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ABSTRACT

The tasks of the gas-cooled fast breeder reactor (GCFR) program which 
are supported by the Department of Energy include development of GCFR fuel, 
blanket, and control assemblies; development of the pressure equalization 
system for GCFR fuel; out-of-pile loop facility test programs; fuels and 
materials development; fuel, blanket, and control rod analyses and develop­
ment ; nuclear analysis and reactor physics for GCFR core design; shielding 
requirements for the GCFR; reactor engineering to assess the thermal, 
hydraulic, and structural performance of the core and the core support 
structure; plant systems control; systems engineering; development of 
reactor components, including reactor vessel, control and locking mechanisms, 
fuel handling equipment, core support structure, shielding assemblies, main 
helium circulator, steam generator, circulator test facility, and auxiliary 
circulator; development of a helium circulator test facility; reactor safety, 
environment, and risk analyses, including planning and support of an in-pile 
and out-of-pile safety test program; nuclear island engineering design; and 
development of a reliability data bank.
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1. INTRODUCTION

The various tasks of the gas-cooled fast breeder reactor (GCFR) pro­
gram for the period August 1, 1978 through October 31, 1978 sponsored by 
the Department of Energy (DOE) are discussed in this quarterly progress 
report. The GCFR utility program, which is sponsored by a large number of 
electric utility companies, rural electric cooperatives, and General Atomic 
(GA), is primarily directed toward the development of a GCFR demonstration 
plant. The utility-sponsored work and the DOE-sponsored work are 
complementary.

Analytical, experimental, and fabrication development is being accom­
plished under the core assembly development task to establish the basis for 
the design of GCFR fuel, blanket, and control assemblies. Methods develop­
ment for structural, thermal-hydraulic, and mechanical analyses is discussed 
and the results of structural analysis of the fuel assembly components and 
thermal-hydraulic analysis of the blanket assembly during low power are 
presented. Current progress on rod-spacer interaction tests, fuel assembly 
seismic and vibration test planning, and development of assembly fabrication 
techniques is also presented. The various subtasks of core assembly develop 
ment and the work accomplished during this reporting period are discussed in 
Section 2.

The technology to support the design and construction of the pressure 
equalization system (PES) for GCFR fuel is being developed. This includes 
(1) the development of analytical models and computer codes which will be 
verified by test programs and testing of materials and seals and (2) the 
development of fabrication processes for the PES. These are discussed in 
Section 3.

To demonstrate the ability of GCFR fuel, control, and blanket assembly 
designs to meet design goals and verify predictions of analytical models, a
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series of out-of-pile simulation tests will be performed. The emphasis of 
the tests will be on obtaining thermal-structural data for steady-state, 
transient, and margin conditions using electrically heated rod bundles in 
a dynamic helium loop. These are discussed in Section 4.

In the fuels and materials development program, thermal flux and fast 
flux irradiation studies are being conducted to establish conditions and 
design features specific to GCFR fuel rods, such as vented fuel, fission 
product traps, and surface-roughened cladding. In addition, an irradiation 
test program of smooth and surface-roughened GCFR cladding specimens will 
be conducted to determine how these materials behave under irradiation.
The fuels and materials tests, the analytical studies, and the results to 
date are presented in Section 5.

Under the fuel rod engineering task, performance of the fuel and 
blanket rods under steady-state and transient conditions is being eval­
uated to determine performance characteristics, operating limits, and design 
criteria. In addition, surveillance of the fuel rod and blanket rod tech­
nology of other programs is being carried out. These studies are presented 
in Section 6.

The objectives of the nuclear analysis and reactor physics task are to 
verify and validate the nuclear design methods which will be applied to 
the GCFR core design. Data from a critical assembly experimental program 
at the ZPR-9 facility at Argonne National Laboratory (ANL) are being used 
for this purpose. Critical assembly design, analysis, and methods develop­
ment are discussed in Section 7.

Verification of the physics and engineering analytical methods and the 
data for design of the GCFR shields is being conducted under the shielding 
requirements task along with an evaluation of the effectiveness of various 
shield configurations. The results of radial shield analyses and the work 
being done on structural analysis are presented in Section 8.

