.6 110.8 107.3 101.9
107.8 114.8 118.9 120.7 1209 118.7 1144 106.9
109.7 - 1234 1256 125.9 122.9 1183 109.6
110.3 1196 125.0 127.5 127.2 125.0 119.9 110.8
1104 119.4 124.6 126.9 126.7 124.6 1194 110.1
108.6 116.6 121.5 1239 124.1 121.9 1169 108.7
105.2 112.5 116.6 1181 118.1 116.0 1123 105.5

100.1 104.4 107.3 108.3 108.0 107.0 104.0 100.2
Box Temperature Distribution
Top 82.4(epoxy) 85.92(under hir) -

Right 83.8(epoxy) 85.52(under htr) Left 83.1(epoxy) 85.88(under htr)
Bottom 80.6(epoxy) 84.19(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 73
Temperature (deg C) 102.1 111.2 114.8 121.3 112.2
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Date: July 29, 1991
Time: 14:24:44

Run ID No. 42XVXXX140

Voltage: 32.2 Volts Fill Gas: Air
Current: 1.26 Amps Pressure: 25 in Hg
Power: 40.572 Watts

Vessel Temperature: Box End - 46.1 deg C

TCEnd -33.6deg C

Heater Rod Temperature Distribution

114.1 120.3 123.5 125.3 124.8 123.9 1199 113.6
1203 128.5 133.2 135.2 135.5 1329 128.0 1194
122.6 - 138.3 140.9 141.2 137.9 132.5 122.5
123.3 133.9 140.2 143.1 142.7 140.2 134.4 123.9
1234 133.8 139.8 1423 142.2 139.8 133.7 123.0
1213 130.5 136.2 138.8 139.1 136.5 130.8 121.5
117.5 125.9 1305 132.2 1322 129.9 125.7 117.9

111.5 116.5 119.9 121.0 120.7 119.5 116.0 111.6

Box Temperature Distribution

Top 90.3(epoxy) 94.5(under htr)

Right 91.9(epoxy) 93.96(under htr) Left 90.9(epoxy) 94.26(under htr)

Bottom 88.2(epoxy) 92.3(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 27 4-4 5-5 7-3
Temperature (deg C) 113.7 124.2 128.1 135.8 1253
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Date: July 25, 1991
Time: 14:25:59

Run ID No. 31XVXXX150

Voltage: 29.6 Volts Fill Gas: Air
Current: 1.14 Amps Pressure: 26 in Hg
Power: 33.744 Watts

Vessel Temperature: Box End - 58.1 deg C
TCEnd -374degC
Heater Rod Temperature Distribution

128.1 133.1 135.8 137.2 136.8 136.1 132.8 127.6
1334 140.2 144.2 1459 146.1 144.0 139.8 132.7
1355 - 148.8 150.9 151.3 1484 143.9 1354
136.1 145.3 150.7 153.3 1529 150.7 145.7 136.6
136.4 145.3 1506 152.8 152.9 150.6 1454 136.1
134.7 142.6 147.7 150.0 150.3 148.0 143.0 135.0
131.5 1389 143.0 1445 144.6 142.6 1388 1320

126.7 130.9 134.0 1350 134.8 133.7 130.6 126.8
Box Temperature Distribution
Top 107.9(epoxy) 112.7(under htr)
Right 109.6(epoxy) 112.0(under htr) Left 108.2(epoxy) 112.0(under htr)

Bottom 105.7(epoxy) 110.2(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 127.8 136.6 140.1 147.0 138.5
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Date: July 30, 1991
Time: 12:22:46

Run ID No. 42XVXXX165

Voltage: 38.3 Volts Fill Gas: Air
Current: 1.50 Amps Pressure: 23 in Hg
Power: 57.45 Watts

Vessel Temperature: Box End - 50.7 deg C

TCEnd - 36.7deg C

Heater Rod Temperature Distribution

134.2 141.7 145.6 147.6 147.1 146.1 141.3 133.7
141.6 151.5 1571 159.5 1599 156.8 150.9 140.6
1444 --- 163.1 166.3 166.6 162.6 156.3 144.4
1453 157.9 165.4 169.1 168.5 165.4 1585 145.9
145.5 157.8 165.0 167.9 168.1 164.9 157.7 144.9
1429 153.8 160.6 163.8 164.0 161.0 154.2 143.1
1383 1484 153.8 155.8 155.9 153.1 148.2 138.8

131.3 137.1 141.3 142.5 142.3 140.8 136.6 131.3

Box Temperature Distribation

Top 105.7(cpoxy) 111.0(under htr)

Right 107.2(epoxy) 109.9(under htr) Left 105.9(epoxy) 110.2(under htr)

Bottom 102.4(epoxy) 107.7(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 3-5 7-3
Temperature (deg C) 133.6 146.2 150.5 159.7 147.5
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Date: July 25, 1991
Time: 22:35:41

Run ID No. 31XVXXX175

Voltage: 35.4 Volts Fill Gas: Air
Current: 1.37 Amps Pressure: 25in Hg
Power: 48.498 Watts

Vessel Temperature: Box End - 64.0deg C
TCEnd -403degC
Heater Rod Temperature Distribution

148.0 154.1 157.5 159.2 158.7 157.9 153.8 147.4
154.7 162.9 167.8 169.9 170.2 167.6 162.5 153.6
157.0 - 173.5 176.2 176.6 173.0 167.5 156.9
1579 169.1 175.8 1789 178.5 175.8 169.7 1584
158.2 169.2 175.7 1784 178.4 175.7 169.2 157.7
156.0 165.8 172.1 175.0 1753 172.5 166.3 156.3
152.2 161.3 166.3 168.2 168.2 165.7 161.1 152.6

146.2 1514 155.2 156.3 156.1 154.7 151.0 146.3

Box Temperature Distribution
Top 121.9(epoxy) 127.9(under htr)

Right 124.8(epoxy) 127.6(under htr) Left 123.1(epoxy) 127.7(under htr)
Bottom 120.1(epoxy) 125.5(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 1475 158.2 162.4 170.6 160.7
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Date: July 31, 1991
Time: 01:43:40

Run ID No. 42XVXXX190

Voltage: 44.1 Volts Fill Gas: Air
Current: 1.71 Amps Pressure: 24 in Hg
Power: 75.411 Watts

Vessel Temperature: Box End - 58.7 deg C
TC End - 39.6 deg C

Heater Rod Temperature Distribution
156.4 1643 168.5 170.8 170.2 169.1 164.0 155.8
164.6 1752 181.3 184.0 1844 181.1 174.7 163.4
167.7 - 188.2 191.7 192.0 187.6 180.7 167.6
168.6 1826 190.9 195.0 194.3 190.9 183.3 169.4
169.1 1827 190.6 194.0 194.2 190.7 182.7 168.4
166.4 1785 186.1 189.6 189.9 186.6 178.9 166.6
161.5 1727 178.8 181.0 181.2 178.1 172.5 162.1

