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EXECUTIVE SUMMARY

Introduction

Interest in the use of nuclear energy for the propulsion of aircrafts began officially in 1956 under
the project known as NEPA (Nuclear Energy for the Propulsion of Aircraft). Motivation for
substituting conventional propulsion systems with nuclear power largely centered around the
limited range and time-in-air of conventional aircrafts that relied on fossil fuel. Because nuclear
power reactors could be operated continuously for long periods of time at high power output,
preliminary studies were conducted under NEPA for several years to develop an indirect cycle,
single reactor propulsion system.

In 1951, NEPA was replaced by the joint Atomic Energy Commission (AEC)/United States Air
Force (USAF) Aircraft Nuclear Propulsion (ANP) program, which employed the General
Electric Company (GE) as the principal contractor. The GE-ANP approach focused on a direct-
air-cycle turbojet design in which a compressor forces ambient air directly through the core of
the reactor. The heated air is delivered to a turbine, which generates the forward thrust from its
exhaust nozzle.

Between 1953 and 1961, three reactor assemblies were used for a variety of tests that evaluated
reactor control systems, various nuclear fuels, and the consequences of potential system failures.
The three experimental reactors were referred to as the Heat Transfer Reactor Experiments series
or HTRE No. 1, HTRE No. 2, and HTRE No. 3. The testing program for the three HTRE
assemblies was designated as Initial Engine Tests (IETs). There were a total of 26 IETs, which
were numbered sequentially from IET #1 through IET #26. However, several IETs, inclusive of
IET #1 and IET #2, involved tests that did not require nuclear power and, therefore, had no
significant potential for the release of radioactivity.

The first IET with reactor operation and environmental releases occurred in January 1956 and
involved IET #3. With the conclusion of IET #26 on March 30, 1961, President John F.
Kennedy terminated the ANP program before the airplane and the actual reactors to be used to
power it were ever constructed.

Due to the very nature of unprecedented engineering designs and ANP test objectives at INEL,
controlled’ but substantial radioactive releases to the environment were clearly expected from
IETs for the following reasons:

o Reactor prototypes were designed for high power densities in order to minimize
shielding requirements

In this report, we refer to the site by its historical name at the time the releases of concern to this report
occurred, rather than its current name, which is the Idaho National Engineering and Environmental Laboratory
(INEEL).

2 . . . .
“Controlled” is used here to acknowledge that releases were mitigated by predetermined test constraints
and specified meteorological conditions.
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o Fuel configuration consisted of wafer thin (0.013 to 0.21 inches) concentric
ribbons of UO; enriched materials that maximized heat transfer in the direct-air-
cycle reactor

o Under full power, sustained airflows of 100 pounds per second and temperatures
of 1,250°F flowed through the reactor

o Fuel inserts were operated at material temperatures in excess of 3,000°F for
extended periods of time

o Besides the parent fuel core consisting of nickel-chromium, a host of fuel inserts
were tested in which UO, was homogeneously incorporated into a ceramic matrix
consisting of BeO,UO,,Y,0; without cladding

. Once released from the fuel elements, all radioactivity was discharged directly
into the atmosphere without intervention by engineering designs such as filters,
scrubbers, electrostatic precipitators, etc.

Previous Assessment of Radioactive Releases

Early Estimates. Over the 5-year ANP testing period, effluent monitoring was a learning and
evolving process. At the time, instrumentation for the detection and analysis of radioactive
constituents in effluents was primitive by contemporary standards, and the interpretation of data
was further compromised by the limited understanding of complex decay chains that represent
many fission products. For the first several IETs, effluent monitoring was confined to periodic
spot sampling. This method involved 1-minute air sample collection through a millipore filter
that was subsequently analyzed for gross beta activity. Because filter paper sampling can only
remove particles entrained in the effluent exhaust, periodic spot sampling could not account for
(1) noble gases and volatile fission products that include radioiodines, (2) the relative
contribution of individual radionuclides to the observed gross beta activity, and (3) releases that
occurred during the time intervals between successive spot samples.

With time, effluent monitoring included the use of carbon traps, sample analysis by
radiochemical means, and the use of gamma spectroscopy. Nevertheless, even these methods
yielded data that were incomplete, inconsistent/inaccurate, and frequently difficult to interpret.

A major limitation that characterizes ANP monitoring data and early estimates of radioactive
releases is the fact that these data are currently only available in the form of summary reports.
These summary reports neither contain primary sample monitoring data nor make reference to
logbooks on which summary data were based. A thorough search of available documents shows
that, for IETs, logbooks and other primary sampling data either no longer exist or have not been
declassified for public use.

ES-2
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Recent Assessment by the Idaho National Engineering Laboratory-Historical
Dose Evaluation Task Group

Because of renewed concerns about potential radiological consequences to the public from past
activities at INEL and the limitations of earlier assessments, the INEL Historical Dose
Evaluation (INEL-HDE) Task Group was formed in December 1988. Its charter was to conduct
a comprehensive review of all INEL activities, assess the magnitude of radioactive releases, and
derive associated dose estimates to members of the public. In 1991, the INEL-HDE Task Group
issued a two-volume report that quantified radioactive releases as either operational or episodic.
Operational releases are continuous, somewhat uniform releases that occur over extended periods
of time and reflect average meteorological conditions corresponding to a full year or a large
portion of a year.

In contrast, episodic releases generally reflect tests, experiments, and/or accidents that span
relatively shorter periods of time (i.e., hours). A large fraction of the IETs were performed
intermittently over periods of time ranging from a few weeks to several months; depending on
the test protocols, the HTRE was operated in a non-continuous manner at different times during
the day and for varying durations of time. Release rates during IET test runs, therefore, reflected
radionuclide mixtures that were affected by past reactor fuel burn-up and decay, as well as
concurrent production rates and reactor operational parameters. Under these conditions, it must
be assumed that the relative composition of the radionuclides in the effluent changed over time,
along with changes in total release rates. Calculating source terms (and atmospheric dispersion
coefficients) for episodic releases associated with some of the ANP IETs, therefore, posed
challenging technical problems for the HDE Task Group. If sufficient information concerning
reactor operations, release rates, and release times was not available, the test was divided into
one or a few operational periods and releases were assumed to be uniform for the duration of
each period. The HDE Task Group used this approach for IETs #4, #6, and #16.

When sufficient information concerning reactor operations and effluent monitoring data was
available, attempts were made to identify changes and peak period(s) of release during a given
test run and apply a time-weighted dispersion coefficient. Weighted-average dispersion
coefficients were calculated and applied for IETs #3, #8, #10, #11, #14, #15, #17 through #21,
#23, #25, and #26. Initial Engine Tests #12, #13, #22 and #24 were of short duration and could,
therefore, be modeled by meteorological data that specifically corresponded to the short time
period.

Table ES-1 summarizes the episodic release quantities associated with the IETs. It should be

noted that several of the 26 IETs were non-nuclear and resulted in no releases since they were
limited to operational aspects of valves, ducts, and other peripheral components of the aircraft
propulsion system.

From radionuclide release quantities, radionuclide composition, and meteorological parameters,
the HDE Task Group derived dose estimates for a hypothetical offsite adult, child, and infant for
each IET (Table ES-2).
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A review of Tables ES-1 and ES-2 reveals that the magnitude of radioactive release and their
offsite exposure doses were highly variable. By far, the highest releases resulted from IET #3,
IET #4, and IET #10. In brief, the combined estimated release of 682,000 curies by IETs #3, #4,
and #10 is nearly seven times the combined release of 99,440 curies estimated for all other IETs
that employed reactor power during the test. Of interest is that the HDE Task Group identified
IET #3 as having caused the highest offsite exposure, even though the estimated release of
46,000 curies for IET #3 is only a fraction of the release quantities associated with IET #4 and
IET #10.
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Table ES-1 Summary of Radioactive Releases Associated with
Aircraft Nuclear Propulsion Initial Engine Tests as Reported By the
Idaho National Engineering Laboratory Historical Dose Evaluation

IET No. Test Dates (d/mo/yr) Release Quantity (Curies)

IET #3 2/11 - 2/24/56 46,000
IET #4

o IET #4A 5/1 - 5/23/56 6,800

o IET #4B 5/24 - 6/29/56 210,000

e IET #4C 6/29/56 150,000
IET #6 12/18/56 9,000
IET #8 7/31 - 8/28/57 1,700
IET #10

e IET #10A 12/20/57 - 2/25/58 130,000

e IET #10B 3/1- 3/6/58 140,000
IET #11 3/20 - 4/14/58 4,200
IET #12 5/2/58 4,000
IET #13 11/18/58 940
IET #14 4/24 - 5/19/59 7,500
IET #15

o IET #15A 6/3 - 6/15/59 2,000

e IET #15B 6/16 - 6/24/59 1,200
IET #16 10/9/59 300
IET #17

o IET #17A 11/2 - 11/30/59 2,400

e IET #17B 12/1 - 12/12/59 2,200
IET #18 1/6 - 2/7/60 14,000
IET #19

o IET #19A 2/17 - 2/29/60 1,200

e IET #19B 3/1 - 4/30/60 8,400
IET #20 5/14 - 6/10/60 7,500
IET #21 6/29 - 8/6/60 2,000
IET #22 8/25/60 4,100
IET #23 9/7 - 10/14/60 1,700
IET #24 10/26/60 4,800
IET #25

o IET #25A 11/22 - 11/30/60 2,400

e IET #25B 12/1 - 12/15/60 7,800
IET #26

o IET #26A 12/23/60 - 2/28/61 7,000

e IET #26B 3/1 -3/30/61 3,100
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Table ES-2 Summary of Dose Estimates Associated with
Aircraft Nuclear Propulsion Initial Engine Tests as Reported in the

Idaho National Engineering Laboratory Historical Dose Evaluation* '

Effective Dose Equivalent Maximum Organ (i.e., Thyroid) Dose
(mrem) (mrem)

IET No. Adult Child Infant Adult Child Infant
IET #3 29 54 320 510 1200
IET #4

e IET #4A 0.07 0.09 0.18 1.3 2 5

e IET #4B 1.6 2 4 28 44 110

e IET #4C 4 6 13 70 140 370
IET #10

e IET #10A 0.7 0.7 0.8 2 3 6

e IET #10B 0.4 0.5 0.8 3 6 16
IET #11 0.03 0.05 0.14 0.9 1.6 4
IET #13 0.12 0.12 0.16 0.8 1.2 3
IET #14 0.08 0.12 0.3 2 4 10
IET #18 0.10 0.11 0.18 0.9 1.5 3
IET #19B 0.08 0.12 0.3 1.9 3 9
IET #20 0.04 0.06 0.13 0.8 1.5 4
IET #23 0.03 0.05 0.13 0.8 1.5 4
IET #26B 0.04 0.06 0.15 0.9 1.6 5

* Episodic releases producing estimated doses less than 0.1 mrem are not included in this Table.
1 Doses are calculated for location of highest integrated atmospheric concentrations.

The Purpose of This Report: Task 2

Objectives. The original objectives for Task 2 were to calculate the source terms from the ANP
Program IETs and compare the results and methodology used in deriving source term estimates
with those that had been previously cited in the 1991 HDE report prepared by the INEL. Such a
comparison was to focus on the completeness and quality of the two data sets and explain key
differences and their implications.

Revised Scope for Task 2. After a preliminary document review, it was concluded that an
assessment of source terms for IETs was complex and that a comprehensive analysis for all IETs
that employed reactor power was beyond the constraints of time and allotted resources for
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Task 2. Because data suggested that the largest releases and/or doses were those of IET #3,
IET #4, and IET #10 and whose test objectives included (1) testing that determined bounding
operating parameter limits of sustained reactor power and fuel temperature levels, and (2)
intentional destructive testing of fuel elements and reactor components that evaluated the kind
and magnitude of material/component failures, it was decided that a reduced but, nevertheless,
meaningful assessment could limit the scope of Task 2 to IETs #3, #4, and #10.

Approach. As a starting point for our assessment of source terms, SC&A critically reviewed key
aspects of the test objectives and operating parameters that may have been relevant to the
integrity of fuel and the interpretation of monitoring methods and their data. For IET#3, the
objectives had been to determine the characteristics of the reactor core, cooling systems, and
control rod system. For IET #4, the principle objectives were to assess several modifications that
were made to HTRE-1 since the first test series (i.e., IET #3). For IET #10 that employed
HTRE-2, the primary test objectives focused on power testing of a ceramic insert (designated
Insert 2-B).

As part of our evaluation of previous monitoring data, it was critically important to correlate
effluent data relative to chemical fuel consumption rate, reactor power levels, reactor plate
temperature, and fuel configuration for the following reasons:

o Effect of Chemical Fuel Flow. An important aspect of the aircraft nuclear
propulsion system is that it is linked to a normal jet engine and combustion of jet
fuel.

The concurrent consumption of fossil fuel during reactor power operations
introduced particulates into the effluent exhaust gases, which profoundly affected
monitoring data. Data showed that the combustion of fossil fuel and the
entrainment of particulate matter greatly determined whether volatile radioiodines
(and even noble gases) were in a gaseous or particulate state at effluent sampling
points (Holtslag 1956, Ebersole 1956).

o Effect of Reactor Power. Increases in reactor power levels (at a constant
chemical/fuel flow) showed significant but modest increases in effluent activity.

o Effect of Reactor Plate Temperature. Particulate activity showed no significant
dependency over a range of temperatures considered low (i.e., < 1,500°F), but
increased sharply at higher temperatures. Thus, it was concluded that temperature
level is by far the most critical parameter affecting the integrity of the ANP fuel
elements and their release of fission products. During destructive test runs,
temperatures well above 3,000°F were reached and resulted in fuel damage and
large releases.

J Effect of Reactor Fuel Type. A variety of nuclear fuels were tested that included
metallic and ceramic fuels. Moreover, early ceramic fuels were unclad and were
uniquely prone to release fission products as a result of water vapor corrosion and
by direct recoil.
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The INEL-HDE Task Group identified a total of 51 radioisotopes as having the potential for
significant release and radiation exposure. Selection of these nuclides was based on their
production yields, radiological half-lives, and biological significance for uptake by plants,
animals, and humans. SC&A reviewed the HDE Task Group selection criteria, which required
the list of selected nuclides to contribute (1) 99% of the cumulative inhalation dose and (2)
99.9% of the cumulative immersion dose using DOE’s dose conversion factors (DOE 1988a and
1988b). On the basis of a thorough review, SC&A concluded that the list of 51 radionuclides is
sufficiently inclusive for the reassessment of source terms involving IETs #3, #4, and #10.

Summary Conclusions Regarding Initial Engine Test #3

Reconstruction of radioactive releases associated with IET #3 is hampered by the fact that
primary monitoring data are not available. For reconstruction, available data consist of summary
reports that were written years later and whose data are incomplete and difficult to interpret.

It is for these reasons that the HDE Task Group elected to derive releases for IET #3 by means of
a model that relied on a combination of empirical data and assumptions that included the

following:

o The operational history for IET #3

o Derived time-integrated power output (MW-hrs) for each test run

o Derived core inventories of fission products by means of the RSAC-4 computer
code

. Photographic evidence for quantifying severe fuel damage

o Assumed release fractions for noble gases, halogens, and solids in behalf of

severely damaged fuel

After carefully examining the quality of available data, SC&A has concluded that effluent
monitoring data are insufficient and a modeling approach is justified. It is further concluded that
the basic approach taken by the HDE Task Group for modeling IET #3 releases is logical and
appropriate when viewed in context with the available data. However, several subjective/
unsupported assumptions and assigned parameter values that support the HDE model may have
yielded release estimates that are lower-bound or baseline estimates.

Our review of the HDE Task Group model identified four parameters for which higher values
may be appropriate (Table ES-3). Their sequential application yields radionuclide release
estimates that are given in Table ES-4.
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Table ES-3 Alternate Parameter Values Recommended for
Modeling Initial Engine Test #3 Releases
Parameter HDE Model Suggested Value
(1) No. of severely damaged fuel cartridges 1.63 3.0
(2) Relative power distribution 1.0 1.25
Pdamaged fuel/Pcore average
(3) Release fractions for severely damaged fuel:
Noble Gases 1.0 1.0
Halogens 0.5 0.8
Solids 0.1 0.1
(4) Release fraction for undamaged fuel:
Noble Gases Not considered 0.03
Halogens Not considered 0.006
Solids Not considered 0.002
Table ES-4 Adjusted Radionuclide Release Estimates
HDE Additional Release Quantities
Release TOTAL
Quantity | Adjustment Adjustment Adjustment Adjustment (HDE +
Nuclide (Ci) #1* #! #3* #4% Adjustments)
Ar-41 2.25E+03 NA NA NA NA 2.25E+03
Br-84 7.50E+02 6.30E+02 3.45E+02 1.04E+03 9.39E+01 2.85E+03
Kr-85m 8.49E+02 7.13E+02 3.91E+02 NA 5.31E+02 2.48E+03
Kr-87 4.28E+03 3.60E+03 1.97E+03 NA 2.68E+03 1.25E+04
Kr-88+D 4.67E+03 3.92E+03 2.15E+03 NA 2.92E+03 1.37E+04
Rb-89 1.63E+03 1.37E+03 7.50E+02 NA 6.80E+01 3.82E+03
Sr-89 3.37E+01 2.83E+01 1.55E+01 NA 1.41E+00 7.89E+01
Sr-90+D 2.28E-01 1.92E-01 1.05E-01 NA 9.51E-03 5.34E-01
Sr-91+D 3.69E+02 3.10E+02 1.70E+02 NA 1.54E+01 8.64E+02
Sr-92 7.90E+02 6.64E+02 3.63E+02 NA 3.30E+01 1.85E+03
Y-91 3.38E+01 2.84E+01 1.55E+01 NA 1.41E+00 7.92E+01
Y-92 3.48E+02 2.92E+02 1.60E+02 NA 1.45E+01 8.15E+02
Y-93 3.84E+02 3.23E+02 1.77E+02 NA 1.60E+01 8.99E+02
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Table ES-4 Adjusted Radionuclide Release Estimates (continued)