A
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Section 9 discusses systems engineering for the GCFR. This includes 
systems integration; coordination of interface requirements between plant 
systems; and development and implementation of effective documentation 
management.

Section 10 discusses the evaluation and development of the main com­
ponents of the GCFR, including reactor vessel, control and locking mecha­
nisms, fuel handling, core support structure, shielding assemblies, main 
helium circulator, steam generator, auxiliary circulator, and helium pro­
cessing components. Section 11 is concerned with the engineering required 
to design and develop the circulator test facility, and Section 12 reports 
on the development of control systems and the assessment of seismically 
induced and flow-induced vibration behavior for the GCFR demonstration 
plant.

The reactor safety task, which is discussed in Section 13, includes 
(1) maintenance of liaison between GA and other organizations and integra­
tion of the overall GCFR safety analysis effort; (2) formulation and 
review of the GCFR safety program plan; (3) performance of detailed safety, 
environmental, and risk analyses of the GCFR; (4) evaluation of the post­
accident fuel containment (PAFC) capability of the GCFR; (5) integration 
of the results of DOE safety studies into the licensing reviews; and (6) 
evaluation of probabilistic design methods for use in the GCFR program. 
Procurement, supply, and storage of reliability data are also reported 
along with estimates in support of probabilistic analyses of accident 
events being analyzed for gas-cooled reactors.

Section 14 discusses the safety test program, which involves quanti­
fication of fuel and cladding behavior during accidents leading to core 
damage and identification of safety test information required for licensing 
and commercialization of the GCFR. The GRIST-2 and duct melting and fall- 
away test programs (DMFT) are also examined.

Section 15 discusses the nuclear island. The purposes of this task 
are to accomplish engineering design work on the nuclear island portion
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of the demonstration plant and to resolve the interface requirements of 
major nuclear steam supply (NSSS) and balance of plant (BOP) systems.

Development of an alternate design concept for the NSSS and related 
BOP facilities and equipment is discussed in Section 16, and the character­
istics of a GCFR fueled with combinations of U-233, U-235, U-238, plutonium, 
and thorium are reported in Section 17.



2. CORE ASSEMBLY DEVELOPMENT 
(189a No. 00502)

2.1. CORE ASSEMBLY THERMAL-HYDRAULIC ANALYSIS

2.1.1. Introduction

Experimental data are being evaluated to develop the analytical basis 
for the design and development of the GCFR fuel, control, and blanket 
assemblies. Because complete prototype in-pile tests cannot be conducted, 
a strong analytical base supported by development tests is required to 
design the core assemblies. The current effort is devoted to the develop­
ment of an adequate steady-state and transient analysis capability in the 
areas of thermal-hydraulic and structural analysis to provide a basis for 
assembly design criteria and specific test requirements. The main efforts 
have focused on improvement of thermal-hydraulic correlations and develop­
ment of methods for applying these correlations to the design and analysis 
of GCFR core assemblies.

2.1.2. Fuel Assembly Analysis

2.1.2.1. Correlation for Biot Number Correction. The GCFR reference 
correlations (Ref. 2-1) give the following relation for Biot number 
correction:

St St • K ;00? K 1 - Bi (2-1)

where St = Stanton number,
oSt = Stanton number for infinite thermal conductivity of 

cladding,
C._ - correction coefficient,U
Bi = Biot number = he/k .c
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1.2. This value was based onReference 2-1 recommends a value of C =B
the Biot number correction used in the BR-2 calibration experiment and 
AGATHE-IC experiment calculations. Reference 2-2 (see Fig. 2-1) indicates 
that CL is a function of the parameter t/e (cladding thickness based onD
tip diameter/rib height). The results in Ref. 2-2 are used to obtain the 
following correlation for C_:D

CB = - 0.433 . (2-2)

Hence, for a GCFR rod (t/e = 3.92), C = 0.87. Thus, the Biot numberB
correction for GCFR fuel assembly analysis will be slightly less than 
that proposed in Ref. 2-1.