154.0 160.5 165.1 166.5 166.2 164.6 159.9 154.1
Box Temperature Distribution
Top 124.7(epoxy) 131.2(under htr) -

Right 127.1(epoxy) 130.4(under htr) Left 125.3(epoxy} 130.7(under htr)
Bottom 121.2(epoxy) 127.8(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 155.6 169.0 174.0 184.2 1714
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Date: July 26, 1991
Time: 11:52:48

Run ID No. 31XVYXXX200

Voltage: 44.5 Volts Fill Gas: Air
Current: 1.72 Amps Pressure: 25 in Hg
Power: 76.54 Watts

Vessel Temperature: Box End - 67.3deg C
TCEnd -41.6deg C

Heater Rod Temperature Distribution
167.9 175.3 179.3 181.4 180.8 179.8 1749 167.3
175.8 185.8 191.7 194.2 194.5 1914 185.3 174.6
178.7 --- 198.5 201.7 202.1 197.8 191.2 1786
179.7 1932 201.2 20s.1 2044 201.2 1939 180.4
180.2 193.3 201.1 204.3 204.5 201.2 193.4 179.5
177.6 189.4 196.8 200.2 200.6 1973 189.9 178.0
173.1 184.0 190.0 192.2 192.3 1863 183.8 173.7

166.0 172.2 176.7 178.1 1779 176.2 1717 166.1
Box Temperature Distribution
Top 136.3(epoxy) 144.3(under hir)
Right 139.8(epoxy) 143.5(under htr) Left 137.8(epoxy) 143.5(under htr)

Bottom 133.9(epoxy) 140.6(under htr)

End of Heater Rod Tempersature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 167.0 179.7 184.5 1944 182.7
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Date: July 31, 1991
Time: 16:33:35

Run ID No. 42XVXXX215

Voltage: 53.7 Volts Fill Gas: Air
Current: 2.08 Amps Pressure: 23 in Hg
Power: 111.696 Watts

Vessel Temperature: Box End - 63.1 deg C
TC End - 41.5degC

Heater Rod Temperature Distribution
176.1 185.2 1899 192.5 191.8 190.7 184.8 175.6
185.3 197.6 204.5 207.6 208.0 204.4 197.0 184.2
18930  --- 2123 2164 2166 211.8 204.0 189.1
190.3 206.2 215.6 2204 2194 215.5 206.9 191.1
1909 206.3 2154 219.0 219.5 215.4 206.3 190.0
187.8 201.7 2102 2142 214.6 210.7 202.1 188.1
182.3 195.1 202.0 204.5 204.8 201.3 194.9 183.0

173.9 181.2 186.4 188.0 187.8 185.9 180.5 173.9

Box Temperature Distribution
Top 140.1(epoxy) 147.9(under htr)

Right 142.4(epoxy) 146.6(under htr) Left 140.4(epoxy) 146.9(under htr)
Bottom 135.5(epoxy) 143.3(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2.7 4-4 5-5 7-3
Temperature (deg C) 175.1 190.1 195.4 207.3 192.9
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Date: July 27, 1991
Time: 00:02:47

Run ID No. 31XVXXX225

Voltage: 54.3 Volts Fill Gas: Air
Current: 2.11 Amps Pressure: 25 in Hg
Power: 114.573 Watis

Vessel Temperature: Box End - 72.4 deg C
TCEnd -45.1degC

Heater Rod Temperature Distzibution
188.2 196.8 2013 2037 203.0 202.0 196.4 187.6
1974 208.8 215.5 2183 218.8 2153 208.3 196.0
200.7 - 223.2 2269 2213 2226 215.1 200.7
201.8 217.3 226.5 2309 230.1 2263 218.1 2028
202.6 217.5 2264 230.0 2304 2264 2176 201.8
199.7 213.1 2216 2254 2258 2221 2137 200.1
194.5 207.0 213.8 216.3 216.5 2131 206.8 195.2

186.5 193.6 198.8 200.3 200.1 198.2 193.0 186.6
Box Temperature Distribution
Top 152.2(epoxy) 161.0(under htr)

Right 155.7(epoxy) 160.1(under htr) Left 153.3(epoxy) 160.3(under htr)
Bottom 148.8(epoxy) 156.9(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 187.0 2013 206.6 2182 205.0
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Date: August 2, 1991
Time: 21:58:52

Run ID No. 42XVXXX240

Voltage: 59.5 Volts Fill Gas: Air
Current: 2.29 Amps Pressure: 23 in Hg
Power: 136.255 Watts

Vessel Temperature: Box End - 75.0 deg C
TC End -47.3deg C

Heater Rod Temperature Distribution
200.2 209.5 2144 217.0 216.3 215.2 209.2 199.5
210.0 2226 22938 2329 2334 229.7 2220 208.6
213.7 - 2381 242.1 2426 2374 2293 213.6
2149 231.7 241.5 246.0 2454 2415 232.5 2159
215.6 2318 241.3 245.2 245.4 241.4 2319 214.7
2125 2271 236.2 2403 240.7 236.7 2276 212.8
206.9 2204 2278 2304 2305 226.9 220.1 207.5

198.0 2059 2114 213.1 21238 210.8 205.1 198.1
Box Temperature Distribution
Top 160.6(epoxy) 170.3(under htr)

Right 164.2(epoxy) 169.1(under htr) Left 161.8(epoxy) 169.5(under htr)
Bottom 156.3(epoxy) 165.6(under htr)

End of Heater Rod Temperature Distribution

 Position 1-1 27 44 55 73
Temperature (deg C) 198.4 214.0 219.6 2316 2174
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Date: August 3, 1991
Time: 11:24:06

Run ID No. 42XVXXX240

Voltage: 60.9 Volis Fill Gas: Air
Current: 2.35 Amps Pressure: 22 in Hg
Power: 143.115 Watts

Vessel Temperature: Box End - 72.6 deg C

TCEnd -46.4deg C

Heater Rod Temperature Distribution

1989 2085 2135 216.2 2154 214.3 208.1 198.3
2089 2217 229.1 232.3 2329 229.0 2212 207.5
212.7 .- 237.6 241.5 2422 236.9 228.6 212.6
2139 2309 2410 245.7 2449 241.0 231.9 214.9
2146 2310 240.7 244.7 2449 240.8 2311 213.7
2114 2262 2355 2396 240.1 2359 226.7 2117
2056 2194 2269 229.5 229.6 2259 219.0 206.2