HDE Additional Release Quantities
Release TOTAL
Quantity | Adjustment Adjustment Adjustment Adjustment (HDE +
Nuclide (Ci) #1% #' #3* #48 Adjustments)
Zr-95+D 3.66E+01 3.07E+01 1.68E+01 NA 1.53E+00 8.57E+01
Zr-97 2.83E+02 2.38E+02 1.30E+02 NA 1.18E+01 6.63E+02
Nb-96 2.51E-02 2.11E-02 1.15E-02 NA 1.05E-03 5.88E-02
Mo-99 1.79E+02 1.50E+02 8.23E+01 NA 7.47E+00 4.19E+02
Ru-103 +D | 2.72E+01 2.28E+01 1.25E+01 NA 1.13E+00 6.37E+01
Ru-105 1.06E+02 8.90E+01 4.88E+01 NA 4.42E+00 2.48E+02
Ru-106+D 4.52E-01 3.80E-01 2.08E-01 NA 1.89E-02 1.06E+00
Sbh-129 7.04E+01 5.91E+01 3.24E+01 NA 2.94E+00 1.65E+02
Te-131 5.06E+02 4.25E+02 2.33E+02 NA 2.11E+01 1.18E+03
Te-131m 1.40E+01 1.18E+01 6.44E+00 NA 5.84E-01 3.28E+01
Te-132+D 1.25E+02 1.05E+02 5.75E+01 NA 5.22E+00 2.93E+02
Te-133m 4.98E+02 4.18E+02 2.29E+02 NA 2.08E+01 1.17E+03
Te-134 1.05E+03 8.82E+02 4.83E+02 NA 4.38E+01 2.46E+03
I-131 3.21E+02 2.70E+02 1.48E+02 4.43E+02 4.02E+01 1.22E+03
1-132 5.19E+02 4.36E+02 2.39E+02 7.17E+02 6.50E+01 1.98E+03
1-133 1.33E+03 1.12E+03 6.12E+02 1.84E+03 1.67E+02 5.06E+03
1-134 5.55E+03 4.66E+03 2.55E+03 7.66E+03 6.95E+02 2.11E+04
1-135 2.45E+03 2.06E+03 1.13E+03 3.38E+03 3.07E+02 9.33E+03
Xe-129m 1.30E-06 1.09E-06 5.98E-07 NA 8.14E-07 3.80E-06
Xe-135 1.78E+03 1.50E+03 8.19E+02 NA 1.11E+03 5.21E+03
Xe-135m 7.42E+02 6.23E+02 3.41E+02 NA 4.64E+02 2.17E+03
Xe-138 5.79E+03 4.86E+03 2.66E+03 NA 3.62E+03 1.69E+04
Cs-137+D 2.34E-01 1.97E-01 1.08E-01 NA 9.76E-03 5.48E-01
Cs-138 3.89E+03 3.27E+03 1.79E+03 NA 1.62E+02 9.11E+03
Ba-139 1.22E+03 1.02E+03 5.61E+02 NA 5.09E+01 2.86E+03
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Table ES-4 Adjusted Radionuclide Release Estimates (continued)

HDE Additional Release Quantities
Release TOTAL
Quantity | Adjustment Adjustment Adjustment Adjustment (HDE +
Nuclide (Ci) #1* #2f #3* #43 Adjustments)

Ba-140+D 1.19E+02 1.00E+02 5.47E+01 NA 4.96E+00 2.79E+02
Ba-141 6.82E+02 5.73E+02 3.14E+02 NA 2.84E+01 1.60E+03
Ba-142 4.05E+02 3.40E+02 1.86E+02 NA 1.69E+01 9.48E+02
La-141 6.38E+02 5.36E+02 2.93E+02 NA 2.66E+01 1.49E+03
La-142 1.02E+03 8.57E+02 4.69E+02 NA 4.25E+01 2.39E+03
Ce-141 5.63E+01 4.73E+01 2.59E+01 NA 2.35E+00 1.32E+02
Ce-143 2.22E+02 1.86E+02 1.02E+02 NA 9.26E+00 5.20E+02
Ce-144+D 7.57E+00 6.36E+00 3.48E+00 NA 3.16E-01 1.77E+01
Pr-143 9.56E+01 8.03E+01 4.40E+01 NA 3.99E+00 2.24E+02
Pr-144 7.55E+00 6.34E+00 3.47E+00 NA 3.15E-01 1.77E+01
U-234 1.14E-02 5.21E-03 NA NA NA 1.14E-02
U-235 3.62E-04 1.65E-04 NA NA NA 3.62E-04
U-238 3.36E-06 1.54E-06 NA NA NA 3.36E-06
TOTAL 4.61E+04 3.69E+04 2.02E+04 1.51E+04 1.33E+04 1.32E+05

Adjustment #1 accounts for an additional 1.37 fuel cartridges considered severely damaged.

Adjustment #2 accounts for a 25% higher fuel burnup among severely damaged fuel cartridges.

Adjustment #3 accounts for a release fraction of 0.8 for iodines in severely damaged fuel cartridges.
Adjustment #4 accounts for the release fractions of 0.03, 0.006, and 0.002 for noble gases, halogens, and solids,
respectively in behalf of 34 undamaged fuel cartridges.

L e — %

Summary Conclusions Regarding Initial Engine Test #4

For IET #4, effluent monitoring data are few, deficient, and confined to summary reports. For
these reasons, release estimates by the HDE Task Group were modeled around the limited spot
sampling data. For practical reasons, the Task Group divided test runs for IET #4 into the three
time periods. From historical reactor operating data, the first period was defined by low reactor
power levels and relatively low fuel temperatures; the second period was characterized by high
power levels and associated high fuel temperatures. Justification for segregating release
estimates on the basis of reactor power levels/fuel temperatures came from experimental data,
which showed that fuel temperature was the single most important variable affecting effluent
releases.
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Thus, for Periods #1 and #2, release estimates were derived by (1) means of the operational
history for IET #4, (2) correlating release quantities of particulates to plate temperatures (3) the
assumption that reactor power levels are a credible surrogate for plate temperature, (4) the
assumption that the release fractions of spot-sample-particulates to volatile halogens and noble
gases correspond to ratios of 1:1,000 and 1:2,000, respectively, and (5) the RSAC-4 computer
code.

The third and final period for modeling releases was assumed to represent the last day of IET #4
operations. Release estimates were based on failed fuel. From photographic evidence taken
during the post-operational inspection of fuel cartridges, the HDE Task Group (1) concluded that
1.27% of reactor fuel was missing, (2) determined total reactor core inventories of all fission
products, and (3) assumed the proportional release of 1.27% of fission products.

In context with the quality of available data, it is our opinion that, for Periods #1 and #2, the
HDE Task Group model is logical and appropriate. Furthermore, release estimates are likely to
represent higher than actual values, since the HDE Task Group applied conservative assumptions
for model parameters where empirical data were lacking.

For Period #3 of IET #4, SC&A, however, concluded that the HDE Task Group model may have
significantly underestimated actual releases for the following reasons. In addition to releases
associated with the missing 1.27% reactor fuel, additional releases must be assumed for

(1) accountable fuel contained in six fuel assemblies that had suffered physical damage and

(2) intact and accountable fuel in the remaining 31 fuel assemblies of the HTRE No. 1 reactor
core. Table ES-5 summarizes assumptions employed by the HDE model and the additional
releases from damaged and undamaged fuel assumed by SC&A.

Table ES-5 Summary Data Used to Revise Releases for Period #3 of Initial Engine Test #4

Percent Released from Individual Equivalent Percent Released from Total

No. of Fuel Fuel Stages Rx Inventory
Fuel Status Stages
Noble Gases  Halogens Solids  Noble Gases  Halogens Solids
Missing fuel* 8.46* 100%* 100%%* 100%* 1.27%%* 1.27%%* 1.27%%*
Damaged fuel 99.54 100% 50% 10% 14.94% 7.47% 1.49%
Undamaged fuel 558 5% 1% 0.1% 4.19% 0.84% 0.084%
Total 666 20.4% 9.58% 2.84%

* Shaded portion of Table ES-5 represents assumptions by the HDE Task Group.

Inspection of Table ES-5 indicates that for the more inclusive SC&A model, the largest
contribution to source term releases was likely to have been from damaged fuel corresponding to
six fuel assemblies with 99.54 accountable fuel stages out of 108. Table ES-6 summarizes
radionuclide-specific releases for Periods #1 and #2 as derived by the HDE Task Group model,
and for Period #3 as revised by the SC&A model.
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Table ES-6 Radionuclide Release Quantities Estimated by SC&A
for Initial Engine Test #4

Nuclide Period #1 Period #2 Period #3 Nuclide Period #1 Period #2 Period #3
Ar-41 1.81E+03 6.06E+03 I-131 8.11E+00 2.57E+02 4.12E+03
Br-84 7.17E+01 3.83E+03 9.95E+03 | I-132 1.70E+01 6.09E+02 6.46E+03
Kr-85m 2.06E+02 6.74E+03 1.60E+04 | 1-133 2.04E+02 6.56E+03 2.00E+04
Kr-87 7.74E+02 3.05E+04 6.17E+04 | 1-134 7.91E+02 3.44E+04 8.90E+04
Kr-88+D 1.07E+03 3.74E+04 8.00E+04 | I-135 6.00E+02 1.98E+04 4.41E+04
Rb-89 3.87E+01 3.60E+03 1.07E+04 | Xe-129m 4.68E-08 1.48E-06 1.81E-05
Sr-89 1.21E-01 3.35E+00 1.01E+03 | Xe-135 2.72E+02 8.26E+03 3.15E+04
Sr-90+D 1.26E-04 3.99E-03 8.31E+00 | Xe-135m 1.13E+02 4.33E+03 1.77E+04
Sr-91+D 9.30E-01 3.04E+01 9.63E+03 | Xe-138 1.53E+02 1.57E+04 7.47E+04
Sr-92 1.03E+00 3.61E+01 1.86E+04 | Cs-137+D 9.71E-04 3.08E-02 8.42E+00
Y-91 7.54E-04 1.90E-02 1.0SE+03 | Cs-138 6.16E+02 2.68E+04 2.31E+04
Y-92 5.66E-01 1.66E+01 1.19E+04 | Ba-139 1.75E+01 6.41E+02 2.37E+04
Y-93 4.56E-01 1.48E+01 9.99E+03 | Ba-140+D 4.54E-02 1.44E+00 2.53E+03
Zr-95+D 3.63E-03 1.15E-01 1.14E+03 | Ba-141 2.50E-01 1.97E+01 1.22E+04
Zr-97 2.68E-01 8.64E+00 6.45E+03 | Ba-142 3.14E-02 4.72E+00 7.28E+03
Nb-96 2.00E-05 6.41E-04 5.19E-01 | La-141 8.92E-01 2.94E+01 1.66E+04
Mo-99 7.52E-02 2.39E+00 3.20E+03 | La-142 1.09E+00 4.05E+01 2.14E+04
Ru-103 +D  2.88E-03 9.14E-02 7.79E+02 | Ce-141 2.40E-03 6.58E-02 1.55E+03
Ru-105 1.31E-01 4.40E+00 2.76E+03 | Ce-143 1.46E-01 4.64E+00 4.23E+03
Ru-106+D 4.09E-05 1.30E-03 1.60E+01 | Ce-144+D 6.88E-04 2.18E-02 2.66E+02
Sb-129 8.55E-02 2.89E+00 1.82E+03 | Pr-143 8.82E-04 2.40E-02 2.13E+03
Te-131 3.34E-01 1.61E+01 9.16E+03 | Pr-144 6.86E-04 2.16E-02 2.66E+02
Te-131m 9.78E-03 3.09E-01 2.73E+02 | U-234 7.39E-02
Te-132+D 4.62E-02 1.47E+00 2.21E+03 | U-235 2.35E-03
Te-133m 3.81E-01 1.63E+01 9.40E+03 | U-238 2.19E-05
Te-134 6.62E-01 3.12E+01 1.93E+04

Summary Conclusions Regarding Initial Engine Test #10

Our review of the ANP program and available scientific data suggest that IET #10 was by far the
most complex and difficult to assess among those IETs that employed reactor power and
produced significant environmental releases. This opinion was shared by key members of the
HDE Task Group (Dickson 2002, Peterson 2002, Wenzel 2002). Initial Engine Test #10 is
represented by numerous test runs that employed a previously untested ceramic fuel insert.
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Unique features of Insert 2-B were its fuel, which consisted of a homogeneous ceramic mixture
of BeO, UO,, and Y,0s3, and the fact that this fuel was without cladding. Attempts to test the
insert at the specified temperature of 2,750°F proved difficult and necessitated the plugging of a
substantial number of air passages through the insert.

Due to comprehensive failures of thermocouples that involved the melting of wire leads, actual
temperatures within the ceramic insert were not measured. It was estimated that temperatures of
at least 3,200°F were experienced by the insert’s fuel.

Post-operation inspection of Insert 2-B supported the likelihood of severely elevated
temperatures. The inspection revealed fused fuel tubes and the presence of a substantial amount
of white crystalline deposits on the inside surfaces of fuel tubes. The deposits were most
pronounced for stages 6 through 10 and served possibly as a contributing factor to reduced
airflow and resultant excessive temperatures among the failed fuel tubes.

Analysis of the white deposits confirmed the presence of beryllium and uranium, which had been
removed from upstream fuel by the action of water vapor hydrolysis; beryllium was also found
in effluent air by vault carbon traps that were located about 400 feet downstream from the
ceramic fuel insert. However, no attempt was made to quantify the substantial quantities of BeO
deposits that had been found downstream within the ceramic fuel insert.

Effluent monitoring for IET #10 consisted principally of carbon traps at various downstream
locations and filter paper spot sampling. Available effluent monitoring data were confined to
summary data that were incomplete, inconsistent, and difficult to interpret. For these reasons the
HDE Task Group elected to model IET #10 releases by (1) reinterpreting earlier summary data,
(2) using a present-day computer code, and (3) making assumptions that the Task Group
considered reasonable.

Our review of available information for IET #10 and its interpretation by the Task Group suggest
that the HDE Task Group model may have underestimated the release of radioiodines by about
10-fold. Support for this conclusion was based on (1) photographic evidence and modeled
calculation of BeO deposits, and (2) empirical weight measurements of select ceramic fuel tubes
that showed UQO, fuel losses of up to 84%. SC&A’s revised release estimates for IET #10 are
summarized in Table ES-7.
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Table ES-7 Revised Estimates for Releases from Initial Engine Test #10

HDE-Derived Released Estimates

Revised Release Estimates

Nuclide Half-life IET #10A IET #10B IET #10A IET #10B
Ar-41 1.83 h 4.00E+03 1.31E+03 4.00e+03 1.31E+03
Br-84 6.0 m 1.67E+01 3.85E+03 1.67E+03 3.85E+05
Kr-85m 44h 8.78E+03 1.04E+04 8.78E+03 1.04E+04
Kr-87 76 m 1.78E+04 1.97E+04 1.78E+04 1.97E+04
Kr-88+D 2.8h 3.60E+04 4.23E+04 3.60E+04 4.23E+04
Rb-89 154m 6.23E+02 4.17E+02 9.97E+04 6.67E+04
Sr-89 52.7d 6.52E+00 1.22E+01 1.04E+03 1.95E+03
Sr-90+D 29y 2.33E-02 5.82E+02 3.73E+00 9.31E+04
Sr-91+D 95h 6.98E+01 8.23E+01 1.12E+04 1.32E+04
Sr-92 2.71h 6.23E+01 7.29E+01 9.97E+03 1.17E+04
Y-91 58.8d 2.67E+00 7.52E+00 4.27E+02 1.20E+03
Y-92 3.53h 6.98E+01 8.58E+01 1.12E+04 1.37E+04
Y-93 103 h 6.00E+01 6.93E+01 9.60E+03 1.11E+04
Zr-95+D 64d 3.10E+00 8.06E+00 4.96E+02 1.29E+03
Zr-97 17h 4.72E+01 5.34E+01 7.55E+03 8.54E+03
Nb-96 23.35h 4.12E-03 4.70E-03 6.59E-01 7.52E-01
Mo-99 66 h 2.36E+01 3.62E+01 3.78E+03 5.79E+03
Ru-103 +D 39d 2.25E+00 5.77TE+00 3.60E+02 9.23E+02
Ru-105 44h 1.11E+01 1.32E+01 1.78E+03 2.11E+03
Ru-106+D 368d 3.95E-02 1.06E-01 6.32E+00 1.70E+01
Sb-129 44h 7.23E+00 8.61E+00 1.16E+03 1.38E+03
Te-131 25m 1.19E+01 1.23E+01 1.90E+03 1.97E+03
Te-131m 30h 2.28E+00 2.69E+00 3.65E+02 4.30E+02
Te-132+D 78 h 1.54E+01 2.54E+01 2.46E+03 4.06E+03
Te-133m 55m 1.56E+01 1.68E+01 2.50E+03 2.69E+03
Te-134 42 m 2.47E+01 2.57E+01 3.95E+03 4.11E+03
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Table ES-7 Revised Estimates for Releases from Initial Engine Test #10 (continued)

HDE-Derived Released Estimates

Revised Release Estimates

Nuclide Half-life IET #10A IET #10B IET #10A IET #10B
I-131 8.05d 3.42E+01 2.07E+01 3.42E+03 2.07E+03
1-132 23h 6.00E+01 3.18E+01 6.00E+03 3.18E+03
I-133 203 h 3.00E+02 8.62E+01 3.00E+04 8.62E+03
1-134 520m 2.53E+02 9.00E+01 2.53E+04 9.00E+03
I-135 6.68 h 4.11E+02 1.20E+02 4.11E+04 1.20E+04
Xe-129m 8.0d 1.13E-05 2.54E-05 1.13E-05 2.54E-05
Xe-135 9.14h 4.50E+04 4.72E+04 4.50E+04 4.72E+04
Xe-135m 15.6 m 4.74E+02 3.18E+02 4.74E+02 3.18E+02
Xe-138 17.5m 2.51E+03 1.52E+03 2.51E+03 1.52E+03
Cs-137+D 30y 4.86E-02 9.14E-02 7.78E+00 1.46E+01
Cs-138 322m 1.08E+04 1.15E+04 1.73E+06 1.84E+06
Ba-139 82.9m 4.17E+02 4.69E+02 6.67E+04 7.50E+04
Ba-140+D 13d 1.06E+01 2.42E+01 1.70E+03 3.87E+03
Ba-141 18 m 6.39E+00 4.97E+00 1.02E+03 7.95E+02
Ba-142 I1m 1.08E+00 4.15E-01 1.73E+02 6.64E+01
La-141 3.87h 6.80E+01 8.11E+01 1.09E+04 1.30E+04
La-142 92.5m 5.44E+01 6.14E+01 8.70E+03 9.82E+03
Ce-141 32.5d 4.57E+00 1.21E+01 7.31E+02 1.94E+03
Ce-143 33h 3.53E+01 4.24E+01 5.65E+03 6.78E+03
Ce-144+D 284 d 6.60E-01 1.76E+00 1.06E+02 2.82E+02
Pr-143 13.59d 5.91E+00 1.89E+01 9.46E+02 3.02E+03
Pr-144 17m 6.60E-01 1.76E+00 1.06E+02 2.82E+02
U-234 2.47x10°y 3.06E-04 1.23E-04 1.53E-03 6.15E-04
U-235 7x10° y 9.74E-06 3.91E-06 4.87E-05 1.96E-05
U-238 4.5x10% y 9.06E-08 3.64E-08 4.53E-07 1.82E-07
TOTAL 1.28E+05 1.41E+05 2.22E+06 2.74E+06

ES-16
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1.0 RELEVANT BACKGROUND INFORMATION

1.1  Overview of Aircraft Nuclear Propulsion Program

Soon after the early development of nuclear weapons and their use in World War II, there was
interest in other uses of nuclear energy that included its use in the propulsion of ships, aircratfts,
and rockets. Interest in atomic aircraft began officially in 1946 under the project known as
NEPA (Nuclear Energy for the Propulsion of Aircraft). Because the NEPA project was
controlled by the United States Air Force (USAF), it was oriented towards developing an atomic-
powered long-range strategic bomber. Nuclear power showed promise in both fields because of
its dual nature of long-lasting fuel supply and high power levels theoretically possible using a
reactor.