If Eq. 2-2 is used to calculate the Biot number correction instead
of using a constant value of C = 1.2, the Stanton number for GCFR con-B
ditions will be 2.8% higher. Equation 2-2 will be included in the set 
of reference correlations.

2.1.2.2. Corner Rod Analysis. In connection with fuel rod bowing studies, 
a larger edge spacing (80%) is being considered for the fuel assembly 
design. This opens the corner subchannel area (to 50% of the internal 
subchannel area). The possibility of having a fueled corner rod under 
these conditions was investigated.

A fuel assembly with a 10.4-mm pitch and 80% edge spacing was ana­
lyzed with the COBRA-4 code (Ref. 2-3) (Fig. 2-1). Figure 2-2 shows the 
temperature gradients across the corner rod (No. 17) and a peripheral 
rod (No. 16). The gradients are almost alike, showing overcooling on 
the duct wall side (negative AT). Figure 2-3 shows that the average 
midwall cladding temperatures of these two rods are also very close.

With 80% edge spacing, the temperature and the gradients of a 
fueled corner rod are no better or worse than those of the other
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Fig. 2-1. 104-mm-pitch fuel assembly with fueled corner rod
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peripheral rods. Placing a fuel rod in the corner would eliminate the 
need for designing the odd shaped spacer sleeves. However, instead, the 
spacers could be supported by hanger rods placed within the fuel bundle. 
These would then be of circular section, larger than the fuel rod diameter, 
and easily roughened. Although for the nominal geometry, under laminar 
flow conditions, edge rod cooling appears to be acceptable under full- 
power and full-flow conditions, fabrication tolerances may have an 
impact on the temperature gradients. This is being investigated.

2.1.3. Control Assembly Analysis

An approximate analysis was performed to estimate the flow rate and 
flow velocity through the control assembly cluster. The geometry and 
data are as follows:

Number of rods in control assembly cluster 
Diameter of rods (cm)
Heated length (cm)
Pitch-to-diameter ratio 
Peak linear power (W/cm)

37
1.21

113.0
1 .3
154

The results of the analysis are

Flow rate through the 37-rod cluster (kg/s) 
Average flow velocity (m/s)
Average coolant outlet temperature (°C)

0.73

453
33

2.1.4. Radial Blanket Analysis

There was no activity on this subtask during this quarter.
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2.1.5. Integral Core Performance of Demonstration Plant 
Core

Recent core system performance analyses have indicated that future 
core designs will attain a somewhat reduced performance compared 
with previous data, such as those reported in Ref. 2-4. The reasons 
for the performance reduction are (1) updated thermal-hydraulic cor­
relations , (2) corrected performance analysis models, and (3) design 
changes that are responsive to minimization of development work and 
core disruptive accident (CDA) mitigating design proposals.

Incorporating the above changes into the demonstration plant core 
performance analysis without making any other efforts to balance core 
design and performance would reduce the core outlet temperature of the 
down-flow core from 552° to 503°C. An attempt was made to recover some 
of the thermal performance losses by changing core length and width, 
rod pitch, assembly size, etc. Analyses show that the thermal perfor­
mance can be restored, but only at the cost of nuclear performance in 
terms of linear rating, fissile rating, and doubling time. Overall 
system optimization studies are expected to yield a core design with 
balanced plant, thermal, and nuclear performance characteristics. How­
ever, current cost information yields a rather flat optimum, so there 
is sufficient freedom for emphasizing one performance characteristic over 
the other. An attempt is currently under way to identify core design 
configurations for which the performance penalty of the imposed design 
changes is minimum. These studies are being conducted in parallel with 
the up-flow/down-flow evaluation so that revised core and system operat­
ing parameters can be defined subsequent to selection of either the 
up-flow or down-flow configuration.