196.5 204.6 2102 211.8 2116 209.5 203.8 196.7
Box Temperature Distribution
Top 159.1(epoxy) 168.4(under htr) -

Right 162.1(epoxy) 167.1(under hir) Left 159.8(epoxy) 167.5(under htr)
Bottom 154.2(epoxy) 163.4(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2-7 4-4 5-5 7-3
Temperature (deg C) 197.1 213.0 218.7 231.1 2164
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Date: July 27, 1991
Time: 11:07:13

Run ID No. 31XVXXX250

Voltage: 63.4 Volts Fill Gas: Air
Current: 2.44 Amps Pressure: 24 in Hg
Power: 154.696 Watts

Vessel Temperature: Box End - 77.5 deg C

TC End - 48.0 deg C

Heater Rod Temperature Distribution

208.8 2183 2234 226.1 225.3 224.1 2179 208.1
219.1 231.7 239.1 2423 2428 239.0 231.2 2174
222.7 - 2477 251.8 2522 246.9 238.7 2225
223.8 241.1 2513 256.0 255.2 251.2 242.0 2249
2247 2413 2511 255.1 255.3 2512 241.4 2238
221.5 236.5 2459 250.1 250.5 246.4 237.0 221.8
215.8 229.7 2373 2400 240.2 2364 229.5 216.5

206.7 214.8 220.5 222.2 222.0 2199 214.1 206.8

Box Temperature Distribution

Top 167.6(epoxy) 177.9(under htr)

Right 171.4(epoxy) 176.6(under htr) Left 168.4(epoxy) 176.9(under htr)

Bottom 163.2(epoxy) 173.0(under htr)

End of Heater Rod Temperature Distribution

Position 1-1 2.7 44 5-5 7-3
Temperature (deg C) 2073 222.7 228.4 240.8 226.8
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E.8 Below Atmospheric Pressure Test Data #2

This section of Appendix E contains the Test Data collected on the experimental
apparatus below atmospheric pressure at 16 inches Hg and 20 inches Hg at the same
Heater Rod controlling temperature of 240°C without Boundary Condition Box side or
end heaters operating. The purpose of these data points are discussed in Chapter 5

Section 5. The summary follows:

Central
Vessel Box Heater Rod
Pressure Filll  Temperature Temperature Run Date
(in Hg) Gas (deg C) (deg C) LD. No. Completed
16 in Hg Air Not 240 42XVXXX240 08/08/91
Controlled
20 in Hg Air Not 240 £2XVXXX240 08/02/91
Controlled
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Date: August 8, 1991
Time: 04:29:58

Run ID No. 42XVXXX240

Voltage: 64.8 Volts Fill Gas: Air
Current: 2.50 Amps Pressure: 16 in Hg
Power: 162.0 Watts

Vessel Temperature: Box End - 643 deg C

TCEnd - 445degC

Heater Rod Temperature Distribution

193.9 205.3 211.2 2143 213.5 2121 204.8 1933
205.1 220.1 2286 2322 2328 228.4 2193 2034
209.1 - 237.3 241.8 2425 236.5 227.1 208.9
210.0 229.3 240.5 245.6 244.7 240.4 230.1 211.2
210.5 2289 239.5 243.8 244.0 239.4 228.7 209.2
206.6 223.1 233.1 2376 2380 2333 223.2 206.6
199.8 214.9 223.0 2258 225.9 221.7 214.3 2003

189.5 198.1 204.2 206.1 2059 203.6 197.1 189.5
Box Temperature Distribution
Top 150.4(epoxy) 158.5(under htr)

Right 151.7(epoxy) 156.8(under htr) Left 149.6(epoxy) 157.2(under htr)
Bottom 143.8(epoxy) 152.7(under htr)

End of Heater Rod Temperature Distribution

Position 11 2-7 44 5-5 7-3
Temperature (deg C) 192.0 2103 2156 229.2 2116
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Date: August 2, 1991
Time: 14:05:48

Run ID No. 42XVXXX240

Voliage: 65.1 Volts Fill Gas: Air
Current: 2.52 Amps Pressure: 20 in Hg
Power: 164.052 Watts

Vessel Temperature: Box End - 67.8 deg C

TC End -456deg C

Heater Rod Temperature Distribution

196.1 206.7 2121 215.1 2143 213.0 206.3 195.5
206.9 2208 2288 2323 2328 228.7 220.2 205.3
2108  --- 2375 242.1 2424 236.8 228.0 210.7
2119 230.2 241.0 246.0 245.1 240.8 231.2 213.1
2126 2302 240.5 244.6 24438 240.4 230.2 2115
2090 2249 2346 239.0 2394 235.0 2252 209.2
202.7 217.3 2252 2279 228.1 224.1 2169 203.3

1930 2014 207.3 209.1 2089 206.7 200.5 1929
Box Temperature Distribution
Top 154.2(epoxy) 163.0(under htr)

Right 156.1(epoxy) 161.2(under htr) Left 154.2(cpoxy) 161.6(under htr)

Bottom 148.2(epoxy) 157.3(under htr)

End of Heater Red Temperature Distribution

 Position 1-1 2.7 4-4 55 7-3
Temperature (deg C) 194.3 2115 2171 230.1 2143
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APPENDIX F

PROCESS FOR DATA REDUCTION

This appendix contains the process of data reduction used for the data taken
above atmospheric pressure in Helium and in Argon and the data taken below
atmospheric pressure. Chapter 5 presents the overall scheme of analysis/reduction of the
data taken in each Test Campaign and specifically goes through the process of data
reduction for the data taken at atmospheric pressure in Air and above atmospheric

pressure in Nitrogen. The processes of this appendix are presented in the following

order:

Page
F.1  Above Atmospheric Pressure Argon Data Reduction 445
F.2  Above Atmospheric Pressure Helium Data Reduction 453
F.3  Below Atmospheric Pressure Data Reduction 461
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F.1 Above Atmospheric Pressure Argon Data Reduction

This section of Appendix F provides the detailed process of reduction for the
Argon data set. The Argon data set includes the data taken above atmospheric pressure

with nitrogen as the heat transfer medium (Appendix E.S).

Argon Test Data Reduction Step 1.

In Step 1, the average wall temperature as a function of power is obtained for the
Argon data. Using Cricket Graph, the actual power and average wall temperature
obtained from the experimental apparatué for Argon are input into a data file. The data
is then plotted in the form of Average Wall Temperature (y-axis) as a function of Power
(x-axis) and a second order polynomial curve fit of this data provides the function inpﬁt

for Step 3. The plotted Argon data with the curve fit is provided in Figure F-1. The

input function for Argon is:
y = 42.645 + 0.60389 x - 8.6181(10y¢ x*

where x is power and y is the average wall temperature.
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Argon Test Data Reduction Step 2.