The NEPA contract was with the Fairchild Engine & Airframe Co., and the work was conducted
at Oak Ridge, TN. Extensive studies were conducted under NEPA from 1946 until 1951. The
5-year NEPA project was a study and research effort culminating in the proposal for active
development of nuclear propulsion for manned aircraft. Thus, in 1951, NEPA was replaced by
the joint Atomic Energy Commission (AEC)/USAF Aircraft Nuclear Propulsion (ANP) program,
which employed the General Electric Company (GE) as the principal contractor (Thornton
1962a).

Although the ANP program was largely based on NEPA recommendations to develop an indirect
cycle, single reactor propulsion system, the power plant design concept selected for development
by GE was the direct-air-cycle turbojet in which air is the only working fluid. In the direct-air-
cycle design, the reactor receives air from the jet engine compressor, heats it directly, and
delivers it to the turbine. The high-temperature air then generates the forward thrust as it
exhausts through the engine nozzle. The direct-air-cycle concept was selected on the basis of
studies that suggested it would provide a relatively simple, dependable, and serviceable power
plant with high-performance potential (Thornton 1962a).

Approval was granted to proceed with the development of a power plant, designated the P-1, to
meet the early flight objective. The initial ground test was scheduled for 1954 and a flight test
for 1957. The P-1 project and the early flight objective were withdrawn in March 1953 on the
basis that early flight demonstration with a system not fitting a specific military requirement was
no longer warranted. A key element in the early phase of the ANP program was the X-6
program. Beginning in 1952, the designated goal of the X-6 program was to produce two flying
testbeds powered by atomic energy. A B-36 bomber was converted for this purpose. This
aircraft was referred to as the Nuclear Test Aircraft (NTA). The NTA began its life as a Convair
B-36H bomber, but after conversion, it was redesignated as an NB-36H (Thornton 1962a).

Upon termination of the P-1 program, GE-ANP activities were redirected toward a broad
component development program. Thus, during the summer of 1953, a General Electric
Program Task Force was formed for the purpose of establishing a method to give direction for
the component development program in the absence of a specific power plant objective. In brief,
the materials program encompassed the development of metallic and ceramic fuel elements,
hydrided metallic moderators and shield, controls, and structural materials for use in both
subsonic and supersonic aircraft. This was supported by extensive in-pile test programs.

1-1
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Engineering analysis techniques were developed in reactor and shield nuclear physics,
aerothermodynamics, controls, mechanics, and nuclear safety. In addition, the Task Force
recommended the construction of a Core Test Facility (CTF), which could serve as a test vehicle
for a variety of reactor types of potential interest in actual propulsion systems. After
consideration of air supply requirements for the CTF, a turbojet engine was selected rather than a
system utilizing a compressor driven by electric motors, diesel engines, or other power sources.
The selection of the turbojet engine as an air supply permitted the incorporation of all the
principal elements of a nuclear propulsion system, such as reactor, shield, engine, and controls
(Layman 1962).

Heat Transfer Reactor Experiments. A series of experimental reactors was built and operated
using materials and methods developed in the applied research activity. These were referred to
as the Heat Transfer Reactor Experiment (HTRE) series. The series involved three reactors
designated as HTRE No. 1, HTRE No. 2, and HTRE No. 3. Key features of the three
experimental reactors included the following:

o HTRE No. 1 was a reactor using metallic nickel-chromium, uranium-oxide-
dispersion fuel elements, with water serving the combined function of moderator
and structural coolant. The HTRE No. 1 reactor first operated a modified GE J47
turbojet engine exclusively on nuclear power in January 1956. Operation of the
HTRE No. I continued throughout the Calendar Year 1956, accumulating a total
of 150.8 hours of operation at high nuclear power levels, exceeding the design
requirement of 100 hours (Thornton 1962b).

o The HTRE No. 2 reactor was a modification of HTRE No. 1, providing a
hexagonal center hole, 11 inches across with an active length of 30 inches, for use
in testing insert sections for advanced reactors. The HTRE-2 operation started in
July 1957 and continued during the remainder of the program, accumulating
1,299 hours of high power nuclear operation. Insert test sections consisted of
metallic fuel elements combined with air-cooled hydrided zirconium moderators
and beryllium oxide fuel elements for use in ceramic reactors. Inserts were
operated at material temperatures up to 2,800°F for extended periods and at
higher temperatures for short periods (Blake et al. 1961, Blake et al. 1962).

o The HTRE No. 3 reactor was built in a full-scale aircraft reactor configuration
using Ni—Cr fuel elements of the HTRE No. 1-type and an air-cooled hydrided
zirconium moderator. Two modified J47 turbojets were operated by the reactor,
with full nuclear power being achieved in 1959. The system operated for a total
of 126 hours; the design objective was 100 hours of operation (Schoenberger
1958).

All three HTRE reactors were of the standard direct cycle configuration (Figure 1-1). The
general method for controlling an air-cooled reactor was by means of a chemical burner just
upstream from the turbines. This chemical combustor would allow the reactor to be started and
achieve full power with gradual switching to nuclear power. Under aircraft operational
conditions, this control mechanism would have allowed full power operation either at full
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nuclear power, full chemical power, or any combination of the two. For safety reasons, the
chemical combustor would have been exclusively used during takeoff and landing of an aircratft.

WiLLCTER FpEE
£ maili

Eaeial BATE
LIaTEE

Figure 1-1 Schematic Drawing of Heat Transfer Reactor Experiment No. 1 Test Assembly

The air entered the turbojet engine and was compressed to approximately five times the intake
pressure. From there, it was ducted to a manifold on top of the shield tank. The air passed
through the shield in a number of parallel ducts and entered the air plenum chamber above the
reactor. The inlet plenum chamber is shown crosshatched in the drawing. The exit plenum
chamber is shown shaded. From the plenum chamber, the air returned to the engine, turned the
turbine that drives the engine compressor, and was discharged to the exhaust handling system.

When operating on chemical fuel only, the engine was controlled by regulation of the turbine
exhaust temperature. A demand for increased temperature caused the chemical fuel valve to
open and thus supply more fuel to the burner can. When the designated temperature was
reached, a thermocouple in the turbine exhaust sent a signal to balance the temperature-demand
signal. The engine speed could be changed by adjusting the area of the engine exhaust nozzle.
Reducing the nozzle area increased the back pressure on the system and slowed down the engine.

1-3
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The reactor power was controlled by the insertion or withdrawal of control rods. The neutron
flux level in the top plug was used as a measure of reactor power.

The power plant was started on chemical fuel alone with compressor air passing through the cold
reactor. Then, with the engine speed and turbine exhaust temperature controls set at a
predetermined level, the reactor was started and the power increased. When the nuclear heat
added to the air was detected by the turbine exhaust thermocouple, the chemical fuel valve would
start to close in an attempt to maintain the exhaust temperature at the predetermined level. As
the reactor power was increased, the chemical fuel valve closed completely. Engine speed was
held constant throughout. Further increase in reactor power caused an increase in exhaust
temperature. Temperature limiters caused automatic scram if the reactor operator allowed an
excessive temperature increase while on nuclear power.

During the 8-year period from 1953 to 1961, the 3 reactor assemblies were used to evaluate
reactor control systems, nuclear fuels and moderators, and the feasibility of operating a nuclear-
powered aircraft. The HTRE assemblies were mounted on a 4-track railroad dolly and were
operated at the CTF located at the Test Area North (TAN) at the Idaho National Engineering
Laboratory! (INEL) (Figures 1-2 and 1-3). The CTF provided the shielded control room, the
support utilities required for testing (e.g., electrical power, water, etc.), and the instrument
reactor exhaust system. The testing program for the HTRE assemblies was designated as the
Initial Engine Tests (IETs). There were a total of 26 IETs, which were numbered sequentially
from IET #1 through IET #26.

Figure 1-2 Core Test Facility

1

In this report, we refer to the site by its historical name at the time the releases of concern to this report
occurred, rather than its current name, which is the Idaho National Engineering and Environmental Laboratory
(INEEL).

14
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Figure 1-3 The Idaho National Engineering Laboratory Site Facility
Showing Location of Test Area North

1-5
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While the HTRE tests were generally viewed as successful by having demonstrated the
feasibility of a nuclear-powered aircraft, the ANP program was terminated by President John F.
Kennedy in March of 1961 before the airplane and the actual reactors to be used to power it were
ever constructed.

Radioactive Releases. Although releases were mitigated by predetermined test constraints and
specified meteorological conditions, due to the very nature of ANP test objectives at the INEL,
controlled but significant radioactive releases to the environment were clearly expected from
IETs. The ANP Program at INEL involved reactor designs, reactor fuel configuration, and fuel
materials that were unprecedented and included the following:

o Reactor prototypes were designed for high power densities in order to minimize
shielding requirements

o Fuel configuration consisting of wafer thin (0.013 to 0.21 inches) concentric
ribbons of UO; enriched materials that maximized heat transfer in the direct-air-
cycle reactor

J Under full power, sustained airflows of 100 pounds per second and reaching
temperatures of 1,250°F flowed through the reactor

o Fuel inserts were operated at material temperatures in excess of 3,000°F for
extended periods of time

J Besides the parent fuel core consisting of nickel-chromium, uranium oxide
dispersion fuel elements, a host of fuel inserts were tested in which UO, was
homogeneously incorporated into a ceramic matrix consisting of BeO,UO,,Y;,0;
without cladding

Once released from the fuel elements, all radioactivity was discharged directly into the
atmosphere.

1.2 Previous Assessment of Radioactive Releases and Resultant Doses from
Aircraft Nuclear Propulsion

In December 1988, the Idaho National Engineering Laboratory Historical Dose Evaluation
(INEL-HDE) Task Group was chartered in response to concerns about potential radiological
consequences to the public from past activities at INEL that included the ANP tests. In 1991, the
HDE Task Group issued a comprehensive two-volume report that quantified radioactive releases
(and associated doses) from activities categorized as either operational or episodic. Operational
releases are continuous, somewhat uniform releases that occur over extended periods of time and
reflect average meteorological conditions corresponding to a full year or a large portion of a
year.

In contrast, episodic releases generally reflect tests, experiments, and/or accidents that span
relatively shorter periods of time (i.e., hours). A large fraction of the IETs were performed
intermittently over extended periods of time ranging from a few weeks to several months;

1-6
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depending on the test protocols, the HTRE was operated in a non-continuous manner at different
times during the day and for varying durations of time. Release rates during IET test runs,
therefore, reflected radionuclide mixtures that were affected by past reactor fuel burnup and
decay, as well as concurrent production rates and reactor operational parameters. Under these
conditions, it must be assumed that the relative composition of the radionuclides in the effluent
changed over time along with changes in total release rates. Calculating source terms (and
atmospheric dispersion coefficients) for episodic releases associated with some of the ANP IETs,
therefore, posed challenging technical problems for the HDE. If sufficient information
concerning reactor operations, release rates, and release times was not available, the test was
divided into one or a few operational periods and releases were assumed to be uniform for the
duration of each period. The HDE Task Group used this approach for IETs #4, #6, and #16.

When sufficient information concerning reactor operations and effluent monitoring data was
available, attempts were made to identify changes and peak period(s) of release during a given
test run and apply a time-weighted dispersion coefficient. Weighted-average dispersion
coefficients were calculated and applied for IETs #3, #8, #10, #11, #14, #15, #17 through #21,
#23, #25, and #26. Initial Engine Tests #12, #13, #22 and #24 were of short duration and could,
therefore, be modeled by meteorological data that specifically corresponded to the short time
period.

It should be pointed out that the need to address meteorological factors in behalf of Task 2,
which is concerned with IETs radiological source terms, is due to the fact that the HDE Task
Group reported release quantities in terms of curies that reached the INEL site boundary.
Depending on wind speed and wind direction, the time interval and associated radioactive decay
during transport was, therefore, variable. Table 1-1 summarizes the episodic release quantities
associated with the IETs. It should be noted that several of the 26 IETs were non-nuclear and
resulted in no releases, since they were limited to operational aspects of valves, ducts, and other
peripheral components of the aircraft propulsion system.
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Table 1-1 Summary of Radioactive Releases Associated with

Aircraft Nuclear Propulsion Initial Engine Tests as Reported by the
Idaho National Engineering Laboratory Historical Dose Evaluation

IET No. Test Dates (d/mo/yr) Release Quantity (Curies) Time to Site Boundary (h)
IET #3 2/11 - 2/24/56 46,000 0.8
IET #4

e IET #4A 5/1 - 5/23/56 6,800 1.1

e IET #4B 5/24 - 6/29/56 210,000 0.7

e IET #4C 6/29/56 150,000 0.3
IET #6 12/18/56 9,000
IET #8 7/31 - 8/28/57 1,700
IET #10

e IET #10A 12/20/57 - 2/25/58 130,000 Varies

e IET #10B 3/1-3/6/58 140,000 Varies
IET #11 3/20 - 4/14/58 4,200 Varies
IET #12 5/2/58 4,000
IET #13 11/18/58 940 1.4
IET #14 4/24 - 5/19/59 7,500 Varies
IET #15

e IET #15A 6/3 - 6/15/59 2,000

e IET #15B 6/16 - 6/24/59 1,200
IET #16 10/9/59 300
IET #17

e IET #17A 11/2 - 11/30/59 2,400

e IET #17B 12/1 - 12/12/59 2,200
IET #18 1/6 - 2/7/60 14,000 Varies
IET #19

e IET #19A 2/17 - 2/29/60 1,200

e IET #19B 3/1 - 4/30/60 8,400 Varies
IET #20 5/14 - 6/10/60 7,500 Varies
IET #21 6/29 - 8/6/60 2,000
IET #22 8/25/60 4,100

1-8
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Table 1-1 Summary of Radioactive Releases Associated with
Aircraft Nuclear Propulsion Initial Engine Tests as Reported by
Idaho National Engineering Laboratory Historical Dose Evaluation (continued)

IET No. Test Dates (d/mo/yr) Release Quantity (Curies) Time to Site Boundary (h)
IET #23 9/7 - 10/14/60 1,700 Varies
IET #24 10/26/60 4,800
IET #25
o IET #25A 11/22 - 11/30/60 2,400
e IET #25B 12/1 - 12/15/60 7,800
IET #26
e IET #26A 12/23/60 - 2/28/61 7,000
e IET #26B 3/1-3/30/61 3,100 Varies

On the basis of radionuclide release quantities, radionuclide composition, and meteorological
parameters, the HDE derived dose estimates for a hypothetical offsite adult, child, and infant for
each IET (Table 1-2).

A review of Tables 1-1 and 1-2 reveals that the magnitude of radioactive releases and their
offsite exposure doses were highly variable. By far, the highest releases resulted from IET #3,
IET #4, and IET #10. In brief, the combined estimated release of 682,000 curies by IETs #3, #4,
and #10 is nearly seven times the combined release of 99,440 curies estimated for all other IETs
that employed reactor power during the test.

Of interest is that the HDE Task Group identified IET #3 as having caused the highest offsite
exposure, even though the estimated release of 46,000 curies for IET #3 is only a fraction of the
release quantities associated with IET #4 and IET #10. Of further interest is that in 1956, when
IETs #3 and #4 were conducted for the HTRE No. 1 test series, instrumentation and analytical
methods used to monitor effluent released from IET test runs were in their early stages of
development. Thus, effluent release estimates for IET #3 were principally based on
photographic evidence of fuel damage and assumed release fractions for noble gases, halogens,
and solids.
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Table 1-2 Summary of Dose Estimates Associated with
Aircraft Nuclear Propulsion Initial Engine Tests as Reported by

the Idaho National Engineering Laboratory Historical Dose Evaluation® t
IET No. Effective Dose Equivalent Maximum Organ (i.e., Thyroid) Dose
(mrem) (mrem)
Adult Child Infant Adult Child Infant

IET #3 29 34 54 320 510 1,200
IET #4

o IET #4A 0.07 0.09 0.18 1.3 2 5

e IET #4B 1.6 2 4 28 44 110

e IET #4C 4 6 13 70 140 370
IET #10

e IET #10A 0.7 0.7 0.8 2 3 6

e IET #10B 0.4 0.5 0.8 3 6 16
IET #11 0.03 0.05 0.14 0.9 1.6 4
IET #13 0.12 0.12 0.16 0.8 1.2 3
IET #14 0.08 0.12 0.3 2 4 10
IET #18 0.10 0.11 0.18 0.9 1.5 3
IET #19B 0.08 0.12 0.3 1.9 3 9
IET #20 0.04 0.06 0.13 0.8 1.5 4
IET #23 0.03 0.05 0.13 0.8 1.5 4
IET #26B 0.04 0.06 0.15 0.9 1.6 5

* Episodic releases producing estimated doses less than 0.1 mrem are not included in Table.
1 Doses are calculated for location of highest integrated atmospheric concentrations.

1.3 The Purpose of This Report: Task 2
1.3.1 Objectives

The original objectives for Task 2 were to calculate the source terms from the ANP Program
IETs and compare the results and methodology used in deriving source term estimates with those
previously cited in the 1991 HDE report prepared by the INEL-HDE Task Group. Such a
comparison was to focus on the completeness and quality of the two data sets, and explain key
differences and their implications.
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1.3.2 Revised Scope for Task 2

After a preliminary document review, it was concluded that an assessment of source terms for
IETs was complex and that a comprehensive analysis for all [ETs that employed reactor power
was beyond the constraints of time and allotted resources for Task 2. Because data suggested
that the largest releases and/or doses were those of IET #3, IET #4, and IET #10, and whose test
objectives included (1) testing that determined bounding operating parameter limits of sustained
reactor power and fuel temperature levels, and (2) intentional destructive testing of fuel elements
and reactor components that evaluated the kind and magnitude of material/component failures, it
was decided that a reduced but, nevertheless, meaningful assessment could limit the scope of
Task 2 to IETs #3, #4, and #10.

1.3.3 Approach

As a starting point for our assessment of source terms, SC&A conducted a site visit to INEL and
critically reviewed all available information relating to the ANP program. Our search revealed
that, among available documents, there was no primary data, such as health physics logbooks,
that quantified specific effluent measurements. Useful data were limited to a series of summary
reports, which described key aspects of each IET’s test objectives, operating parameters, and
resultant fuel integrity/failure. For IET#3, the objectives had been to determine the
characteristics of the reactor core, cooling systems, and control rod system; for IET #4, the
principle objectives were to assess several modifications that were made to HTRE No. 1 since
the first test series (i.e., IET #3); and for IET #10 that employed HTRE No. 2, the primary test
objectives focused on power testing of the ceramic fuel insert (designated Insert 2B).

Summary reports acknowledged that effluent monitoring throughout the ANP testing period was
by no means constant, but reflected an evolving learning process. Thus, the early IETs #3, #4,
and #10 coincided with effluent monitoring methods (and data) that were both incomplete and
difficult to interpret. Since SC&A’s evaluation of ANP source terms included a critical review
of source terms cited in the 1991 report issued by the HDE Task Group, meetings and
discussions were held with key investigators of the Task Group, as well as individuals who had
been directly affiliated with the ANP program.

As part of our evaluation of previous monitoring data, it was critically important to correlate
effluent data relative to chemical fuel consumption rate, reactor power levels, reactor plate
temperature, and fuel configuration for the following reasons:

o Effect of Chemical Fuel Flow. An important aspect of the aircraft nuclear
propulsion system is that it is linked to a normal jet engine and combustion of jet
fuel.

The concurrent consumption of fossil fuel during reactor power operations
introduced particulates into the effluent exhaust gases, which profoundly affected
monitoring data. Data showed that the combustion of fossil fuel and the
entrainment of particulate matter greatly determined whether volatile radioiodines
(and even noble gases) were in a gaseous or particulate state at effluent sampling
points (Holtslag 1956, Ebersole 1956).
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o Effect of Reactor Power. Increases in reactor power levels (at a constant
chemical/fuel flow) showed significant but modest increases in effluent activity.

. Effect of Reactor Plate Temperature. Particulate activity showed no significant
dependency over a range of temperatures considered low (i.e., < 1,500°F), but
increased sharply at higher temperatures. Thus, it was concluded that temperature
level is by far the most critical parameter affecting the integrity of the ANP fuel
elements and their release of fission products. During destructive test runs,
temperatures well above 3,000°F were reached and resulted in fuel damage and
large releases.

o Effect of Reactor Fuel Type. A variety of nuclear fuels were tested that included
metallic and ceramic fuels. Moreover, early ceramic fuels were unclad and were
uniquely prone to release fission products as a result of water vapor corrosion and
by direct recoil.

As part of SC&A’s quality assurance protocol, an earlier draft of this report was subjected to an
internal and external review that included the CDC and INEL. The review process resulted in
significant changes to source terms estimated in behalf of IET #4 and IET #10.

Lastly, SC&A presented its final estimates of source terms for IETs #3, #4, and #10 to the CDC
in an oral presentation in Atlanta, Georgia, on June 16 and 17, 2003 and subsequently to the
Health Effects Subcommittee (HES) in Boise, Idaho, on July 1, 2003. Key members of the HDE
Task Group attended both meetings.

1.4 Radionuclides Considered in Initial Engine Test Releases

The HTRE employed enriched uranium. In the fission process, there are many different ways in
which a uranium-235 nucleus can split to form fission products and release energy through the
emission of ionizing radiation.

At the time of fission, about 60 different radioisotopes are formed, representing some 35
elements. In turn, many of these give rise to one or more radioactive daughter product(s), so that
eventually more than 170 isotopes are produced. These primary and secondary fission products
are largely beta-gamma emitters and represent isotopes of elements in the middle range of atomic
weights of about 100 and 140 daltons. The relative production or yield of radioactive fission
products, however, is highly variable; in addition to fission yield, the radioactive half-lives of
fission products range from fractions of a second to over a hundred years and also have a
pronounced impact on the composition of radionuclides in effluents.

For these reasons, fission products that are produced in relatively limited amounts and/or are
short-lived will not significantly contribute to human exposure and may, therefore, be ignored.
A third factor affecting the relative importance of a radionuclide pertains to its chemical/
biological properties. Radioisotopes of elements with biological significance may be
metabolically taken up and result in exposures that are internal to the body.
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In addition to fission products, there are two other sources of potential radioisotopes. The first
involves the induced radioactivity in elements subjected to fission neutrons. For the direct air
cycle design of the HTRE, a significant contribution to radioactivity in the exhaust comes from
Ar-41, the activation of argon gas that is normally present in air. The other source of
radioactivity is from radionuclides originally present in the nuclear fuel, which includes U-234,
U-235, and U-238.

Based on production yields, half-life, and biological significance, the HDE Task Group
identified a total of 51 radioisotopes as having the potential for significant release and radiation
exposure (Table 1-3). SC&A reviewed the HDE Task Group’s selection criteria, which required
the list of selected nuclides to contribute (1) 99% of the cumulative inhalation dose and

(2) 99.9% of the cumulative immersion dose using DOE’s dose conversion factors (DOE 1988a
and 1988b). On the basis of this thorough review, SC&A concluded that the list of 51
radionuclides is sufficiently inclusive for the reassessment of source terms involving IETs #3,
#4, and #10.

Sections 2.0, 3.0, and 4.0 of this report present information and data for IET #3, IET #4, and
IET #10, respectively. For each IET, relevant background information is provided that is
followed by (1) monitoring data published in previous INEL summary reports, (2) INEL-HDE’s
approach to quantifying radioactive releases, (3) a critical assessment of the HDE Task Group
approach, and (4) summary conclusions and revised estimates of releases where appropriate.
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Table 1-3 Radionuclides Considered in Episodic Initial Engine Test Releases

Primary Daughter Primary Daughter
Nuclide Half-life Nuclides Half-life Nuclide Half-life Nuclides Half-life
Ar-41 1.83h I-131 8.05d
Br-84 6.0 m 1-132 23h
Kr-85m 44h I-133 203 h
Kr-87 76 m I-134 52.0m
Kr-88+D 2.8h Rb-88 18 m I-135 6.68 h
Rb-89 154 m Xe-129m 8.0d
Sr-89 52.7d Xe-135 9.14h
Sr-90+D 29y Y-90 64 h Xe-135m 15.6 m
Sr-91+D 9.5h Y-91 50 m Xe-138 17.5m
Sr-92 271 h Cs-137+D 30y Ba-137m 35m
Y-91 58.8d Cs-138 322m
Y-92 3.53h Ba-139 82.9m
Y-93 103 h Ba-140+D 13d La-140 40 h
Zr-95+D 64d Nb-95 35d Ba-141 18 m
Zr-97+D 17h Nb-97m Ba-142 I1m
Nb-96 23.35h La-141 3.87h
Mo-99+D 66 h Tc-99m 6h La-142 92.5m
Ru-103 +D 39d Rh-103m 56 m Ce-141 32.5d
Ru-105+D 44h Rh-105m 45 Ce-143 33h
Ru-106+D 368 d Rh-106 30s Ce-144+D 284 d Pr-144 17 m
Sb-129 44h Te-129 70 m Pr-143 13.59d
Te-131 25m Pr-144 17m
Te-131m+D 30h Te-131 25m U-234 2.47x10°y Th-231 26 h
Te-132+D 78 h 1-132 23h U-235 7x10% y Th-234 24 h
Te-133m+D 55m Te-133 12m U-238 4.5x10°y
Te-134 42 m

1-14
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2.0 INITIAL ENGINE TEST #3

2.1 Relevant Background Data
2.1.1 Initial Engine Test #3 Operational History

The first series of tests that employed reactor power operation of the Heat Transfer Reactor
Experiment (HTRE) No. 1 power plant test assembly was Initial Engine Test (IET) #3. The test
operation, 44 runs in all, began December 27, 1955, and ended February 25, 1956. The earliest
runs involved a series of cold-flow, low-power tests in which the reactor was operated without
forced-air cooling. This was followed by (1) low-power tests in which the coolant air was
supplied by auxiliary blowers, (2) tests in which the coolant air was supplied by the engine that
was operated both by the reactor and the auxiliary chemical (jet-fuel) source, and (3) transfer of
operation of the engine system to exclusive reactor power (Thornton et al. 1962b, Gamertsfelder
1954).

The HTRE No. 1 reactor was first operated at substantial power (above 200 kilowatts) on
January 17, 1956, and was operated at powers above this level on 18 different days for a total of
40.21 hours. The reactor operated for a total output of 349 megawatt-hours (8.7 MW average
power level and a maximum power level of 16.9 MW).

For the first all-nuclear run on January 31, 1956, the reactor-engine system was successfully
operated for about 37 minutes, during which time exhaust air monitors indicated possible fuel
element rupture.

On February 11, 1956, during a second failed attempt to transfer to full nuclear power, a burst of
stack activity was detected. The presence of fission fragments was established during
subsequent runs in which I-131 was detected in the stack gas. Following the test run on February
24,1956, the IET #3 test series was terminated to assess the extent of fuel damage.

A summary of test run dates and key parameters associated with IET #3 reactor operation is
presented in Table 2-1.

Reactor Assembly and Fuel Configuration. The first reactor for the HTRE No. 1 was also
identified as the D101A reactor. The reactor was air-cooled and had metallic fuel elements and a
water moderator (Thornton et al. 1962b). The reactor and shield plug assembly is shown in
Figure 2-1. The active core of the reactor was a hexagonal bank of 37 four-inch OD (0.080-inch
wall) aluminum tubes containing 80 Ni—20 Cr fuel elements impregnated with UO,. Each fuel
element had a loaded length of 29.125 inches. The detailed nuclear design of the fuel elements is
reported in Minnich (1955) and APEX-398. The tube layout with dimensions is shown in

Figure 2-2.
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Table 2-1 Summary of Initial Engine Test #3 Reactor Operation

Time at 100%

Time Above 200 Maximum Power Total Nuclear Power
Date Kilowatts (hr) (MW) Megawatt (hours) (hr: min)

1/17/56 2.00 0.4 0.50
1/18/56 2.00 1.5 1.13
1/19/56 1.50 2.0 1.62
1/26/56 1.00 3.0 3.30
1/27/56 1.25 8.6 4.00
1/28/56 2.50 12.0 25.35
1/31/56 2.50 16.9 30.00 0:37
2/2/56 0.98 12.7 7.80
2/6/56 1.25 16.9 17.67 Transfer unsuccessful
2/7/56 0.65 13.6 4.44
2/8/56 6.40 13.2 68.25
2/9/56 0.30 16.9 0.60
2/11/56 1.78 15.2 8.81 Transfer unsuccessful
2/13/56 5.48 16.9 78.96 3:43
2/18/56 1.87 16.9 15.43
2/21/56 2.03 143 17.61 Transfer unsuccessful
2/22/56 2.87 15.8 40.29 1:43
2/24/56 3.85 12.8 23.32

Total 40.21 349.08 6:3
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Figure 2-2 D101A2 Active Core Dimensions and Tube Layout

Fuel for the reactor was supplied by 93.4% enriched UO, mixed with an 80 Ni - 20 Cr alloy.

The weight ratio of this mixture (UO,/total) was 42% on all rings except for the innermost ring
of all elements for which the ratio was reduced to 40%. The fuel mixture was clad with a
modified nickel-chromium alloy with a thickness of 0.004 inches (0.1 mm) and was fabricated in
ribbon form. Table 2-2 provides key data for the HTRE No. 1 reactor core parameters.
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Table 2-2 Gross Active Core Parameters

Length:
Diameter: across flats
Diameter: across corners

Volume:

29.125 inches
30.758 inches
35.516 inches

13.809 ft’

Diameter of right circular

cylinder of equivalent volume: 32.298 inches

Active Core Materials Effective Volume Fraction Weight (Ib) Specific Gravity
Water 0.402 334.8 1.00
Aluminum and insulation
equivalent™® 0.0531 117.60 2.7
80 Ni-20 Cr 0.0576 407.65 8.62
Uranium, 93.4% enriched 0.00588 90 18.68
Stainless steel 0.00942 60.16 7.78

Core volume 13.22 f
* Since the Thermoflex insulation consists of aluminum and magnesium oxides, it was lumped, for convenience,
with the aluminum in fuel tubes and control rod guide tubes on a weight basis.

A typical fuel cartridge is shown in Figure 2-3. Its total weight was calculated at 18.7 pounds.
The cartridge was composed of 18 stages or elements, a forward ring assembly of 11 stages, and
an aft assembly of 7 stages. Eighteen elements, together with the forward ring assembly and the
aft assembly, form a single fuel cartridge.

In turn, each element consisted of a number of concentric fuel rings joined and spaced at the
leading edge by brazed channels and spaced at the trailing edge by trapezoidal spacers. Each
ring was composed of fueled ribbon nominally 1-1/2 inches wide and sealed at each end with
braze-coated wire equal in diameter to the thickness of the fueled ribbon.

The design of the fuel cartridge and its 18 stages of concentric ribbons provided the necessary
surface area for efficient heat transfer. The fuel-element heat transfer surface was designed for a
nominal maximum fuel element temperature of 1,700°F, with the assumption that the reactor
discharge air would attain a temperature of 1,335°F. During actual operation, however,
considerably higher local transient temperatures (up to 1,900°F) could be tolerated.
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Figure 2-3 D101A2 Fuel Element and Cartridge Assembly
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2.2 Early Estimates of Radioactive Releases From Initial Engine Test #3

A review of the Centers for Disease Control and Prevention’s (CDC) Idaho National Engineering
Laboratory (INEL) Phase II database failed to identify any primary effluent monitoring data (i.e.,
logbooks) that quantified releases having dates that coincided with those of individual test
runs/IETs. For the HTRE No. 1, which included IETs #1 through #6, the most definitive, useful
data appear to be that of Thornton, Minnich, and Heddleson in 1962 (Thornton et al. 1962b).

In his report, Thornton noted that all IET operations were under meteorological control, which
frequently forced postponement or limited operations to only a few hours each day. For this
reason, the buildup of fission products were minimized and “. . . operations were never limited
by the maximum downstream dose regulations (lung dose not to exceed 3.9 rem, with escape rate
assumed as 1% of the total reactor fission products).”

For IET #3, Thornton’s assessment of radioactive releases was semi-quantitative, however, and
was limited to the following summary statements:

#1 During early partial-nuclear-power operations, some low-level beta
emitting particles were measured by the stack monitor. This type of
activity decreased as operation continued and was never identified with
certainty. It may have been associated with leakage of the shield solution
in to the reactor.

#2 The release of radioactive material during IET No. 3 was first detected
February 11, 1956, during an attempted transfer to full nuclear power.
Fuel cartridge damage was suspected and later verified, during
disassembly of the A2 core, as the cause.

#3 The presence of fission products in the exhaust was definitely proved later
in the test series when '3 was found in the particles carried out of the
stack during the second 100% nuclear operation [i.e., February 13,
1956]. The radioactive material released from the stack during this
operation was estimated at 2000 curies over a 4-hour period. [Emphasis
added.]

#4 The measured radioactivity released from the stack during the third 100%
nuclear power operation was about 1000 curies over a 2-hour period.
There was some fallout from this operation at the IET area, the ANPD
Administration area, and the A and M area, but not enough to seriously
limit use of any of these areas. [Emphasis added.]

#5 During the last day of operation [February 24, 1956], an attempt was
made to verify the location of the damaged fuel cartridges by observing
the released radioactivity when control rods proximate to suspected tubes
were withdrawn. The comparative activity levels of the rupture-detecting
filters had indicated that tubes 26 and 30 were the most radioactive. A
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short run at about 60% nuclear power was made to locate the damaged
fuel element. The wind was from the southwest at 30 miles per hour, and
the Idaho site-survey crew was located downwind from the IET. The
survey crew radioed that they were picking up a maximum air activity of
about 1 mr per hour on the Salmon Highway and at Monteview but that
most readings were near zero. At the request of the Idaho Operations
Director of Health and Safety the operation was continued to allow the
survey crew to get a better air sample. A short while later the control rods
adjacent to tube 30 were pulled, and both the rupture detector and the
stack monitor indicated a slight burst of activity. Twenty minutes later a
portion of the monitoring crew located in Monteview, 10 miles away,
detected some activity, apparently a result of this burst. At this point, with
the concurrence of the Idaho Operations Director of Health and Safety,
the reactor operation was terminated. About 100 curies was released
during these tests. [Emphasis added.]

On the basis of data provided by Thornton et al. (1962b), it may be assumed that for about 10 of
the 40.21 hours of IET #3 test runs, the total amount of radioactive fission products released to
the environment was about 3,100 ten-minute-decayed curies.

2.3 Limitations of Early Release Estimates

A search for available data suggests that the report by Thornton et al. (1962b) is the principal
document that attempts to quantify radioactive releases associated with IET #3. However,
Thornton’s estimated release quantity of about 3,100 Ci of particulate fission products has
limited value as indicated or suggested for the following reasons:

#1

#2

#3

Thornton et al. (1962b) cite neither reference(s) for these values nor provide any
raw effluent monitoring data that support their values and would allow for
verification; furthermore, their report makes no reference to the type of effluent
sampling method(s) that was employed during IET #3. The assumption that
effluent monitoring during the IET #3 test runs was limited to the spot sampler
method can be deduced from the summary statement #3 in Section 2.2 above,
which makes reference to “particles” in behalf of radioiodines.

Thornton’s estimated release of 2,000 Ci, 1,000 Ci, and 100 Ci correspond to 3
discreet time frames of fewer than 10 hours out of a total of 40.21 hours during
which the reactor was operated at power levels in excess of 200 kW. It should be
noted, however, stack effluent monitoring showed only minor releases during the
first 22 hours of power operations.

Effluent monitoring that is principally limited to radioactive particulate fission
products in the exhaust airstream is incomplete inasmuch as critical fission
products—notably, the iodines, bromines, xenons, and kryptons—are present in a
gaseous state. In addition to fission products, reactor exhaust gases may also
contain activation products that include gaseous argon (Ar-41).
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#4 The accuracy of radioactive particulate sampling data is further handicapped by
several unaccounted variables. As explained in Section 2.3.1, most notable
among these is the concentration of particulates introduced in the exhaust gases.
In subsequent IETs, it was found that the presence of small particles in effluent
gases severely affect the distribution of volatile fission product contaminants as
particulates or in gaseous form.

#5 Inspection of the HTRE No. 1 fuel elements following IET #3 identified
significant fuel failure that suggests radioactive release quantities well in excess
of the 3,100 curies cited by Thornton et al. (1962b).