In Step 2, the Wooten-Epstein relationship only applies to the Air/Nitrogen data

set. Go to Step 3.

Argon Test Data Reduction Step 3.

In Step 3, the lumped Kop/hegoe model is evaluated to provide a predicted
differential temperature between the maximum heater rod temperature and the average
wall temperature as a function of power for the Argon test data. Using Mathematica,
the function obtained from Step 1 is input into the "mit8x8.m", "mit8x8.up” and

"mit8x8.10" programs in the following format:

42.645 + 0.60389 Q - 0.00086181 Q Q + 273

in the Input Section. Adding 273 converts the experimental temperature units (°C) to
the units used in the theoretical prediction calculations (°K). Additionally, the heat
transfer medium (Ar) is input into each "mit8x8" program. The user should also ensure
that the appropriate "Fcond" factor is available in each "mit8x8" program. Available
means that the appropriate factor is not surrounded by comment characters, "(*" on the

left side of "Fcond" for Ar and a second "*)" at the end of the line. After inputting these
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items, the lumped Koy model programs are ready to be executed/evaluated. First
execute "gas.m"; second execute "keff.m"; third execute "mit8x8.m"; fourth execute
"mit8x8.up"; and lastly execute "mit8x8.10". The output results from "mit8x8.m",
"mit8x8.up” and "mit8x8.l0" are in table form providing the Heat Transfer Medium (N2)
in the first column, Power in the second column, and the Predicted Differential
Temperature in the third column. Note: AT(°K) = AT(°C). The "mit8x8.m" program
with its output results is provided in Table F-1; the "mit8x8.up" program with its output
results is provided in Table F-2; and the "mit8x8.10" program with its output results is

provided in Table F-3.

Argon Test Data Reduction Step 4.

In Step 4, the error analysis of the test data is performed. The error analysis is

discussed in Chapter 5 Section 3.

Argon Test Data Reduction Step 5.

In Step 5, the output resuits from Step 3 as well at the experimental results
obtained in an Argon heat transfer environment are plotted. Using Cricket Graph, the

powers and predicted differential temperatures are input into a data file. Each
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Table F-1:  Lumped k,g/hyg Model Program 3 of 5: "mit8x8.m" with its
output results for Argon (15 psig)

Input(1]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box,

La =2.012.0 0.0254; (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w =wprpdrd;

p =pdrd;

Le =4(8p); (* circumferential length *)

Fcond =2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond = 2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond = 0.0; (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.9, Crad =045 *)

(* SQ, p/d=1.33, er = ew = 0.9, Cradw! = 0.44, Cradw2 = 0.36 *)
Crad =0.45;

Cradwl = 0.44,

Cradw?2 = 0.36;

Tablef ATkeff[ Ar, Fpeak, Q,
42.645 + 0.60389 Q - 0.00086181 Q Q + 273,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl1, Cradw2 ],
(Q, 1, 300, 20}1

Output[1]:

({Ar, 1, 1,127}, {Ar, 21, 20.2658]}, [Ar, 41, 34.7773},
{Ar, 61, 46.331}, {Ar, 81, 55.8747), {Ar, 101, 64.0003},
{Ar, 121, 71.1031}, {Ar, 141, 77.4604}, {Ar, 161, 83.2753},
{Ar, 181, 88.7011}, {Ar, 201, 93.8571}, {Ar, 221, 98.839},
(Ar, 241, 103.725}, {Ar, 261, 108.581}, (Ar, 281, 113.464},
(Ar, 301, 118.424})

449



Table F-2: Lumped kqﬂ/hed Model Prograin 4 of 5: "mit8x8.up” with its
output results tor the Upper Error Bound for Argon (15 psig)

Input{2]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2012.0 0.0254; (*axial length 2 ft *)
d =(3.0/8.000.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w = wprpdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond =2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond = 2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond =0.0; (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.8, Crad = 0.39 *)

(* $Q, p/d=1.33, er = ew = 0.8, Cradwl = 0.37, Cradw2 = 0.30 *)
Crad =0.39;

Cradwl = 0.37;

Cradw?2 = 0.30;

Table] ATkeff] Ar, Fpeak, Q,
42.645 + 0.60389 Q - 0.00086181 Q Q + 273 - 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
{Q, 1, 300, 20}}

Output[2]:

{{Ar, 1, 1.35495), (Ar, 21, 24.0992}, {Ar, 41, 41.0688},
{Ar, 61, 54.4487), {Ar, 81, 65.4296}, {Ar, 101, 74.7354},
{Ar, 121, 82.8405}, {Ar, 141, 90.0734}, {Ar, 161, 96.6714},
{Ar, 181, 102.812}, {Ar, 201, 108.533}, {Ar, 221, 114.243},
(Ar, 241, 119.731}, {Ar, 261, 125.171}, {Ar, 281, 130.626},
{Ar, 301, 136.15}}
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Table F-3: Lumped k,g/h, 4, Model Program 5 of 5: "mit8x8.10" with its
output results for the Lower Error Bound for Argon (15 psig)

Input[3]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.0120 0.0254; (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 inrod diameter *)

pdr =1.33;

wpr = 1.00;

w = wpr pdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond =2.0; (* SQ, p/d=1.33, He wic *) *)
{(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* 8Q, p/d=1.33, er = 1.0, Crad = 0.51 *)

(* SQ, p/d=1.33, er = ew = 1.0, Cradwl = 0.52, Cradw2 = 0.41 ¥)
Crad =0.51;

Cradwl = 0.52;

Cradw2 = 0.41;

Table[ ATkeff[ Ar, Fpeak, Q,
42.645 + 0.60389 Q - 0.00086181 Q Q + 273 + 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw?2 ],
{Q, 1, 300, 20}]

Output[3]:

({Ar, 1, 0.947282}, {Ar, 21, 17.2012}, {Ar, 41, 29.7091},
(Ar, 61, 39.7616}, {Ar, 81, 48.1193}, {Ar, 101, 55.2692},
{Ar, 121, 61.5422}, {Ar, 141, 67.1741}, {Ar, 161, 72.3301},
{Ar, 181, 77.1701}, {Ar, 201, 81.7714}, {Ar, 221, 86.2273},
{Ar, 241, 90.6072}, {Ar, 261, 949702}, {Ar, 281, 99.3673},
{Ar, 301, 103.844) )
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prediction is then line plotted in the form of Differential Temperature (y-axis) as a
function of Power (x-axis) on the same graph. Then a scatter plot of the experimental

data is overlaid on the predictions. This graph is presented in Chapter 5 Section 4.
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F.2 Above Atmospheric Pressure Helium Data Reduction

This section of Appendix F provides the detailed process of reduction for the
Helium data set. The Helium data set includes the data taken above atmospheric

pressure with helium as the heat transfer medium (Appendix E.6).