Presented below is a brief explanation of issues #3, #4, and #5 cited above.
2.3.1 Spot Sampling and Its Limitations

Effluent monitoring methods varied significantly over the time frames of the ANP tests.
(Effluent monitoring techniques employed in later IET test runs are described elsewhere in the
report.) During the HTRE No. 1 testing that included IETs #3 and #4, effluent monitoring was
principally confined to the spot sampler. A detailed description of sampling equipment,
techniques, and parameters for the spot sampling technique is provided by Boone et al. (1959)
and Foster et al. (1960) and 1s summarized below.

Spot Sampling Equipment. Exhaust gases from the test engine were passed through a 200-foot-
long horizontal pipe to a 150-foot vertical stack (Figure 2-4). The exhaust gas was sampled at
the 80-foot level of the stack at point of maximum velocity by means of a sampling probe having
an inside diameter of 0.478 inches. The probe was connected to a 110-foot stainless steel
sampling line with an outside diameter of 0.5 inches.

Particulates were collected on a 1.4-inch diameter filter paper (MSA 1106B) with a filter face
velocity of ~200 feet per minute. Activity on the filter was counted by means of a gas flow, end
window, proportional detection tube and a TMC Model SG-2A scaler.

One-minute spot samples were collected at discreet times on the fixed filter paper assembly,
transferred to the counting shield, and subjected to several 1-minute counts.
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Figure 2-4 150-foot Exhaust Stack

Critical parameters that were needed to convert the observed counts per minute to activity
normalized to a decay value of 10 minutes in air releases included the following:

Beta counting efficiency (estimated at 5.1% for the MSA 1106B).
Filter paper particle collection efficiency (variable from about 40% to >80%).

Sampling line loss factor of 1.56 (subsequently determined during IETs #4 and
#8).

Exhaust stack coolant augmentation factor (because ambient external air enters
the stack through the porous fire brick liner and mixes with the reactor exhaust
air, the air sampled at the 80-foot level is “diluted” and must, therefore, be
corrected). An augmentation factor of 1.25 was determined during I[ET #4.

Decay correction that accounts for the sampling and counting intervals in
generating the normalized release aged to 10 minutes.
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In brief, the release rate of radioactive particulates in curies per unit time normalized to a
decayed value of 10 minutes could be calculated from raw filter sample counting data by the
following equation (Boone et al. 1959) and knowledge of key parameter values:

C(1- K)(2-K -
ar- aT)r(K )[(Tf+Ts+Td+TC)2'K - (Tf+Ts+ Ta) ™+ (TF+ Ty ] Eq.2-1

Where: Ar = Release rate (curies/unit time) referenced to age (Tr) (600 secs)
C = Total counts recorded on scaler during counting interval (Tc)
K = Decay constant (slope of decay curve - see discussion below)

air sampling rate filtering eff . x countinge eff . x unit conv. factor
a = engine compressor rate stack augmentation factor x line loss factor

Tr = age to which release rate is normalized (600 secs)

Tf = Time of flight from reactor to sampling unit (3 secs)

Ts = Sampling interval (usually 60 secs)

Td = Time delay from end of Ts to beginning of Tc (537 secs)

However, even if the raw counting data for a sufficient number of IET #3 spot samples were
available, converting such raw data to release rates of radioactive particulates would pose a
problem since several parameters cited in Equation 2-1 are time-/IET-specific. Critical among
these are the decay constant K and particulate filter collection efficiency.

o The decay constant (slope of decay curve) was shown to vary between 0.8 to 1.5
and reflects the complex dynamics in fission product composition and their
release over time. Thus, significant deviations in decay rates were subsequently
observed during IET #14 from the theoretical values predicted by the Way-
Wigner equation or Equation 2-1 cited above. Deviations were most significant
for releases that occurred in later test runs and reflect the buildup of longer-lived
isotopes among the fission product inventory at time of release. For example,
Figure 2-5 compares four decay curves that represent theoretical values defined
by Way-Wigner and the observed empirical values of IETs #14 and #15. From
Figure 2-5, it is seen that the ratios of activities at 10 minutes to 10 hours vary
from 28.6 to 67.8, as summarized below:

Theoretical Ratio of 10 minutes/600 minutes
Way-Wigner: 60.5
Boone 1959: 67.8

Observed
IET #14 - Early in test: 43.0 Late in test: 39.5
IET #15 - Early in test: 52.9 Late in test: 28.5




July 2005

ANP Source Terms

FERES
ol

-
4

L TR Esa ol e e e Sl

H

F(THE THEGRETIZAL
=i

T FRODOLTE 1o

br — - - foweamony

Tt
" g =}

i _T"-'"_"

MEEEE

RESH 5}

oy

14 3

]

F:il7 SECONDS AND
|

AL i

o meAsdRER Wame TET

Al ARE
£
MiN

C- 8o

T

| ]

e k]
T T

s = i

o
=

A6E [MiNuTES)

Figure 2-5 Effluent Beta Decay Curves
(Source: Boone 1959)
2-12




July 2005

ANP Source Terms

R

EER AN, | |

R Ll
MEASURED: DUTING IET 1. BETW

ok rREH :-_.':,-rt'ﬂ.

AGE OF 10MHLUTES AND 6O HOURS |

5=

Ll L

T4 1809

L]

a
i

AGE | HINYTES)

5 Effluent Beta Decay Curves (continued)

Figure 2

(Source: Boone 1959)

2-13



ANP Source Terms July 2005

. Filtering efficiency of the MSA106B filter paper used in the spot sampler and
stack monitor was shown to vary depending among other factors on the carbon
particle loading in the effluent. Beyond the baseline particulate matter contained
in ambient air at the point of introduction by the compressor, the largest
contributor of airborne particulate matter was shown to come from jet engine
chemical fuel combustion. Figure 2-6 cites a representative filtration response as
a function of chemical fuel combustion. Beyond affecting filter efficiency,
chemical fuel combustion even more significantly affects the shift of normally
volatile/gaseous fission products to radioactive particulates, as discussed in
greater detail in Section 2.3.2.
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2.3.2 Uncertainty of the Physical State of lodines in the Stack Effluent

Numerous difficulties for the analysis/interpretation of IET monitoring data involves the
uncertainty of the physical state of iodines (and potentially other volatile radionuclides) in the
stack effluent. Specifically, the question centers around whether the iodine fraction is in a
gaseous or a particulate phase at the point of sampling. Owing to the high temperatures of the
IET exhaust gas, a reasonable assumption would hold that the overwhelming fraction of
radioiodines would exist in gaseous phase.

To test this assumption, a series of monitoring experiments were conducted during IET #4 that
quantified the gaseous and particulate forms of iodine in stack effluents (Ebersole 1956).
Effluent samples at the 80-foot stack level were drawn through a sampling train consisting of
two 4-inch millipore filters and two scrubber traps. The scrubbing solution consisted of 4 grams
Na,COs, 4 grams of Na;S,0; ® SH,0, and 25 milligrams of Nal per liter of distilled water. The
first millipore filter was used to collect particulates and the second millipore was used to verify
the collection efficiency of the first; similarly, the first scrubber was used to trap the gaseous
iodine and the second scrubber verified the collection efficiency of the first. (The results of the
experiments showed efficiencies of grater than 95% for both the millipore and scrubber traps.)
Effluent analyses were done under the following conditions:

Experiment 1: IET operated on 85% nuclear power with no jet fuel
Experiment 2: IET operated on 85% nuclear power and 15% jet fuel

Experiment 3: IET operated on 85% nuclear power and smoke bombs were released at
bottom of stack

Both millipore samples and scrubber samples were analyzed for radioiodines by radiochemical
means. Table 2-3 gives the distribution of iodine. (It must be noted that sampling duration was
varied among the three experiments, which resulted in substantial differences in absolute activity
levels.) Based on the assumption that iodine found on the first millipore filter was particulate
and the iodine found in the first scrubber solution was gaseous, the ratio given in the last column
provides the ratio of gaseous to particulate iodine. From these data, it is clear that the physical
state of radioiodines is profoundly affected by the variable concentration of particulates entrained
in effluent gases. Sources of particles include (1) the ambient airborne dust at the IET
compressor air intake, (2) abrasion of particles from the interior wall of the exhaust stack, and
(3) the variable combustion of jet fuel during IET runs.

The uncertainty regarding the physical state of radioiodines as either a gas or particulate is one of
the major limitations in the analysis of effluent data that involve activated charcoal traps and
filter paper spot samples.
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Table 2-3 Distribution of Gaseous and Particulate Iodine Activity in Stack Effluents

Experiment I, in First Millipore I, in First Scrubber I, as Gas/I, as Particulate
(cpm) (cpm) (ratio)
#1 77,000 1,030,000 13.4
#2 7,100 15,400 2.16
#3 1,790,000 294,000 0.16

2.4 Post-Operation Evaluation of Fuel Cartridges for Initial Engine Test #3

On February 25, 1956, an investigation was initiated to determine how and why the fuel damage
phenomenon occurred. Apparently, a complete photographic record of the condition of core
components on disassembly was given by Tuck and Hoover (1956a, 1956b, 1956¢, 1956d, and
1957); however, attempts to obtain copies of these reports were unsuccessful. The following is a
summary account of these reports as described by Thornton et al. (1962b).

Noticeable structural damage was observed even before the core was dismantled. Incrustations
thought to be a residue from borated shield water were found in the core. Figure 2-7 shows this
incrustation around several of the 37 fuel cartridges. It was speculated that this solution could
have come from leaks that developed at three different locations. Figure 2-7 also shows a
damaged cartridge (Cartridge 26) in the core prior to dismantling.

Fuel Liners. Inspection of the insulation liners of fuel cartridges showed heat oxidation
accompanied by discoloration on a few of the insulation liners (Figure 2-8). Wrinkling also
occurred on several other liners (Figure 2-9). Damages of varying intensity caused by burning
are shown in Figures 2-8 and 2-10.

Cartridge Rails. Damage to the cartridge rails appeared either in the form of dimpling or
breaking, as shown in Figure 2-11. Broken rails occurred in only a very few instances.

Fuel Elements. In the fuel elements, the damage ranged from ring buckling, shown in Figure
2-12, to burning and melting, shown in Figures 2-8, 2-11, and 2-12. Two cartridges were
severely damaged, while one other cartridge showed evidence of melting or burning.

Only 24 of the 37 cartridges used in IET #3 were described as being in “fair to good condition”
and were reused in later tests. Thus, it can be inferred that, in addition to the 3 cartridges that
experienced fuel melting/burning, there were 10 other fuel cartridges that were not considered
for reuse.
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Figure 2-7 Reactor Core Showing Boric Acid Leakage, Burned Cartridge,
and Several Undamaged Cartridges
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Figure 2-10 Insulation Liner Showing Burning Effects
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Figure 2-11 Fuel Element Melting Effects, Rail Buckling, and Breaking

Figure 2-12 Fuel Element Melting Effects
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The severe damage was most evident in the latter stages where the oxidation had completely
penetrated through the outer ribbons. The rails on most of the cartridges were bent, although this
condition was not limited to those cartridges that had the severe oxidation.

It was theorized (but not proven) that the severe oxidation was the result of high plate
temperatures due to mal-distribution of cooling air, which was caused by a blockage of the
airflow path through the fuel element. Factors contributing to localized high plate temperatures
among select fuel cartridges/elements were likely to have been caused by (1) buckling failure of
the insulation sleeve leading to mal-distribution/reduced coolant airflow through fuel element
and/or (2) non-uniform reactor fuel burnup caused by control rod positioning (Thornton et al.
1962b).

2.5 Approach by the Historical Dose Evaluation Task Group for Estimating
Radioactive Releases for Initial Engine Test #3

To determine radioactive releases to the environment for IET #3, the HDE Task Group critically
reviewed the operating history as described by Thornton et al. (1962b) and summarized in

Table 2-1. Due to the limitation of the operating data, inventory calculations by means of the
RSAC-4 computer code were simplified by breaking the operating history into two discrete
periods: the first period of operation was defined as the 21-day period starting January 17, 1956,
and ending February 7, 1956; the second period was the 16-day period of February 8§ through
February 24, 1956 (Table 2-4).

In order to model IET #3 operations for the RSAC-4 computer code,? each of the two periods
was further simplified by means of the following assumptions:

o Period 1 (Jan. 17-Feb. 7) - Period #1 was further broken into three segments of
operations:
- 22 hours at 200 kW for a total of 4.40 MW-hr
- 11.03 hours at 8.7 MW for a total of 95.96 MW-hr
- 17.6 hours at 200 kW for a total of 3.52 MW-hr
Sub-Total = 103.9 MW-hr

o Period 2 (Feb. 8-Feb. 24) - For the 16-day period starting with February 8, 1956,
the reactor was operated for a total of 24.58 hours “above 200 kW;” for this
period, the HDE Task Group assumed an average power level of 8.7 MW for a
total of 213.8 MW-hours. For periods between power runs, an additional
61.4 MW-hours were assumed.

2 The Radiological Safety Analysis Code (RSAC-4) is a computer code developed by INEL that calculates
the fission product inventory from a reactor operating history.
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Table 2-4 Reactor Operation, Initial Engine Test #3

Total Time at 100%
Time Above 200 Maximum Power megawatt-hours Nuclear Power
Date kilowatts (hr) (MW) (MW-hrs) (hr:min)
Period #1:
1/17/56 2.00 0.4 0.50
1/18/56 2.00 1.5 1.13
1/19/56 1.50 2.0 1.62
1/26/56 1.00 3.0 3.30
1/27/56 1.25 8.6 4.00
1/28/56 2.50 12.0 25.35
1/31/56 2.50 16.9 30.00 0:37
2/2/56 0.98 12.7 7.80
2/6/56 1.25 16.9 17.67 Transfer unsuccessful
2/7/56 0.65 13.6 4.44
Period #2:

2/8/56 6.40 13.2 68.25
2/9/56 0.30 16.9 0.60
2/11/56 1.78 15.2 8.81 Transfer unsuccessful
2/13/56 5.48 16.9 78.96 3:43
2/18/56 1.87 16.9 15.43
2/21/56 2.03 14.3 17.61 Transfer unsuccessful
2/22/56 2.87 15.8 40.29 1:43
2/24/56 3.85 12.8 23.32

Total 40.21 349.08 6:3

In brief, the HDE Task Group conservatively modeled IET #3 operations that yielded about
30 MW-hours more than the official 349.08 MW-hours cited by Thornton et al. (1962b) and
applied these revised operational data to RSAC-4 to derive reactor core fission product
inventories.

HDE Task Group Release Estimates. Radioactive releases for IET #3 were based on the
following three sources: (1) fission products produced during reactor operation, (2) uranium
released from damaged fuel, and (3) argon-41 (Ar-41) created by neutron activation.

. Argon-41. This radionuclide is created by neutron activation of stable argon in
the air that passes through the core. On the basis of its natural abundance in air
and with a neutron cross-section of 0.65 barns, the production of Ar-41 was
calculated at 2.8 Ci/MW-hr of reactor operation. However, instead of employing
the above-cited cumulative power-levels (which correspond to 379 MW-hr and
the production of about 1,061 Ci of Ar-41), the HDE Task Group assumed that
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the reactor was operated at a peak power level of 20 MW for the entire
40.21 hours of power testing, yielding the production of 2,250 Ci of Ar-41.

o Uranium Releases. The release of uranium isotopes was linked to the 0.0044
release fraction of the total core solids. Since the core contained 37 fuel
assemblies, each containing 1,100 grams of fuel, the 0.0044 release fraction of the
40,700 grams of fuel corresponds to 179 grams of 93.4% enriched uranium. The
corresponding activities of uranium isotopes are calculated at 0.014 Ci of U-234,
3.62E-4 Ci of U-235, and 3.36E-6 Ci of U-236.

o Fission Product Releases. From post-operational photographic evidence as
presented in Thornton et al. 1962b, the HDE Task Group assumed the following:

- The radioactive releases were the result of gross fuel damage to the equivalent
of 1.63 fuel assemblies. Neglecting any variation in axial and radial flux
distribution throughout the 37 fuel assemblies that represent the total fuel
core, the 1.63 damaged fuel assemblies represent 4.4% of total fuel.

- Release fractions of 1.0, 0.5 and 0.1 for noble gases, halogens, and solids,
respectively, in behalf of the fission product inventories contained in the 1.63
damaged fuel assemblies.

When expressed in terms of the total fuel core, the above-cited release fractions correspond to
the following release fractions:

Noble gases - 0.044
Halogens -  0.022
Solids - 0.0044

Applying these release fractions to the RSAC-4 derived inventory of fission products, the HDE
Task Group estimated the release of about 46,000 curies. Table 2-5 presents IET #3 release
quantities in behalf of 51 radionuclides as estimated by the HDE Task Group. For offsite dose
modeling, the release quantities cited in Table 2-5 were fractionated as follows:

Date* % of Total Released
2/11/56 5
2/13/56 48
2/18/56 9
2/21/56 11
2/22/56 24
2/24/56 2

* The time of day for these test runs was not provided.
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Table 2-5 Release Quantities Aged to 10 Minutes for Initial Engine Test #3
as Estimated by Historical Dose Evaluation

Release Release
Nuclide Half-life Quantity (Ci) Nuclide Half-life Quantity (Ci)

Ar-41 1.83h 2.25E+03* 1-131 8.05d 3.21E+02*
Br-84 6.0 m 7.50E+02%* 1-132 23h 5.19E+02*
Kr-85m 4.4h 8.49E+02° 1-133 203 h 1.33E+03*
Kr-87 76 m 4.28E+03" 1-134 52.0 m 5.55E+03*
Kr-88+D 2.8h 4.67E+03" 1-135 6.68 h 2.45E+03*
Rb-89 154 m 1.63E+03* Xe-129m 8.0d 1.30E-06"
Sr-89 52.7d 3.37E+01% Xe-135 9.14 h 1.78E+03"
Sr-90+D 29y 2.28E-01* Xe-135m 15.6 m 7.42E+021
Sr-91+D 9.5h 3.69E+02F Xe-138 17.5m 5.79E+03"
Sr-92 2.71h 7.90E+02* Cs-137+D 30y 2.34E-01*
Y-91 58.8d 3.38E+01* Cs-138 322m 3.89E+03*
Y-92 3.53h 3.48E+02F Ba-139 82.9 m 1.22E+03%
Y-93 103 h 3.84E+02} Ba-140+D 13d 1.19E+02*
Zr-95+D 64 d 3.66E+01% Ba-141 18 m 6.82E+02}
Zr-97 17h 2.83E+02} Ba-142 11 m 4.05E+02%
Nb-96 23.35h 2.51E-02} La-141 3.87h 6.38E+02}
Mo-99 66 h 1.79E+02} La-142 92.5m 1.02E+03%
Ru-103 +D 39d 2.72E+01* Ce-141 32.5d 5.63E+01%
Ru-105 4.4h 1.06E+02* Ce-143 33h 2.22E+02*
Ru-106+D 368 d 4.52E-01* Ce-144+D 284 d 7.57E+00*
Sb-129 44h 7.04E+01* Pr-143 13.59d 9.56E+01*
Te-131 25m 5.06E+02* Pr-144 17 m 7.55E+00%
Te-131m 30 h 1.40E+01* U-234 2.47x10° y 1.14E-02}
Te-1324D 78 h 1.25E+02F U-235 7x10%y 3.62E-04*
Te-133m 55m 4.98E+02* U-238 4.5x10°y 3.36E-06*
Te-134 42 m 1.05E+03% TOTAL 46,128.67

* Based on total reactor fuel release fraction of 0.022.
+ Based on total reactor fuel release fraction of 0.044.
1 Based on total reactor fuel release fraction of 0.0044.