Helium Test Data Reduction Step 1.

In Step 1, the average wall temperature as a function of power is obtained for the
Helium data. Using Cricket Graph, the actual power and average wall temperature
obtained from the experimental apparatus for Helium are input into a data file. The
data is then plotted in the form of Average Wali Temperature (y-axis) as a function of
Power (x-axis) and a second order polynomial curve fit of this data provides the function
input for Step 3. The plotted Helium data with the curve fit is provided in Figure F-2.

The input function for Helium is:
y = 31.709 + 0.32574 x - 2.5663(10)% x

where x is power and y is the average wall temperature.
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Helium Test Data Reduction Step 2.

In Step 2, the Wooten-Epstein relationship only applies to the Air/Nitrogen data

set. Go to Step 3.

Helium Test Data Reduction Step 3.

In Step 3, the lumped k,g/h,4, model is evaluated to provide a predicted
differential temperature between the maximum heater rod temperature and the average
wall temperature as a function of power for the Helium test data. Using Mathematica,
the function obtained from Step 1 is input into the "mit8x8.m", "mit8x8.up" and

"mit8x&.10" programs in the following format:
31.709 + 0.32574 Q - 0.00025663 Q Q + 273

in the Input Section. Adding 273 converts the experimental temperature units (O to
the units used in the theoretical prediction calculations (°K). Additionally, the heat
transfer medium (He) is input into each "mit8x8" program. The user should also ensure
that the appropriate "Fcond" factor is available in each "mit8x8" program. Available
means that the appropriate factor is not surrounded by comment characters, "(*" on the

left side of "Fcond" for He and a second "*)" at the end of the line. After inputting these
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items, the lumped kqﬂ’,hedge model programs are ready to be executed/evaluated. First
~ execute "gas.m"; second execute "keff.m"; third execute "mit8x8.m"; fourth execute
"mit8x8.up”; and lastly execute "mit8x8.lo". The output results from "mit8x8.m",
"mit8x8.up" and "mit8x8.10" are in table form providing the Heat Transfer Medium (N2)
in the first column, Power in the second column, and the Predicted Differential
Temperature in the third column. Note: AT(°K) = AT(°C). The "mit8x8.m" program
with its output resuits is provided in Table F-4; the "mit8x8.up" program with its output
results is provided in Table F-5; and the "mit8x8.l0" program with its output results is

provided in Table F-6.

Helium Test Data Reduction Step 4.

In Step 4, the error analysis of the test data is performed. The error analysis is

discussed in Chapter 5 Section 3.

Helium Test Data Reduction Step 3.

In Step 5, the output results from Step 3 as well at the experimental results
obtained in a Helium heat transfer environment are plotted. Using Cricket Graph, the

powers and predicted differential temperatures are input into a data file. Each
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Table F-4:

Lumped kq/h,4, Model Program 3 of 5: "mit8x8.m" with its
output results for Helium (15 psig)

Input[1]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254; (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w = wpr pdrd;

p =pdrd;

Le =4(8p); (* circumferential length *)

(* Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)

(* SQ, p/d=1.33, Ar w/c ¥)

(* SQ, p/d=1.33, Vac no better than 10 torr *) *)
Fcond =2.0; (* SQ, p/d=1.33, He w/c *)
(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.9, Crad = 0.45 *)

(* SQ, p/d=1.33, er = ew = 0.9, Cradwl = 0.44, Cradw2 = 0.36 *)
Crad =0.45;

Cradwl = 0.44;

Cradw?2 = 0.36;

Table[ ATkeff[ He, Fpeak, Q,
31.709 + 0.32574 Q - 0.00025663 Q Q + 273,
La, Lc, d, pdr, wpr, geom, -
Fcond, Crad, Cradwl, Cradw2 ],
{Q, 1, 600, 20)]

Output([1]:

{(He, 1, 0.43052}, {He, 21, 8.67316}, {He, 41, 16.2794},
{He, 61, 23.331), {He, 81, 29.8967}, {He, 101, 36.0349},
{He, 121, 41.7961), {(He, 141, 47.224}, {He, 161, 52.3569),
{He, 181, 57.2284}, {He, 201, 61.8685}, {He, 221, 66.3038},
{He, 241, 70.558}, {He, 261, 74.6525}, {He, 281, 78.6068},
{He, 301, 82.4384}, (He, 321, 86.1633}, {He, 341, 89.796},
{He, 361, 93.3499}, (He, 381, 96.8376}, (He, 401, 100.27}, .
{He, 421, 103.659}, {He, 441, 107.013}, {He, 461, 110.342},
{He, 481, 113.654}, (He, 501, 116.958}, {He, 521, 120.262},
{He, 541, 123.573}, (He, 561, 126.897}, {He, 581, 130.243},
{He, 601, 133.616} }
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Table F-5:  Lumped kg'h,g Model Program 4 of 5: "mit8x8.up” with its
output results for the Upper Error Bound for Helium (15 psig)

Input[2]:
(* mit 8x8 file *)

(* evaluate 'gas.m’' and 'keff.m' files before this file *)

Fpeak = 1.0;

geom = box;

La =2012.0 0.0254; (*axiallength?2 ft*)
d =(3.0/8.0)0.0254; (* 3/8in rod diameter *)

pdr =1.33;

wpr = 1.00;

w =wprpdrd;

p =pdrd

Lc =4(8p); (* circumferential length *)
(* Fcond =2.5; (* SQ, p/d=1.33, N2 w/c *)

(* SQ, p/d=1.33, Ar w/c *)

(* SQ, p/d=1.33, Vac no better than 10 torr *) *)
Fcond = 2.0, (* SQ, p/d=1.33, He w/c *)
(* Fcond =0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.8, Crad = 0.39 *)

(* SQ, p/d=1.33, er = ew = 0.8, Cradwl = 0.37, Cradw2 = 0.30 *)
Crad =0.39;

Cradwl = 0.37;

Cradw?2 = 0.30;

Table[ ATkeff[ He, Fpeak, Q,
31.709 + 0.32574 Q - 0.00025663 Q Q + 273 - 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
{Q, 1, 600, 20}]

Output{2]:

({He, 1, 0.463941)}, {He, 21, 9.35412}, {He, 41, 17.5723},
{He, 61, 25.2051), {He, 81, 32.3247}, {He, 101, 38.9923},
(He, 121, 45.2607), {He, 141, 51.1754}, (He, 161, 56.7764},
{He, 181, 62.0987), {He, 201, 67.1735}, (He, 221, 72.0286}, -
{He, 241, 76.6889}, {He, 261, 81.1769}, {(He, 281, 85.5127},
{He, 301, 89.7148}, {He, 321, 93.8001}, (He, 341, 97.7838},
{He, 361, 101.68}, {He, 381, 105.502}, {He, 401, 109.262},
{He, 421, 112.97}, {He, 441, 116.638}, {He, 461, 120.275},
{He, 481, 123.89}, {He, 501, 127.493}, {He, 521, 131.09},
(He, 541, 134.69}, {He, 561, 138.3}, {(He, 581, 141.928},
{He, 601, 145.58})
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Table F-6:  Lumped kg/h, 4 Model Program 5 of 5: "mit8x8.10" with its
output results for the Lower Error Bound for Helium (13 psig)

Input[3]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m' files before this file *)

Fpeak = 1.0;

geom = box;

La =2.0120 0.0254; (* axial length 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

4(8p); (* circumferential length *)

(* Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)

(* SQ, p/d=1.33, Ar w/c *)

(* SQ, p/d=1.33, Vac no better than 10 torr *) *)
Fcond = 2.0; (* SQ, p/d=1.33, He w/c *)
(* Fcond = 0.0, (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 1.0, Crad = 0.51 *)

(* SQ, p/d=1.33, er = ew = 1.0, Cradwl = 0.52, Cradw2 = 0.41 *)
Crad =0.51;

Cradwl =0.52;

Cradw2 = 0.41;

Table[ ATkeff] He, Fpeak, Q,
31.709 + 0.32574 Q - 0.00025663 Q Q + 273 + 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw?2 |,
(Q, 1, 600, 20)]

Output[3]:

{ {He, 1, 0.398796}, (He, 21, 8.02891}, {He, 41, 15.0604},
{He, 61, 21.5702}, {He, 81, 27.6232}, {He, 101, 33.2748]},
{He, 121, 38.573}, {He, 141, 43.5591}, {He, 161, 48.2697},
{He, 181, 52.7366}, {He, 201, 56.9884}, {He, 221, 61.05]},
{He, 241, 64.9443}, {He, 261, 68.6913}, {He, 281, 72.3095},
{He, 301, 75.8153}, {He, 321, 79.224}, {He, 341, 82.5491},
(He, 361, 85.8035}, {He, 381, 88.9987}, {He, 401, 92.1456},
{(He, 421, 95.2541}, (He, 441, 98.3337}, {He, 461, 101.393},
{He, 481, 104.44), {He, 501, 107.483}, (He, 521, 110.529},
{He, 541, 113.585), {He, 561, 116.658}, {He, 581, 119.754},
{He, 601, 122.88}}
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prediction is then line plotted in the form of Differential Temperature (y-axis) as a
function of Power (x-axis) on the same graph. Then a scatter plot of the experimental

data is overlaid on the 'predictions. This graph is presented in Chapter 5 Section 4.
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F.3 Below Atmospheric Pressure Data Reduction

This section of Appendix F provides the detailed process of reduction for the
Below Atmospheric Pressure data set. This data set includes the data taken below

atmospheric pressure with air as the initial heat transfer medium (Appendix E.7).

Below Atmospheric Pressure Test Data Reduction Step 1.

In Step 1, the average wall temperature as a function of power is obtained for the
Below Atmospheric Pressure data. Using Cricket Graph, the actual power and average
wall temperature obtained from the experimental apparatus for Below Atmospheric
Pressure are input into a data file. The data is then plotted in the form of Average Wall
Temperature (y-axis) as a function of Power (x-axis) and a second order polynomial
curve fit of this data provides the function input for Step 3. The plotted Below
Atmospheric Pressure data with the curve fit is provided in Figure F-3. The input

function for Below Atmospheric Pressure is:
y = 55.157 + 1.4479 x - 4.6105(10)3 x

where x is power and y is the average wall temperature.
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Below Atmospheric Pressure Test Data Reduction Step 2.

In Step 2, the Wooten-Epstein relationship only applies to the Air/Nitrogen data

set. Go to Step 3.

Below Atmospheric Pressure Test Data Reduction Step 3.

In Step 3, the lumped k,g/h,4, model is evaluated to provide a predicted
differential temperature between the maximum heater rod temperature and the average
wall temperature as a function of power for the Below Atmospheric Pressure test data.
Using Mathematica, the function obtained from Step 1 is input into the "mit8x8.m",

"mit8x8.up" and "mit8x8.10" programs in the following format:
55.157 + 1.4479 Q - 0.0046105 Q Q + 273

in the Input Section. Adding 273 converts the experimental temperature units (°C) to
the units used in the theoretical prediction calculations (°K). Additionally, the heat
transfer medium (Vac) is input into each "mit8x8" program. The user should also ensure
that the appropriate "Fcond" factor is available in each "mit8x8" program. Available
means that the appropriate factor is not surrounded by comment characters, "(*" on the

left side of "Fcond" for Vac (24"Hg) and a second "*)" at the end of the line. After
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inputting these items, the lumped kqﬂ"hedge model programs are ready to be
executed/evaluated. First execute "gas.m"; second execute "keff.m"; third execute
"mit8x8.m"; fourth execute "mit8x8.up"; and lastly execute "mit8x8.10". The output results
from "mit8x8.m", "mit8x8.up" and "mit8x8.10" are in table form providing the Heat
Transfer Medium (Vac) in the first column, Power in the second column, and the
Predicted Differential Temperature in the third column. Note: AT(°K) = AT(°C). The
"mit8x8.m" program with its output results is provided in Table F-7; the "mit8x8.up"

program with its output results is provided in Table F-8; and the "mit8x8.l0" program

with its output results is provided in Table F-9.

Below Atmospheric Pressure Test Data Reduction Step 4.

In Step 4, the error analysis of the test data is performed. The error analysis is

discussed in Chapter 5 Section 3.

Below Atmospheric Pressure Test Data Reduction Step 5.