2.6 A Critical Review of the Historical Dose Evaluation Model

Initial Engine Test #3 was the first series of test runs that involved reactor power operation of the
HTRE No. 1. Effluent monitoring over the 5-year period of power testing was a learning
process. For IET #3, effluent monitoring had been limited to spot sampling of radioactive
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particulates released from a stack and only at discrete times during the 40.21 hours of reactor
power operations, as summarized by Thornton et al. (1962b). Correspondingly, Thornton’s data
are not only incomplete, but encompass uncertainties that preclude simple interpretation for
deriving time-integrated release quantities of individual radioactive species.

The HDE Task Group acknowledged the absence of available raw effluent data, as well as the
deficiencies/limitations of summary data contained in the report by Thornton et al. (1962b). The
HDE Task Group, therefore, modeled release estimates that were principally based on historical
operating records and photographic evidence, which characterized the extent of fuel damage to
the HTRE No. 1 reactor core. In brief, the HDE Task Group’s estimates were based on the
following parameters and assumptions:

o From the operating history for IET #3, the time-integrated reactor power levels
were used to determine fission product inventories by means of the RSAC-4
computer code.

J From reports and photographic records, it was concluded that the source of
releases was due to severely damaged fuel (as cited by photographic evidence)
that collectively was estimated to represent 1.63 fuel assemblies out of a total of
37 fuel assemblies.

o Fission products produced and accumulated in the damaged 1.63 fuel assemblies
were assumed identical to undamaged fuel assemblies and, therefore, represented
0.044 (or 1.63/37) of the fission products produced by all 37 fuel assemblies.

J Radioactive fission products in effluent were assumed to have been exclusively
released from the 1.63 damaged fuel assemblies.

° Release fractions from the damaged 1.63 fuel cartridges were assumed at 1.0, 0.5,
and 0.1 for noble gases, halogens, and solids, respectively.

Embedded in the HDE Task Group model of radioactive releases are several assumptions that
potentially may have underestimated the true release quantities of fission products. To estimate
realistic but near maximum release values, SC&A identified four key model parameters whose
values differed significantly from those assumed by the HDE Task Group as described below.

2.6.1 Assumption that Fuel Damage was Limited to the Equivalent of 1.63 Fuel Cartridges

The HDE Task Group’s assumption that the collective fuel damage was equivalent to 1.63 fuel
cartridges out of a total of 37 cartridges was based on the brief description and limited
photographic evidence presented in APEX-904 by Thornton et al. (1962b, Section 3.5, pages
136-142). These data, therefore, only summarize the more detailed information contained in six
reports authored by Tuck and Hoover and Holowach.

Tuck, G. and Hoover, B.J., Photographic Investigation of A2- Fuel Elements, First
Unloading, GE-ANPD, DC 56-6-706, 1956.

2-24



ANP Source Terms July 2005

Tuck, G. and Hoover, B.J., Photographic Investigation of A2- Fuel Elements, First
Unloading, GE-ANPD, DC 56-6-729, 1956.

Tuck, G. and Hoover, B.J., Photographic Investigation of A2- Fuel Elements, First
Unloading, GE-ANPD, DC 56-6-730, 1956.

Tuck, G. and Hoover, B.J., Photographic Investigation of A2- Fuel Elements, First
Unloading, GE-ANPD, DC 56-6-711, 1956.

Tuck, G. and Hoover, B.J., Photographic Investigation of A2- Fuel Elements, First
Unloading, GE-ANPD, DC 56-6-725, 1956.

Holowach, J., General Engineering Development Report No. 206, Investigation of the
Failure of an Insulating Sleeve, GE-ANPD, DC 56-4-137, 1956.

All attempts to obtain copies of the six reports failed and key members of the HDE Task Group
(i.e., Messrs. Henry Peterson, Doug Wenzel, and Richard Dickson) acknowledged that they, too,
were unsuccessful in obtaining copies at the time of the HDE Task Group’s investigation.

From the limited summary information provided by Thornton et al. (1962b), it is difficult to
validate the HDE Task Group’s assumption of 1.63 damaged fuel cartridges. Statements by
Thornton et al. (1962b) imply that damage may have been more extensive, as suggested by the
following statements (Thornton et al. 1962b, page 138):

Two cartridges were severely damaged, while only one other showed any melting
or burning. [Emphasis added.]

Twenty-four of the 37 cartridges used in IET #3 were in fair to good condition
and were re-used in later tests, an indication that the heat damage was localized
and did not extend over the complete system. [Emphasis added.]

In summary, Thornton’s statements suggest that 3 fuel cartridges suffered significant to severe
damage and an additional 10 cartridges showed evidence of damage that precluded their
subsequent use.

From the limited data, SC&A concluded that it would not be unreasonable to conclude that

(1) the 3 heavily damaged fuel cartridges represented the equivalent fuel of at least 2 fuel
cartridges and (2) perhaps 10% of the 10 lesser-damaged fuel cartridges contributed the
equivalent of 1 additional fuel cartridge, yielding a total equivalent of 3 fuel cartridges instead of
the 1.63 assumed by the HDE Task Group.

The alternative assumption of fuel damage to the equivalence of 3 fuel cartridges would yield
release estimates of fission products that are 1.84 higher than those derived by the HDE Task
Group.
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2.6.2 The Assumption of a Uniform Power Level Throughout the Reactor Core

In behalf of their model, the HDE Task Group assumed a uniform flux distribution throughout
the reactor (Peterson 1991, page 2). In other words, the production and inventory of fission

products for the 1.63 damaged fuel cartridges was assumed to be the same as for undamaged
fuel.

Near uniform flux distribution is desirable, since it ensures a more constant fuel burnup, which in
turn minimizes the risk of fuel damage and prolongs the life of the core. Flux distribution is
determined by the relative concentration/amount of fuel in individual fuel elements, the relative
distribution of the fuel within the core, and the position of control rods. Design specifications for
the HTRE No. 1 reactor, however, suggest significant gross longitudinal and smaller radial
power distribution under conditions of normal reactor operations (Figure 2-13 and Table 2-6).
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Figure 2-13 Local to Average Longitudinal Power Curve, D101 A2

Reactor design features that were intended to create a near homogeneous power level among the
37 fuel assemblies involved (1) variable spacing between adjacent fuel assemblies, (2) variable
volumes of water around individual fuel assemblies that served as a moderator (a greater volume
of water increases the number of thermalized neutrons that induce nuclear fission), and (3) the
use of beryllium reflectors. However, there is no empirical evidence that proves that these
design features achieved their intended objectives.
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Table 2-6 Local to Average Gross Radial Power Distribution, D101 A2

Fuel Cartridge No. P/Pay
1 1.044

2-7 1.053

8-13 1.044

14-19 inclusive 1.009
20, 21, 23, 24, 26, 27 0.978
29, 30, 32, 33, 35, 36 0.978
22,25, 28, 31, 34, 37 0.931

Besides potential deviations from reactor design specifications, non-uniform power levels among
fuel assemblies may also be the result of operational factors. During IET #3, operation series 28
and 30 specifically evaluated the effects of control rod movement on temperature distribution
and tube power. By their very nature, these tests intentionally induced non-uniform fluctuations
in power among fuel cartridges by repositioning select control rods as described in the following
statements (Thornton et al. 1962b, pages 129-133):

Data from operation series 28 and 30 were analyzed to determine the
effects of control rod movement on temperature distribution. The reactor was
operated at a power approximately 10 megawatts to air to deliver an exit air
temperature or about 1000 F. Chemical power was added to maintain engine
speed at 7000 rpm.

Series 27, runs 3-12, involved the complete interchange of rod frames 1
and 4 in increments of 3 to 5 inches. These runs were performed to determine the
effect of the movement of a large number of rods on power distribution.

Figure 2-14 shows the location of these frames in the initial positions, along
with the number of rods in each frame.

Series 30, runs 1-8, involved the complete interchange of individual rods
44 and 45 with rods 50 and 51 in increments of 3 to 5 inches. These runs were
performed to determine the effect of individual rod movement on tube power.
Figure 2-15 shows the location of the rods and the initial position, along with
the complete rod configuration for the reactor. The numbers in the fuel tube
locations of Figure 2-15 indicate the relative change in exit air temperature
associated with the insertion of rods 44 and 45 and the concurrent withdrawal of
rods 50 and 51. The relative change in exit air temperature is expressed as a
percentage of the average air-temperature rise across the reactor. Although
there are minor inconsistencies, it is apparent that the change in position of these
four rods warped or tilted the flux distribution of the reactor about the line of
symmetry passing midway between the rods that were moved. The change in
temperature does not imply the same change in flux because of possible flow
change. The tests show that the power in a tube was affected by control rods
remote from the tube.
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... Figure 2-16 identifies the measured air temperatures and plate
temperatures for each of the 37 fuel cartridges in response to control rod pattern
selected for Series 21, test run 3 of IET #3.

Analysis showed that although the general trend of reactor behavior was
in accord with expectations, some effects were observed that required further
investigation. One of these was the influence of control rods on temperature rise
(or power) in the tubes remote from the rods. It was assumed in design work that
a control rod would affect only the power in proximate tubes. Data indicate that
power in remote tubes could also be affected, although changes in airflow may
have been involved.

Since flow distribution varies simultaneously with power distribution, the
air temperature variations could be expected to exceed the nuclear power
variations in a particular cartridge; e.g., a tube showing 10% excess power
would tend to show greater than 10% excess temperature rise. Because the
experimental tube-tube power determinations were made exclusively on the basis
of air temperature measurements, in the absence of flow measurements, nuclear
power distribution could not be defined exactly. Data indicated that disparities
existed between predicted and actual control rod effects. In general, the
temperature deviations were of greater magnitude than the predicted nuclear
power variations; however, significant scatter appeared to exist.
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Figure 2-14 Rod Pattern for Series-28 Runs, Initial Engine Test #3
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Figure 2-15 Rod Pattern for Series-30 Runs (Initial Engine Test #3)
Showing the Relative Change in Exit Air Temperature Associated with
the Insertion of Rods 44 and 45 and the Withdrawal of Rods 50 and 51
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Figure 2-16 Air Temperature and Plate Temperature Distribution

The above-cited data support the assumption that power levels (and, therefore, fuel burnup)
varied significantly among fuel cartridges and for a given cartridge among its 18 stages. These
variations in power level were likely the result of (1) the core’s design and (2) specific
operational test runs that evaluated temperature impacts of control rod positions.

The significance of a heterogeneous power/temperature distribution within the reactor core to the
relative contribution of fission products to core inventory are obvious: (1) fuel assemblies that
showed indications of severe burning/melting were assumed to be the primary sources of
radioactive releases, (2) fuel in select cartridges/stages were likely damaged as a result of
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elevated localized heating, (3) in turn, a reasonable assumption is to attribute the higher
temperatures to higher power levels within theses fuel cartridges/stages, and (4) fuel subject to
higher neutron fluences must be assumed to have contributed a proportionately higher fraction to
the fission product inventory. Assumptions regarding non-uniform power levels are supported
by the following statement (page 137, Thornton et al. 1962b):

The comparative activity levels of the rupture-detecting filters had indicated that
tubes 26 and 30 were the most radioactive. A short run at about 60 percent
nuclear power was made to locate the damaged fuel element. . . A short while
later the control rods adjacent to tube 30 were pulled, and both the rupture
detector and the stack monitor indicated a slight burst of activity. [Emphasis
added.]

Post-operation evaluation of the fuel cartridges provided by Thornton et al. (1962b) does not
specify cartridges 26 and 30 as the . . . two cartridges [that] were severely damaged. . .”, but at a
minimum may be reasonably assumed from the above-cited passage and the photograph shown
in Figure 2-7 of this report, which clearly identifies cartridge 26 as a “burned cartridge.”

In the absence of more definitive data, a reasonable guestimate may assume that a “failed” fuel
cartridge contributed fission products to the core inventory that was 25% higher than the average
cartridge value assumed in the HDE Task Group model.

2.6.3 Assumed Release Fractions for Severely Damaged Fuel

In behalf of the severely damaged fuel (quantified by the HDE Task Group as the equivalent of
1.63 fuel cartridges, and estimated by the authors of this report to be the equivalent of 3.0 fuel
cartridges), the HDE Task Group model assumed release fractions of 1.0, 0.5, and 0.1 for noble
gases, halogens, and solids, respectively. Although the HDE Task Group Report provides no
reference or technical basis for these values, verbal communication with Task Group members
(Messrs. R. Dickson, H. Peterson, and D. Wenzel, December 3, 2002) identified two principal
sources:

o U.S. Atomic Energy Commission (AEC), 1962, “Calculation of Distance Factors
for Power and Test Reactor Sites,” Technical Information Document-14844. Data
provided in this document is in behalf of maximum credible accidents for a
pressurized water reactor. The TID recommends release fractions into the reactor
containment building of 100% of noble gases, 50% of halogens, and 1% of the
solids.

o American National Standards Institute (ANSI), “Guidance for Defining Safety-
Related Features of Nuclear Fuel Cycle Facilities,” ANSI N46.1 - 1980.
Appendix A of this standard identifies recommended assumptions and parameters
that may be used to model the consequences of airborne releases from a variety of
unplanned incidents in nuclear fuel cycle facilities. Among the incidents covered
is “heated fuel release.” Table 2-7 provides the corresponding data.
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Table 2-7 Release Fractions Recommended in ANSI N46.1 - 1980

Range of Current Recommended
Release Safety Analysis Observations Practice Values
Mechanism Parameter (Fraction Released) (Fraction Released) (Fraction Released)
Heated Fuel (a) Noble Gas 0.12-0.86 0.90 0.90
Release ) Hajogens 0.12-0.95 0.90 0.25
(c) Volatile Solids 2x10™-0.999 NA 0.01
(d) Non-Volatile Solids <107 - 7x107 NA 0.01

Release fractions selected by the HDE Task Group clearly conform with recommendations
issued by the AEC and the ANSI. However, AEC and ANSI recommendations were intended
for a pressurized-water reactor in which fission products not only have to breach fuel cladding,
but additional barriers that at a minimum include the reactor coolant water and reactor vessel (or
other primary system components).

Because of the unique features of the direct-air-cycle reactor design, recommended release
fractions for PWR accident conditions may not apply. More appropriate values may be
experimental measurements involving other IET experiments and simulation tests with the ANP-
type fuels.

As part of the ANP Program, the General Electric Company (GE) conducted safety studies that
assessed fission product releases in behalf of (1) accident conditions that employed the direct-
gas-cycle reactor and (2) in-pile simulated conditions. Results of these tests are discussed in
detail in Appendix B of this report, with only summary data presented below.

Operation BOOT. As part of Operation BOOT (Burn-out-One-Tube), experiments were
performed to determine the type and fraction of fission products released when irradiated fuel
elements were melted or burned (Devens et al. 1962, Baker et al. 1959, Baker et al. 1962). This
experiment involved installation of a valve, which limited coolant air to one fuel element while
the reactor was operating at full power. Fifteen seconds after the valve was closed, an
unexpected reactor scram occurred. Nevertheless, air samplers at the 80-foot level of the stack
indicated a burst of radioactive releases and the reactor was returned to the hot shop for
disassembly and examination. Wilks et al. 1962 provided the following summary observations:

Although the reactor had remained at power for only 15 seconds after the valve
was closed, the damage to the element was extensive and had proceeded to about
the limit predicted by the thermodynamic studies. Figures [2-17] and [2-18] are
photographs of some of the residue of the fuel element. Radiochemical analyses
of residue samples indicated that the most heavily oxidized portions of the fuel
element had released as much as 80% of the 1-131 inventory, which is consistent
with the results of preliminary laboratory studies by Creek and Parker of ORNL
with similar material. [Emphasis added.]
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Figure 2-18 Alternate View of Element Residue Shown in Figure 2-17
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In-Pile Simulated Test Data for Release Fractions. Prior to the planning of the BOOT
experiment, ANP-type fuel samples of Ni-Cr fuel elements were sent to the Oak Ridge National
Laboratory (ORNL) where they were irradiated in the graphite pile and subsequently melted and
analyzed to determine the fractional release of some of the fission products. Fractional release
estimates were made for two conditions: (1) a single, very quick melt (~ 30 seconds) with
subsequent cooling and (2) a sustained melt over a period of several hours until the sample was
essentially entirely oxidized. The experimental conditions and results of these experiments are
summarized below.

In the experiments, flat, thin specimens of metallic fuel about one-square centimeter in area and
weighing approximately 0.1 gram were subject to induction heating inside a quartz crucible. The
crucible was surrounded by a vertical quartz tube through which the released fission products
were transported to several trapping media that included millipore filters, activated charcoal, and
chemical absorbents (Parker 1960).

In the two experiments, fuel samples were brought to the melting point over a period of about

30 seconds and held in a molten state for only an instant or samples were held molten for about
4 hours. The results of these experiments are given in Table 2-8 below. For the “quick melt,”
only about 4% of the iodine present was released along with 10% of the rare gases, 0.5% of
cesium, and negligible amounts of strontium. When samples were held molten for several hours,
nearly 80% of the iodine was released with similar levels for xenon.

Table 2-8 Fractional Releases Under Simulated Conditions of Fuel Melt

Quick Melt Prolonged Melt
Gross gamma 0.004 0.08
Xenon 0.10 0.77
Iodine 0.04 0.77
Cesium 0.005 0.016
Strontium 10° 10

In summary, if the above-cited experimental data sets in which the observed release fractions
from molten fuel can be regarded as suitable surrogates for the severely damaged fuel of IET #3,
release fractions of about 0.8 may be appropriate for radioiodines.

2.6.4 Assumptions Regarding Release from Undamaged Nuclear Fuel

By assuming that releases for IET #3 were the result of severe damage to the equivalent of 1.63
fuel cartridges, the HDE Task Group model further assumed that the balance of undamaged fuel
(or 35.37 fuel cartridges) did not significantly contribute to any releases. Experimental evidence
suggests smaller, but nevertheless significant, releases for “undamaged” fuel.

ORNL Test Data. Fission product release rates for ANP metallic fuel elements were performed
in the Low Intensity Test Reactor (LITR) at ORNL (Conn 1959). Release rates cited by Conn
(1959) were defined: “. .. as the ratio of the number of atoms of a species released to the
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theoretical number of atoms of the same species formed during the collection period. For
uniformity, this ratio is expressed as a percentage. Calculation of fission product release rates
were done with IBM 704 computer programs developed for this purpose.”

Fission products were collected by passing a portion of the effluent air used to cool the test
specimen through activated charcoal traps. These traps, maintained at a temperature of
approximately -50°F, were removed from the lines, and the carbon was extracted from the traps;
both the carbon and the trap were leached chemically for analysis of particular radioactive
species. In total, six metallic fuels were tested that differed in the metal composition of the clad.
Table 2-9 summarizes release fractions for I-131, Xe-132, and several solids.

Table 2-9 Summary of Release Rates From General Electric-Aircraft Nuclear Propulsion
Metallic Fuel Element Low Intensity Test Reactor Tests

Release Rates*

Duration of Test

Test Fuel (hrs) Range* Average*
LTNCMR-1 90

1-131 0.21-1.8 0.7

Xe-133 0.0047-0.18 0.056
LTFCRR-1 41

1-131 0.048 - 3.70 0.85

Te-132 0.23-1.64 0.62

Xe-133 0.070 - 1.14 0.55
LTFCC-2 48

1-131 0.044-1.3 0.32

Te-132 0.022-0.72 0.18

Xe-133 0.038 -43.0 10.2
LTFCRR-3 125

1-131 0.0027 - 0.02 0.008

Xe-133 0.0084 - 7.1 1.06

Te-132 0.002-0.1 0.027
LTFCRR-4 134

1-131 0.033-35.0 1.74

Sr-89 0.56 - 0.18 0.10

Ce-144 0.00027 - 0.18 0.04
LTFCRR-6 140

1-131 0.0011-0.12 0.023

*  Release rates are given as percentage values; to obtain the release fraction,
values must be multiplied by 0.01.

The measured trap values demonstrate significant but variable release rates from “undamaged”
metallic fuel elements like those used in HTRE No. 1. In all cases, traps with the highest release
rates were assumed to have been online during sampling times that coincided with the
development of “pin-hole” type leaks. Because these tests were single tests of relatively long
duration, the cited “release rates” are essentially equal to release fractions when multiplied by
0.01. For LTFCRR-4, the highest I-131 release rate of 35% was thought to have been the result
of a microscopic fissure in the fuel element. Conn (1959) further speculated that fluctuations
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from trap to trap were also likely to have been caused by faulty/inaccurate flow-measuring
equipment and differences in sampling line plate-out.

On the basis of the six fuel sample types and their data sets, the release rates from “undamaged”
metallic fuel elements may assume the following release rates that can reasonably be applied to
the undamaged IET #3 fuel:

Release Rates

Iodines/Halogens: 0.006
Noble Gases: 0.03
Solids: 0.002

2.7 Summary Conclusions Regarding Initial Engine Test #3

Reconstruction of radioactive releases associated with IET #3 are hampered by the fact that
original logbooks and primary monitoring data are not available. For reconstruction, available
data consist of summary reports that were written years later and whose data are frequently
incomplete and difficult to interpret.

It is for these reasons that the HDE Task Group elected to derive releases for IET #3 by means of
a model that relied on a combination of empirical data and assumptions that included (1) the
operational history for IET #3, (2) derived time-integrated power output (MW-hrs) for each test
run, (3) derived core inventories of fission products by means of the RSAC-4 computer code, (4)
photographic evidence for quantifying severe fuel damage, and (5) assumed release fractions for
noble gases, halogens, and solids in behalf of severely damaged fuel.

After carefully examining the quality of available data, SC&A has also concluded that effluent
monitoring data are insufficient and a modeling approach is justified. It is further concluded that
the basic approach taken by the HDE Task Group for modeling IET #3 releases is logical and
appropriate when viewed in context with the available data. However, several subjective/
unsupported assumptions and assigned parameter values that support the HDE Task Group
model may have yielded release estimates that are non-conservative or baseline estimates.

Our review of the HDE Task Group model identified four parameters for which higher values
may be appropriate (Table 2-10). Their sequential application yields radionuclide release
estimates that are given in Table 2-11.
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Table 2-10 Alternate Parameter Values Recommended for Modeling
Initial Engine Test #3 Releases

Parameter HDE Task SC&A
Group Model Suggested Value

(1) Equivalent No. of severely damaged fuel 1.63 3.0
cartridges
(2) Relative power distribution of severely 1.0 1.25

damaged fuel
Pdamaged fuel/ Pcore average

(3) Release fractions for severely damaged fuel:

Noble Gases 1.0 1.0
Halogens 0.5 0.8
Solids 0.1 0.1

(4) Release fraction for undamaged fuel:

Noble Gases Not considered 0.03
Halogens Not considered 0.006
Solids Not considered 0.002
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Table 2-11 Adjusted Radionuclide Release Estimates
Additional Release Quantities
HDE
Release TOTAL
Quantity | Adjustment Adjustment Adjustment Adjustment (HDE +
Nuclide (Ci) #1* #2" #3* #48 Adjustments)

Ar-41 2.25E+03 NA NA NA NA 2.25E+03
Br-84 7.50E+02 6.30E+02 3.45E+02 1.04E+03 9.39E+01 2.85E+03
Kr-85m 8.49E+02 7.13E+02 3.91E+02 NA 5.31E+02 2.48E+03
Kr-87 4.28E+03 3.60E+03 1.97E+03 NA 2.68E+03 1.25E+04
Kr-88+D 4.67E+03 3.92E+03 2.15E+03 NA 2.92E+03 1.37E+04
Rb-89 1.63E+03 1.37E+03 7.50E+02 NA 6.80E+01 3.82E+03
Sr-89 3.37E+01 2.83E+01 1.55E+01 NA 1.41E+00 7.89E+01
Sr-90+D 2.28E-01 1.92E-01 1.05E-01 NA 9.51E-03 5.34E-01
Sr-91+D 3.69E+02 3.10E+02 1.70E+02 NA 1.54E+01 8.64E+02
Sr-92 7.90E+02 6.64E+02 3.63E+02 NA 3.30E+01 1.85E+03
Y-91 3.38E+01 2.84E+01 1.55E+01 NA 1.41E+00 7.92E+01
Y-92 3.48E+02 2.92E+02 1.60E+02 NA 1.45E+01 8.15E+02
Y-93 3.84E+02 3.23E+02 1.77E+02 NA 1.60E+01 8.99E+02
Zr-95+D 3.66E+01 3.07E+01 1.68E+01 NA 1.53E+00 8.57E+01
Zr-97 2.83E+02 2.38E+02 1.30E+02 NA 1.18E+01 6.63E+02
Nb-96 2.51E-02 2.11E-02 1.15E-02 NA 1.05E-03 5.88E-02
Mo-99 1.79E+02 1.50E+02 8.23E+01 NA 7.47E+00 4.19E+02
Ru-103+D | 2.72E+01 2.28E+01 1.25E+01 NA 1.13E+00 6.37E+01
Ru-105 1.06E+02 8.90E+01 4.88E+01 NA 4.42E+00 2.48E+02
Ru-106+D 4.52E-01 3.80E-01 2.08E-01 NA 1.89E-02 1.06E+00
Sb-129 7.04E+01 5.91E+01 3.24E+01 NA 2.94E+00 1.65E+02
Te-131 5.06E+02 4.25E+02 2.33E+02 NA 2.11E+01 1.18E+03
Te-131m 1.40E+01 1.18E+01 6.44E+00 NA 5.84E-01 3.28E+01
Te-132+D 1.25E+02 1.05E+02 5.75E+01 NA 5.22E+00 2.93E+02
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Table 2-11 Adjusted Radionuclide Release Estimates (continued)
HDE Additional Release Quantities
Release TOTAL
Quantity | Adjustment Adjustment Adjustment Adjustment (HDE +
NUCLIDE (Ci) #1" #2' #3* #45 Adjustments)
Te-133m 4.98E+02 4.18E+02 2.29E+02 NA 2.08E+01 1.17E+03
Te-134 1.05E+03 8.82E+02 4.83E+02 NA 4.38E+01 2.46E+03
1-131 3.21E+02 2.70E+02 1.48E+02 4.43E+02 4.02E+01 1.22E+03
1-132 5.19E+02 4.36E+02 2.39E+02 7.17E+02 6.50E+01 1.98E+03
1-133 1.33E+03 1.12E+03 6.12E+02 1.84E+03 1.67E+02 5.06E+03
1-134 5.55E+03 4.66E+03 2.55E+03 7.66E+03 6.95E+02 2.11E+04
I-135 2.45E+03 2.06E+03 1.13E+03 3.38E+03 3.07E+02 9.33E+03
Xe-129m 1.30E-06 1.09E-06 5.98E-07 NA 8.14E-07 3.80E-06
Xe-135 1.78E+03 1.50E+03 8.19E+02 NA 1.11E+03 5.21E+03
Xe-135m 7.42E+02 6.23E+02 3.41E+02 NA 4.64E+02 2.17E+03
Xe-138 5.79E+03 4.86E+03 2.66E+03 NA 3.62E+03 1.69E+04
Cs-137+D 2.34E-01 1.97E-01 1.08E-01 NA 9.76E-03 5.48E-01
Cs-138 3.89E+03 3.27E+03 1.79E+03 NA 1.62E+02 9.11E+03
Ba-139 1.22E+03 1.02E+03 5.61E+02 NA 5.09E+01 2.86E+03
Ba-140+D 1.19E+02 1.00E+02 5.47E+01 NA 4.96E+00 2.79E+02
Ba-141 6.82E+02 5.73E+02 3.14E+02 NA 2.84E+01 1.60E+03
Ba-142 4.05E+02 3.40E+02 1.86E+02 NA 1.69E+01 9.48E+02
La-141 6.38E+02 5.36E+02 2.93E+02 NA 2.66E+01 1.49E+03
La-142 1.02E+03 8.57E+02 4.69E+02 NA 4.25E+01 2.39E+03
Ce-141 5.63E+01 4.73E+01 2.59E+01 NA 2.35E+00 1.32E+02
Ce-143 2.22E+02 1.86E+02 1.02E+02 NA 9.26E+00 5.20E+02
Ce-144+D 7.57E+00 6.36E+00 3.48E+00 NA 3.16E-01 1.77E+01
Pr-143 9.56E+01 8.03E+01 4.40E+01 NA 3.99E+00 2.24E+02
Pr-144 7.55E+00 6.34E+00 3.47E+00 NA 3.15E-01 1.77E+01
U-234 1.14E-02 5.21E-03 NA NA NA 1.66E-02
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Table 2-11 Adjusted Radionuclide Release Estimates (continued)

HDE Additional Release Quantities
Release TOTAL
Quan‘tity Adjustment Adjustment Adjustment Adjustment (.HDE +
NUCLIDE (Ci) #1° w2t 43t #4% Adjustments)
U-235 3.36E-04 1.65E-04 NA NA NA 1.65E-04
U-238 3.36E-06 1.54E-06 NA NA NA 1.54E-06
TOTAL 4.61E+04 3.69E+04 2.02E+04 1.51E+04 1.33E+04 1.32E+05

Adjustment #1 accounts for an additional 1.37 fuel cartridges considered severely damaged.

Adjustment #2 accounts for a 25% higher fuel burnup among severely damaged fuel cartridges.

Adjustment #3 accounts for a release fraction of 0.8 for iodines in severely damaged fuel cartridges.
Adjustment #4 accounts for the release fractions of 0.03, 0.006, and 0.002 for noble gases, halogens, and solids,
respectively in behalf of 34 undamaged fuel cartridges.

Lo e — ¥

Uncertainty Regarding IET #3 Source Terms

For IET #3, primary effluent monitoring data are not available. Data available to SC&A (and
assumedly to the HDE Task Group) were limited to summary report data that were incomplete
and largely confined to periodic 1-minute filter paper spot samples. Further difficulty in
interpreting summary spot sample data is due to the real but unquantifiable impact(s) of jet fuel
consumption during reactor operation. The combustion of jet fuel affects the physical state
(gaseous versus particulate) of halogens and even noble gases in the effluent.

It is for these reasons that the HDE Task Group elected to model IET #3 operations for the
purpose of deriving point estimates of radioactive release. The degree of uncertainty
surrounding the HDE Task Group derived point estimates is primarily defined by the uncertainty
of individual parameter values assigned to the model. While the uncertainty of some the HDE
Task Group model parameters (e.g., the operating history for IET #3) may be considered low
and, therefore, of limited importance, the degree of uncertainty of other model parameters is
substantial and may have contributed to point estimates that are lower than actual releases.
Presented below is a brief qualitative/semi-quantitative analysis of select model parameter values
and their limitations:

o Reactor Core Inventories and Time of Releases. Summary reports contain
sufficient reactor operational data that include dates, power levels, and duration of
test runs. By means of the RSAC-4 computer code, the HDE Task Group derived
fuel burnup and fission product inventories that served as source terms for
effluent releases. While computer-derived estimates of production quantities of
fission products may be considered reliable, their time(s) of release and relative
rate of release cannot be determined from the available data.

The HDE Task Group simplified the operational history by using average power
levels for discrete segments of power operation and selected 6 discrete days for
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modeling IET #3 releases. Such model assumptions are vulnerable inasmuch as
releases/release rates may be highly time-dependent and coincide with power-
excursions and the induction of localized fuel damage.

o Amount of Damaged Fuel. Central to the HDE Task Group model’s estimates
were summary data cited by Thornton et al. (1962b) that characterized fuel
damage obtained during the post-operational inspection of HTRE No. 1 reactor
core (see Section 2.4). These summary data (see Section 2.6) reflect information
that was extracted from six separate reports that unfortunately were not available
to the HDE Task Group or SC&A. While photographs and verbal descriptions
provide inarguable evidence of severe fuel failure, the summary report by
Thornton et al. (1962) provides no quantitative estimate of the amount of severely
failed fuel.

It must further be emphasized that large releases may also involve fuel damage
that only entails minor fissures, pinholes, and other imperfections in fuel cladding.
Such damage may not be obvious to the naked eye or discernable in the
photographic evidence presented by Thornton et al. (1962b).

On the basis of the limited summary data, the HDE Task Group concluded (but
without explanation) that the amount of failed fuel was the equivalent of 1.63 fuel
cartridges, which represented the collective source term of radioactive releases.

Our review of summary data led us to conclude that the collective damage may
have represented the equivalent of three fuel cartridges. This estimate was based
on descriptions provided in behalf of 3 severely damaged fuel cartridges and 10
additional cartridges that showed evidence of more localized damage (that
precluded their subsequent use).

Admittedly, neither the HDE Task Group’s estimate of 1.63 failed fuel cartridges
nor SC&A'’s estimate of 3 failed fuel cartridges can be supported by robust
scientific evidence. From the limited available evidence, however, SC&A’s
higher estimate of failed fuel that is equivalent to 3 fuel cartridges is not
unreasonable.

In brief, the HDE Task Group based its estimates of radioactive releases on
photographic evidence of severely damaged/missing fuel. Empirical data have
shown that substantial releases of noble gases, volatile halogens, and select other
fission products occur as a result of microscopic lesions/imperfections in fuel
cladding that are clearly not discernable as photographic evidence. Thornton

et al. (1962b) described that in addition to three severely damaged/burned
cartridges . . . only 24 of the 37 cartridges were in fair to good condition and
were . . . re-used in later test.”
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o Homogeneity of Fuel Burnup Within HTRE No. 1. The HDE Task Group model
assumed that power levels and fuel burnup were uniform throughout the reactor
core and, therefore, identical between damaged and undamaged fuel.

Data presented in Section 2.6.2, however, suggest that power levels, even when
engineering designs are employed, may not be constant. Incorrect spacing among
fuel assemblies and/or water flow volumes that moderate fast neutrons may
readily account for the observed differences among fuel plate temperatures, which
are suggestive of non-homogeneous power levels. Equally important were
specific test runs that assessed the impacts of control rod positions on fuel plate
temperatures, which serve as surrogate indicators of power distribution within the
core.

It is logical to conclude that localized heating (induced by higher power levels)
was a contributing factor to fuel failure. A 25% higher than core average fuel
burnup among the damaged fuel is likely to represent a value that falls within the
range of a best estimate and a 90" percentile upper-bound value.

° Release Fractions for Damaged Fuel. Release fractions of 1.0, 0.5, and 0.1 were
employed by the HDE Task Group in behalf of damaged fuel for noble gases,
halogens, and solids, respectively. Given the design of nuclear fuel and reactor
design, few arguments can be made against the assumed release fraction of 1.0 for
noble gases from severely damaged/missing fuel.

In-pile experimental data and data obtained from Operation BOOT (see
Section 2.6.3) support a release fraction of 0.8 for iodine/halogens. Since our
recommended value of 0.8 is within 20% of its theoretical upper limit, there is
marginal concern for assuming that the actual release fraction was significantly
higher.

Release fractions for individual radioelements that are collectively classified as
solids are likely to exhibit a wide range of values. Release rates are not only
determined by the complex relationship of fuel temperature, diffusion, and
physical dimensions of individual fuel elements, but also the integrity of the fuel
and its cladding, which may experience pin-hole leaks, fissures, or total failure.
From data presented in Tables 2-7, 2-8, and 2-9, the release fraction of 0.1
(representing an average value for all solid fission products) appears reasonable.

o Release Fractions for Undamaged Fuel. The HDE Task Group model did not
consider the contribution of release from undamaged fuel. The release fractions
01 0.03, 0.006, and 0.002 selected by SC&A for undamaged fuel reflect the
limited empirical values cited by in-pile ANP fuel element studies, such as those
in Table 2-9. These values are representative of the most probable or central
values.
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3.0 INITIAL ENGINE TEST #4

3.1 Relevant Background Data

The second series of operational tests using the Heat Transfer Reactor Experiment (HTRE) No.
1/D102A test assembly was run at the Idaho Test Station during the period from April 17, 1956,
through June 29, 1956, and was designated Initial Engine Test (IET) #4.

Initial Engine Test #4 utilized the A2 core in which several significant repairs and modifications
were made as a result of [ET #3 operation. Thirteen new fuel cartridges with extra rails were
installed. Fifteen control rods were replaced. Another modification entailed redesign of the
insulation sleeves to provide more assurance against liner collapse and subsequent fuel cartridge
damage that had occurred during IET #3.

Table 3-1 gives the old and new cartridge numbers and their locations for the IET #4 operations.
During this test series, the reactor was operated for a total energy release to the air of 191.94
megawatt-hours. The maximum sustained plate temperature recorded was 1,991 °F, with a
maximum sustained average of 1,701 °F. The maximum core discharge air temperature was
1,394°F. The total operating time at power levels above 200 kW was 2,064.98 hours. Table 3-2
presents a summary of reactor operation. Complete operating data for the series are presented in
the following references: Hansjergen 1956, Masson 1956, McClure 1956, Noakes 1956, Orillion
1956, and Scarborough 1956.