In Step 5, the output results from Step 3 as well at the experimental results
obtained in a Below Atmospheric Pressure heat transfer environment are plotted. Using

Cricket Graph, the powers and predicted differential temperatures are input into a data
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Tabie F-7:

Lumped k,g/h e Model Program 3 of 5: "mit8x8.m" with its
output results for Below Atmospheric Pressure (24 inches Hg)

Input{1}]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254; (* axial length 2 ft *)
d =1(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w = wprpdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* $Q, p/d=1.33, Vac no better than 10 torr *)
(* Fcond =20, (* SQ, p/d=1.33, He w/c *) *)
(* Fcond =0.0; (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.9, Crad = 0.45 *)

(* SQ, p/d=1.33, er = ew = 0.9, Cradwl = 0.44, Cradw2 = 0.36 *)
Crad =0.45;

Cradwl = 0.44;

Cradw2 = 0.36;

Table[ ATkeff[ Vac, Fpeak, Q,
57.647 + 1.3068 Q - 0.0038156 Q Q + 273,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
{Q, 1, 200, 20}]

Output(1]:
{{Vac, 1, 0.895672}, (Vac, 21, 15.2798), {Vac, 41, 25.2743},
{Vac, 61, 32.8867}, {Vac, 81, 39.1919},
{Vac, 101, 44.8369}, {Vac, 121, 50.2521},
{Vac, 141, 55.7551}, {Vac, 161, 61.6061},
(Vac, 181, 68.0418}, { Vac, 201, 75.2972} }
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Table F-8: Lumped k,gh,g, Model Program 4 of 5: "mit8x8.up” with its
output results for the Upper Error Bound for Below Atmospheric
Pressure (24 inches Hg)

Input[2]:
(* mit 8x8 file *)

(* evaluate 'gas.m’ and 'keff.m’ files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254; (*axiallength 2 ft *)
d =(3.0/8.0)0.0254; (* 3/8in rod diameter *)

pdr =1.33;

wpr = 1.00;

w = wpr pdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* 8Q, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(¥ Fcond = 2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond =0.0; (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 0.8, Crad = 0.39 *)

(* SQ, p/d=1.33, er =ew = 0.8, Cradw! = 0.37, Cradw2 = 0.30 *)
Crad =0.39;

Cradwl =0.37,

Cradw2 = 0.30;

Table[ ATkeff[ Vac, Fpeak, Q,
57.647 + 1.3068 Q - 0.0038156 Q Q + 273 - 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
(Q, 1, 200, 20}]

Output[2]:

{{Vac, 1, 1.05915}, (Vac, 21, 17.9934}, (Vac, 41, 29.6939},
{Vac, 61, 38.577}, { Vac, 81, 45.9137}, {Vac, 101, 52.4602},
{Vac, 121, 58.7153), {Vac, 141, 65.0425},

(Vac, 161, 71.7353), {Vac, 181, 79.0558},
{Vac, 201, 87.2589} }



Table F-9:

Lumped kg0 Model Program 5 of 5: "mit8x8.10" with its
output results for the Lower Error Bound for Below Atmospheric
Pressure (24 inches Hg)

Input[3]:
(* mit 8x38 file *)

(* evaluate 'gas.m’ and 'keff.m' files before this file *)

Fpeak = 1.0;

geom = box;

La =2.012.0 0.0254; (*axiallength 2 ft ¥)
d =(3.0/8.0)0.0254; (* 3/8 in rod diameter *)

pdr =1.33;

wpr = 1.00;

w = wprpdrd;

p =pdrd;

Lc =4(8p); (* circumferential length *)

Fcond = 2.5; (* SQ, p/d=1.33, N2 w/c *)
(* SQ, p/d=1.33, Ar w/c *)
(* SQ, p/d=1.33, Vac no better than 10 torr *)
(* Fcond = 2.0; (* SQ, p/d=1.33, He w/c *) *)
(* Fcond =0.0; (* SQ, p/d=1.33, Vac better than 1E-5 torr *) *)

(* SQ, p/d=1.33, er = 1.0, Crad = 0.51 *)

(* SQ, p/d=1.33, er = ew = 1.0, Cradw1 = 0.52, Cradw2 = 0.41 *)
Crad =0.51;

Cradwl =0.52;

Cradw2 =0.41;

Table[ ATkeff[ Vac, Fpeak, Q,
57.647 + 1.3068 Q - 0.0038156 Q Q + 273 + 10,
La, Lc, d, pdr, wpr, geom,
Fcond, Crad, Cradwl, Cradw2 ],
{Q, 1, 200, 20}]

Qutput[3]:
{{Vac, 1, 0.763783}, {Vac, 21, 13.0892}, {Vac, 41, 21.7098},
{Vac, 61, 28.3027}, {Vac, 81, 33.7813},
{Vac, 101, 38.7016}, {Vac, 121, 43.4374},
[Vac, 141, 48.2674}, {Vac, 161, 53.423},
{Vac, 181, 59.118}, (Vac, 201, 65.5688})
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file. Each prediction is then line plotted in the form of Differential Temperature (y-axis)
as a function of Power (x-axis) on the same graph. Then a scatter plot of the
experimental data is overlaid on the predictions. This graph is presented in Chapter 5

Section 4.
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APPENDIX G

CODE FOR CORRECTING DATA TO ACCOUNT FOR END LOSSES

This appendix contains the computer code written by R. Manteufel to determine
heat loss from the rod bundle out the ends on the experimental apparatus. The

computer code is written for the Apple Macintosh software, Mathematica.
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Input(1]:
ClearAll[Qloss];
Qloss[ dtl1_

, dt27_, dt55_, dt73_] = (

k =400.0 ; (*copper*)
d =3/8 0.0254,
de=0.049  0.0254,
L=1 12 0.0254,

deringl =dtl1;

diring2 = ( dt27 +dt73 )/2;

dtring3 = (dt27 + dt73 + dt55 )/3;

dtring4 = (dt55 );

2N[Pi] d dt k / L (28 dtringl +

20 dtring2 +
12 dtring3 +
4 dtring4 ))

{{40.5, Qloss[ 0.0
{69.4, Qloss|{ 0.
{106 Qloss| 0.
{85.1, Qloss[ 0.
{150., Qloss[ 0.
1.

1.

1.

1.

2.

1.

-
-
-

-
-
-

-
-
-

-
-
-

-
-

{187., Qloss[
{160., Qloss[

-
-

-
-
-

7
{243., Qloss[ 1.2
[266 Qloss[
{292., Qloss|
{316., Qloss[ 1.9
{359., Qloss[ 2.0
{389., Qloss[ 2.3
{31.8, Qloss[ 0.2
4
0
0
5

Oppoopooomm
OrPOCINSOSEP

-
-

-
-
-

-
-
-

-
-
-

-
-
]