The primary purpose of the IET #4 test series was to determine whether the modifications based
on the results of the first IET #3 test series had significantly improved the capabilities of the
reactor. Additional objectives were to (1) make complete measurements of the power-plant
performance, (2) measure xenon poisoning, and (3) study and improve servo control of the
reactor.

In summary, the IET #4 test runs corresponding to a total of nearly 192 hours of reactor operation
with a total system heat release of 2064.98 MW-hours was substantially greater than the 40 hours
and 349 MW-hours representing IET #3.
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Table 3-1 A2 Core Loading for Initial Engine Test #4

Previous Tube Location

Tube Serial Age of Cartridge for IET #3

1 206 New

2 244 New

3 214 Used 3
4 204 Used

5 243 New

6 245 New

7 201 Used 31
8 215 New

9 202 Used 12
10 248 New

11 235 Used 21
12 231 Used 24
13 233 Used 13
14 249 New

15 238 Used 15
16 240 New

17 242 New

18 250 New

19 246 New

20 222 Used 6
21 221 Used 29
22 224 Used 22
23 213 Used 23
24 211 Used 11
25 219 Used 25
26 216 Used 28
27 212 Used 27
28 227 Used 33
29 207 Used 32
30 241 New

31 217 Used 20
32 234 Used 14
33 239 Used 8
34 247 New

35 208 Used 35
36 229 Used 37
37 228 Used 19
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Table 3-2 History of Reactor Operation for Initial Engine Test #4

Time Above 200 Maximum Power of Total Total System Powe*r
Date of Operation kilowatts (hours) System (megawatts) (megawatt-hours)
5/1/56 2.52 4.1 3.22
5/256 6.78 8.1 34.20
5/3/56 1.90 4.4 7.25
5/4/56 4.37 9.6 35.06
5/5/56 4.47 11.2 36.68
5/7/56 4.82 11.2 51.31
5/9/56 2.00 11.2 15.60
5/10/56 4.05 8.4 16.37
5/14/56 4.66 11.4 49.61
5/15/56 0.13 0.8 0.10
5/16/56 3.27 3.2 5.59
5/17/56 3.48 9.9 27.28
5/18/56 1.88 6.4 3.65
5/19/56 2.28 13.4 25.82
5/22/56 7.67 13.6 67.63
5/23/56 8.92 13.8 61.68
5/24/56 6.70 14.6 49.03
5/26/56 9.47 16.1 73.36
5/31/56 9.17 16.3 131.70
6/1/56 10.06 17.1 158.31
6/5/56 10.02 17.6 157.96
6/6/56 6.43 18.1 95.75
6/7/56 7.20 17.2 108.80
6/8/56 1.92 15.5 20.03
6/9/56 3.95 16.5 36.28
6/12/56 7.10 16.7 71.01
6/13/56 8.83 16.6 125.64
6/14/56 10.45 16.3 149.57
6/16/56 0.78 1.8 0.92
6/19/56 0.57 13.3 2.98
6/20/56 7.72 18.47 53.51
6/21/56 7.85 17.8 109.08
6/23/56 4.87 17.1 72.57
6/26/56 6.92 17.7 87.67
6/29/56 8.73 16.8 119.76
Total, IET #4 191.94 2064.98

*  Power to air = Total system power/1.1
T Maximum power

3-3



ANP Source Terms July 2005

Thermodynamic and Fuel Temperature Data for IET #4. During IET #4, the system was operated
under conditions that permitted extensive power mapping of the system. Data were obtained
over the range from full chemical fuel operation to reactor powers requiring as little as 300
pounds per hour fuel flow. It should be noted that for IET #4, no data were obtained without
some chemical fuel assist. The method chosen for obtaining thermodynamic data was to hold a
constant indicated power on the linear flux meter and to vary engine speed by changing chemical
fuel flow.

Unfortunately, thermocouple readings were clouded by the number of inoperative thermocouples.
At the beginning of this series of tests, 17 fuel tubes had no usable 15"- or 16"-plate
thermocouples at the 18" stage, and 10 fuel tubes had defective outlet air thermocouples. At the
completion of the partial power mapping, these numbers rose to 24 and 25, respectively. Thus,
the arithmetic average of the eighteenth-stage thermocouples and of the core outlet air
thermocouples involved fewer measurements than in IET #3. The fuel element temperature-time
history for IET #4 is given in Jacoby (1956b) and Noyes (1956).

Figure 3-1 is a representation of IET #4 plate and reactor-discharge-temperature data for the
complete speed range (Thornton et al. 1962b).
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Table 3-3 compares typical operating conditions at high power levels and associated
temperatures observed for IET #3 with those of IET #4. Significant differences between IET #3
and [ET #4 include (1) the at values between core temperature and torus exit temperature (i.e.,
T3.54 - T3.65), which was 75°F greater in IET #4 than in IET #3; and (2) the temperature
differences between average fuel-plate 18 and the exit torus air temperature (i.e., Tig avg - Ts¢s),
which for I[ET #4 was 90°F less than it was in [ET #3.

Table 3-3 Heat Transfer Reactor Experiment No. 1 Data Comparison Between
Initial Engine Test #3 and Initial Engine Test #4

IET #3 IET #4
T AT AT T AT AT
T,g, max 1975 1914
215 236
Tis, avg 1760 1678
472 307
T34 1288 494 1371 404
22 97
Ts.65 1266 1274
31 20
Tss 1235 1254
74
Tyo 1231 1328
N 7096 7070
Q 14,671 14,746
% NP 100 92.76
where:

Tig, max = Maximum 18th—stage plate temperature, °F
T, avg = Average 18‘h—stage temperature, °F

Tss54= Core discharge temperature, °F

Ts65 = Hot torus exit temperature, °F

Ty= Turbine inlet temperature, °F

Q= Nuclear power to air, Btu/sec

%NP = (Nuclear Power) : (Total Power) x 100

= Engine speed, rpm
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3.2 Early Estimates of Radioactive Releases for Initial Engine Test #4

During the high-power operation of the HTRE No. 1 A2 reactor in IET #4, tests were conducted
to correlate IET exhaust-gas activity to fuel flow, reactor power, and reactor plate temperature.
The tests were conducted by setting constant chemical-fuel flow and constant reactor flux while
varying the reactor plate temperature by changing the position of the jet engine nozzle. For each
setting of these parameters, stack activity was determined by measuring the count rate of filters
through which a portion of the stack gas flowed. The total particulate activity was computed by
proportioning the filter-sample flow reading to the total volumetric flow of gases up the stack.
The sample filter flow was regulated to provide isokinetic sampling. In this manner,
measurements were taken to separate the effects of such parameters as power, fuel flow, and
temperature. Results of the tests are summarized in the following paragraphs, as reported by
Holtslag (1956).

Effect of Reactor Power. An increase in reactor power from 11.7 to 13.5 megawatts, with a fuel
flow of 1,080 pounds per hour at mean plate temperatures of 1,326°F and 1,335°F and maximum
plate temperatures of 1,620°F and 1,603 °F, showed no measurable increase in activity. The total
activity was computed as 24 curies per hour for each condition. A similar increase of reactor
power from 13.5 to 15.5 megawatts, with a fuel flow of 930 pounds per hour at mean plate
temperatures of 1,408°F and 1,474 °F and maximum plate temperatures of 1,676°F and 1,773°F,
showed a slight increase in activity from 25 to 33 curies per hour. Since plate temperature was
also inadvertently increased, this activity increase may not have been entirely due to power
effects.

Effect of Chemical Fuel Flow. Reduction of fuel flow from 1,080 to 930 pounds per hour at a
reactor power of 13.5 megawatts, mean plate temperatures of 1,335°F and 1,332°F, and
maximum plate temperatures of 1,603 °F and 1,600°F gave a slight decrease in activity from 24
to 16 curies per hour. A similar change from 930 to 730 pounds per hour at a reactor power of
15.5 megawatts, mean plate temperature of 1,474°F and 1,496 °F, and maximum plate
temperatures of 1,773°F and 1,805 °F showed a decrease in activity from 33 to 27 curies per
hour.

Effect of Plate Temperature. At a reactor power of 11.7 megawatts and a fuel flow of 1,080
pounds per hour, with an increase of mean plate temperature from 1,207°F to 1,326°F and a
corresponding increase in maximum plate temperature from 1,395°F to 1,620°F, values of
activity ranged from 23 to 26 curies per hour. At a power of 13.5 megawatts and a fuel flow of
930 pounds per hour, with an increase of mean plate temperature from 1,600°F to 1,676°F,
values of activity ranged from 16 to 25 curies per hour.

At a power of 15.5 megawatts, a fuel flow of 730 pounds per hour, an increase in mean plate
temperature from 1,496°F to 1,538°F, and a corresponding increase in maximum plate
temperature from 1,805°F to 1,893 °F, activity increased from 27 to 70 curies per hour. At this
same fuel flow and reactor power, further increase in mean plate temperature to 1,605 °F with a
corresponding maximum plate temperature of 1,942 °F gave an increase to 186 curies per hour.
Table 3-4 summarizes the results of these tests.
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In summary, test data show that the particulate activity showed no significant dependency on
plate temperature at low temperature levels, but increased sharply at high temperatures. The
activity showed a moderate dependency on fuel flow, decreasing with reduction of fuel flow; the
effect of power on activity was not detectable at low powers, but showed minor increase at the
maximum power tests. Therefore, it was concluded that the temperature level is by far the most
critical parameter affecting the release of fission products.

Table 3-4 Stack Activity Test Data

Mean Plate Highest Plate  Particulate Stack Gas Fuel Total Reactor
Sample Temperature Temperature Activity Temperature Flow Power
No. (°F) (°F) (curies/ h) (°F) (Ib/h) MW)
70 1,207 1,395 26 520 1,080 11.7
71 1,223 1,476 23 525 1,080 11.7
72 1,326 1,620 24 540 1,080 11.7
73 1,335 1,603 24 530 1,080 13.5
74 1,332 1,600 16 525 930 13.5
75 1,361 1,600 22 540 930 13.5
76 1,408 1,676 25 550 930 13.5
77 1,474 1,773 33 550 930 15.5
78 1,496 1,805 27 560 730 15.5
80 1,538 1,893 70 585 730 15.5
81 1,605 1,942 186 600 730 15.5

It should be noted that radiological effluent monitoring for IET #4 was limited to particulate
radionuclides; and as previously discussed, the interpretation of particulate radioactivity in
effluents associated with IETs is complicated by the concurrent combustion of jet fuel during
reactor operations. For IET #4, test runs ran from total chemical fuel operations to 8% of full
reactor power that required as little as 300 pounds per hour fuel flow. The following description
of effluent releases/monitoring for IET #4 is provided by Thornton et al. (1962b, page 26). Asa
benefit to the reader, several key words/phrases are underlined.

From the start of power operation, radioactivity was observed on the stack
monitor and rupture detector. Tests to pinpoint the cause of this release indicated
that the measured particulate activity did not depend significantly upon fuel
element plate temperature at low temperature levels but increased sharply at high
plate temperatures. The activity showed a moderate dependency on fuel flow,
since it decreased when the fuel flow was reduced. The effect of power on activity
was not detectable at low powers, but showed a minor increase at the maximum
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3.3

power tested, 15.5 megawatts. It was therefore concluded that fuel element
temperature level was the most significant parameter in determining release of
radioactivity.

The release of radioactivity in stack gas was further investigated by the
introduction of smoke in the base of the stack. The increase in measured
particulate activity amounted to over 1000 curies per hour, the highest level
observed during this test series. When the smoke had dissipated, the measured
activity decreased to an average level of 135 curies per hour, a typical value for
the conditions. It was believed that the smoke may have absorbed the radioactive
gases in a manner that affected the efficiency of the detecting equipment.

The stack gas was sampled periodically by passing a small amount
through a millipore filter and occasionally through a liquid scrubber to remove
iodine. At high fractional nuclear powers, over 90 percent of the activity passed
through the filters (99.99 percent efficiencies were achieved for particles 0.3
microns or over in diameter).

The filters that sample each fuel tube were removed and examined. Those
connected to tubes 5, 26, 30, and 11 contained appreciable radioactivity. 1**,
1*¥, and 1** were detected in all of these filters, and uranium was detected in all
but tube 5. . . .

The nature of the radioactivity release in this test series was different from
that observed during IET No. 3. The radioactivity was emitted either as a gas or
in the form of extremely small particles. The emission was relatively steady and
continuous. There was no sudden onset of large-scale emission. . . . [Emphasis
added.]

Limitations of Early Release Estimates

As cited previously in Table 3-1, the IET #4 reactor operation above 200 kW started May 1,
1956, and ended June 29, 1956, for a total non-continuous period of 60 days. During this
interval, the reactor operated for a cumulative period of about 192 hours with a total system
power output of 2,065 MW-hours. Effluent monitoring as summarized by Thornton et al.
(1962b) consisted of the following:

o Stack gas was only sampled “periodically” and was largely confined to particulates
collected on millipore filters: filters had a 99.99% collection efficiency for
particles 0.3 microns and larger.

o Radioactive releases were observed from the very “start” of power operation and
continued throughout the 60-day test period. This suggest that the 24 fuel
assemblies that had been used previously during IET #3 (and which had been
described as being in “fair to good condition’”) may have been the source of early

3-8



ANP Source Terms July 2005

releases when power levels were low. By far, the highest releases occurred when
power levels and fuel element temperatures were at their highest level.

o At power levels of about 16 MW, particulate activity in stack gas released to the
environment averaged around 135 curies per hour. A maximum release rate for
particulates of 186 curies per hour were observed for the maximum plate
temperature of 1,942 °F.

o Since more than 90% of stack gas activity was not removed by the filter, it can be
assumed that the total release rate was higher by 10-fold or more; thus, for higher
power levels (~16 MW) and higher fuel temperatures, a total release rate of about
1,350+ Ci per hour may be estimated. Of the more than 0.9 fraction that “passed
through the filter,” a reasonable assumption would conclude that this activity is
represented principally by noble gases and volatile halogens.

In summary, effluent monitoring during IET #4 was similar to IET #3 and, therefore, suffered
from the same deficiencies: (1) effluent monitoring was limited to filter paper spot sampling,
(2) spot sampling was only performed periodically, (3) evaluation of spot sample data was
complicated by the variable augmentation of power output by jet fuel, and (4) no attempt was
made to separately monitor and/or quantify the release of noble gases and volatile halogens.

3.4 Post-Operation Evaluation of Fuel Cartridges for Initial Engine Test #4

On June 29, 1956, at the conclusion of the IET #4 test runs, the HTRE No. 1 reactor assembly
was sent to the hot shop to be dismantled and evaluated. Thornton et al. (1962b) reported the
following observations:

J Preliminary inspection of the A2 core showed that fuel cartridges 4, 9, and 20 had
become unlatched and had dropped four, eight, and six inches, respectively.

J Cartridge 33 had fallen completely out of the core and was lodged in the cocoon,
some 32 inches below its normal position.

o The tail assemblies for cartridges 4, 9, and 20 had completely separated from the
cartridge.
o Cartridges 5, 20, and 24 showed extensive damage to fuel elements:

- Of'the three, cartridge 5 was the most severely damaged with portions of rings
mission in the last eight stages (11 through 18); Figure 3-2 shows the entire 18
stages for cartridge 5 and Figure 3-3 shows the missing portions of fuel rings for
stage 18.
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- Cartridge 20 showed heavily oxidized areas on stages 10 and 11 (Figure 3-4).

- Cartridge 24 showed a heavily oxidized area on stage 15 as well as visible
circumferential striations (Figure 3-5).

Figure 3-2 Fuel Cartridge 5
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Figure 3-3 Damage to Stage 18, Cartridge 5
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Figure 3-4 Damage to Stages 10 and 11 of Cartridge 20
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Figure 3-5 Damage to Stages 13, 14, and 15 of Fuel Cartridge 24
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3.5 Approach by the Historical Dose Evaluation Task Group for Estimating
Radioactive Releases for Initial Engine Test #4

The Historical Dose Evaluation (HDE) Task Group relied primarily on information and data
provided by Thornton et al. (1962b) for deriving fission product release quantities for [ET #4.
Consistent with observations reported by Thornton et al. (1962b), the HDE Task Group model
assumed that releases for IET #4 occurred continuously over the entire 192-hour reactor
operation period at rates that were proportionately linked to reactor power levels/fuel
temperatures.

For deriving fission product release quantities, the HDE Task Group divided the 60-day
operational period (as summarized in Table 3-2) into three discrete periods and employed a
combination of empirical effluent data and assumptions. The following provides a quantitative
summary in behalf of the three periods designated as (1) relatively low power levels; (2) high
power levels, and (3) last day of operation when fuel damage was assumed to have occurred.

3.5.1 Period #1: Reactor Operation at Lower Power

From Table 3-2, the period of lower power operation was defined by the first 23 days starting
May 1 through May 23, 1956. Operational data for this subset of IET #4 are reproduced in the
first four columns of Table 3-5. HDE-modeled power output values are given in the last column.

The first conservative assumption made by the HDE Task Group model was to assume that the
maximum power level identified for each of the 16 test runs prevailed for the entire duration.

For example, Table 3-5 shows that for the first day (i.e., May 1, 1956), Thornton had identified a
test run of 2.52 hours with a maximum power level of 4.1 MW; for the full test run, Thornton

et al. (1962b) reported the time-integrated power output of 3.22 MW-h. For modeling, the HDE
Task Group assumed the maximum power level of 4.1 MW for the full duration, which yielded
the significantly higher value of 10.33 MW-h. For all 15 test runs representing the first period,
the HDE Task Group model yields a time-integrated power output of 644.14 MW-h which, when
divided by cumulative operating time of 63.2 hours, yields an average reactor power level of 10.2
MW.

Because particulate activity from stack sampling had shown that release rates were most affected
by fuel plate temperature (see Table 3-4), the HDE Task Group correlated this temperature
dependency as illustrated in Figure 3-6. For calculational purposes, it was assumed that there
was a direct correlation between fuel plate temperature and the reactor power level.
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Table 3-5 Operational Data for First Period of Initial Engine Test #4

Time Above Maximum Power Reported Total Modeled Total
200 kW of Total System* System Power* System Power’

Date (h)* (MW-h) (MW-h) (MW-h)
5/1/56 2.52 4.1 3.22 10.33
5/2/56 6.78 8.1 34.20 54.92
5/3/56 1.90 4.4 7.25 8.36
5/4/56 4.37 9.6 35.06 41.95
5/5/56 4.47 11.2 36.68 50.06
5/7/56 4.82 11.2 51.31 