{64.0, Qloss{ 0.
(144., Qloss[ 1.
{147., Qloss[ 1.
{210., Qloss[ 1.
{26.0, Qloss[ 0.
{42.5, Qloss[ 0.
{55.9, Qloss[ 0.
(102., Qloss[ 1.
(164., Qloss[ 1.
(216., Qloss[ 1.
(272., Qloss[ 2.
2.
3
0.
0.
1.
1.
2.
3.
3.
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(381., Qloss[
{390., Qloss{
{19.3, Qloss|[
(63.8, Qloss{
(104., Qloss[
{165., Qloss[
{232., Qloss|[
{305., Qloss[
{356 Qloss|
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Output[1]:
{{40.5, 7.73794), {69.4, 11.5502}, {106., 16.6958}, {85.1, 20.293},
{150, 21.6224}, {187., 27.2333}, {160., 30.9674}, {243., 33.4894},
{266., 41.4658}, {297 46.2165}, {316., 44.9653}, {359., 48.4648},
{389., 49.3641}, {31.8, 7.46815}, (64., 12.8249]), {144., 22.5609},
{147., 23.3038]}, {210., 34.5842}, {26., 8.29121}, {42.5, 11.9784},
{55.9, 14.0917}, {102., 19.8043}, {164., 24.2031}, {216., 31.3193},
(272., 37.3603}, {381., 46.5293}, {390., 54.1148}, {19.3, 8.35182},
(63.8, 17.9314}, {104., 22.8541}, {165., 29.8922}, {232, 35.8549},
{305., 47.4286}, {356., 51.886}, {41.7, 11.2276), (71.6, 15.1279},
{104., 18.9617}, {157., 26.7876}, {197., 35.3466}, {256., 43.8118},
(383., 54.0366}, (478., 61.8566}, {477., 62.2672), (68.1, 11.8865},
(138, 25.2744}, (179., 31.1825}, {264., 39.6281}, {310., 49.6573},
(583., 65.2388}, {13.4, 7.72621}, {26.8, 11.3762}, {37.6, 14.3439},
{53., 18.2598}, [59., 18.5726}, {85., 24.0662}, {120., 29.3252},
(169., 36.4023}, (227., 44.5938}, {299., 51.5537}, {14.1, 8.05661},
[49.6, 16.6059}, (76.9, 22.0916}, {103., 26.9792}, {154., 33.5871},
(270., 48.8949}, {5.56, 5.71646}, {8.99, 7.50334}, {12.7, 9.26481},
{20., 12.8444), {33.7, 159725}, {48.5, 21.0164}, {76.5, 28.0153},
(115., 34.4473}, {155., 41.4463}, {16.8, 11.8024}, {25.5, 15.1709},
(40.6, 18.4162}, {57.5, 23.2647}, {75.4, 27.9371}, {112., 34.1736},
(136., 40.8989), {143., 41.3094})
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Input{2]:

Ip = ListPlot[ {{40.5, 7.73794}, {69.4, 11.5502), {106., 16.6958},
{85.1, 20.293}, {150., 21.6224}, {187., 27.2333},
{160., 30.9674}, {243., 33.4894}, {266., 41.4658),
(292., 46.2165}, {316., 44,9653}, {359., 48.4648},
{389., 49.3641}, {31.8, 7.46815}, {64., 12.8249},
[144., 22.5609}, {147., 23.3038}, {210., 34.5842},
[26., 8.29121), (42.5, 11.9784), {55.9, 14.0917},
(102., 19.8043), {164., 24.2031), {216., 31.3193},
(272., 37.3603}, {381., 46.5293), {390., 54.1148},
{19.3, 8.35182), {63.8, 17.9314}, {104., 22.8541},
{165., 29.8922}), {232., 35.8549}, {305., 47.4286},
{356., 51.886}, {41.7, 11.2276), {71.6, 15.1279},
{104., 18.9617}, {157., 26,7876}, {197., 35.3466},
{256., 43.8118), {383., 54.0366}, (478., 61.8566},
{477., 62.2672}, (68.1, 11.8865}, {138., 25.2744},
{179., 31.1825}, (264., 39.6281}, {310., 49.6573},
{583., 65.2388), {13.4, 7.72621}, {26.8, 11.3762},
{37.6, 14.3439), {53., 18.2598}, {59., 18.5726},
[85., 24.0662}, {120., 29.3252}, {169., 36.4023},
{227., 44.5938), [299., 51.5537}, {14.1, 8.05661},
{49.6, 16.6059}), {76.9, 22.0916}, {103., 26.9792},
{154., 33.5871}, {270., 48.8949}, {5.56, 5.71646},
(8.99, 7.50334}, {12.7, 9.26481}, {20., 12.8444},
(33.7, 15.9725}, {48.5, 21.0164}, {76.5, 28.0153},
{115., 34.4473}, (135., 41.4463}, (16.8, 11.8024},
{25.5, 15.1709}, {40.6, 18.4162}, {57.5, 23.2647},
{75.4, 27.9371}, {112., 34.1736}, {136., 40.8989},
{143., 41.3094}} ]

Output[2]:

60 .1
50.4 e .
40 .+
30.4 .« W
204 .°

10.1

100. 200. 300. 200. 500. 600.
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Input[3]:
fn—Fnt[[[405 7.73794), {69.4, 11.5502), (106.,
(85.1, 20.293}, (150., 21,6224}, {187., 27.2333},

16.6958]),

{160., 30.9674}, [243., 33.4894}, {266., 41.4658},
{292, 46.2165), {316., 44.9653}, {359., 48.4648},
{389., 49.3641}, {31.8, 7.46815}, {64., 12.8249],

{144, 22.5609), {147., 23.3038}, {210, 34.5842},

(26., 8.29121}, {42.5, 11.9784}, (55.9, 14.0917},
(102., 19.8043), {164., 24.2031},
{
(

216., 31.3193},

{
272., 37.3603), {381., 46. 5793} {390., 54.1148},
(1

19.3, 8.35182},
{165., 29.8922},

63.8, 17.9314},

04., 22.8541}),
232., 35.8549}, {305., 47.4286},

{356., 51.886}, {41.7, 11.2276}, {71.6, 15.1279},

{104., 18.9617},
{256., 43.8118}, {383., 54.0366}, {478., 61.8566

}, {68.1, 11.8865}, {138., 25.2744
{179., 31.1825}, {264., 39.6281}, {310., 49.6573
{583., 65.2388}, {13.4, 7.72621}, {26.8, 11.3762

{37.6, 14.3439}, {53., 18.2598}, {59., 18.5726]),

{477., 62.2672},

{
5{1
%157., 26.7876}, {197., 35.3466),
{
{
{

}’
),
),
),

(85., 24.0662}, {120., 29.3252}, {169., 36.4023},

(227., 44.5938}, {299., 51.5537}, {14.1, 8.05661

}’

[49.6, 16.6059}, {76.9, 22.0916}, {103., 26.9792},
{154., 33.5871}, {270., 48.8949}, (5.56, 5.71646]},
(8.99, 7.50334}, {12.7, 9.26481}, {20., 12.8444},
{33.7, 15,9725}, {48.5, 21.0164}, (76.5, 28.0153},
{115, 34.4473}), {155, 41.4463}, (16.8, 11.8024]},

{25.5, 15.1709}, {40.6, 18.4162}, {57.5, 23.2647
{75.4, 27.9371}, {112, 34.1736}, {136., 40.8989
(143., 41.3094}} , {1.q}, q]

Output[3]:
11.0376 + 0.111129*q
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