The reactor design parameters for a larger breeder reactor plant 
were reviewed. Earlier studies were used to set the rod size at 8.0 mm 
to obtain a minimum doubling time. Subsequent fuel strategy studies
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demonstrate that the energy potential is maximized for a rod diameter which 
is slightly less than 8.0 mm. Calculations to determine the optimum rod 
size for a GCFR symbiotic system are under way. A series of calculations 
was made for cores with differing length-to-diameter ratios, resulting in 
the selection of a 397-assembly core, including 31 control assemblies. 
Limiting the rod rating to 39.37 kW/m made it possible to produce an outlet 
helium temperature of 566°C, which was judged necessary for good steam plant 
performance. However, this resulted in a reactor rating of only 0.58 MW(t)/ 
kg fissile; the desired value is around 0.7. The only feasible way to 
increase this rating is to allow the outlet temperature to drop to 543°C, 
which would increase the rating to 0.68 MW(t)/kg. The breeding ratio and 
doubling time are satisfactory for both conditions described above.

2.2. CORE ASSEMBLY MECHANICAL ANALYSIS

2.2.1. Up-Flow Core Design

During the previous quarter, alternate designs for the core assemblies 
of an up-flow core GCFR were developed. The efforts to date have primarily 
centered on development of three areas: (1) alternate locking concepts,
(2) outlet end shielding for the fuel and control assemblies, and (3) rod 
bundle support schemes for top- and bottom-end venting of fuel rods.

The main assembly parameters were developed in Ref. 2-5 to give 
approximately the same nuclear and thermal performance as that given for 
the 300-MW(e) GCFR demonstration plant in Ref. 2-4. Design basis core 
data for the up-flow and the down-flow cores are given in Table 2-1. As 
can be seen, the main assembly parameters are quite similar for the two 
designs. However, because of slightly larger inlet and exit losses in 
the up-flow core, the rod-to-rod pitch must be slightly (approximately 
0.2 mm) greater than that in the down-flow core. In addition, to compen­
sate for the thermal performance drop due to the larger pitch, the active 
core length of the up-flow core must be increased approximately 7.0 mm 
over that in the down-flow core.
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TABLE 2-1 , .
DESIGN BASIS CORE DATA FOR THE UP-FLOW/DOWN-FLOW COMPARISON

Up-flow Down-flow

Core length (mm) 1200 1130
Each axial blanket (mm) 450 450
Roughened length (%) 75 75
Rod o.d. (mm) 7.46 7.46
Rod pitch (mm) 10.6 10.4
Rod-to-duct gap (%) 51.36 51.36
Duct wall thickness (mm) 4 3.9
Duct width outside dimension 
across flap (mm)

184.0 180.4

Duct-to-duct gap (mm) 6.9 6.7
Assembly pitch (mm) 190.8 187.1
Assembly overall length (mm) 4650.0^ 4208.0

Outlet temperature (°C) 552 552
Breeding ratio 1.36 1.36
Doubling time (yr) 17.5 16.7
MW(t)/kg fissile 0.517 0.549
Average enrichment (%) 16.7 16.6
Maximum linear rating (kW/m) 36.7 39.0
In-pile time 3.3 3.11

2Peak fast fluence (n/cm ) 2.22 x 1023 232.22 x 10ZJ

(a) From Ref. 2-5. Cladding midwall temperature and core AP 
adjusted to give performance in Ref. 2-4 (T - 720°C, AP = 250 kPa). 
Number of assemblies: 108 fuel, 15 control, 4 shutdown, 90 blanket,
180 shield (up-flow core only).

Includes 840-mm-long outlet shielding.
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2.2.1.1. Assembly Axial Restraint. Several concepts for core assembly 
axial restraint have been investigated, including pneumatic balancing 
(sometimes called hydraulic hold-down) and mechanical latching. The 
inlet nozzle region of a pneumatically balanced core assembly is illus­
trated in Fig. 2-4. Although this concept has the advantage of being a 
basically passive system, it also has several drawbacks which seem to 
make it undesirable for an up-flow core GCFR. At best, such a hold-down 
scheme can only just balance out the fluid lifting force exerted on the 
core assemblies, leaving the assembly weight as the only hold-down force 
available for core axial restraint. Because of space limitations in 
the GCFR, only about one-half the fluid lifting force could be removed, 
and thus the hold-down force would only be about 50% to 60% of the 
assembly weight. This would restrict the seismic capability of the core. 
Furthermore, because of the unique requirements of the GCFR pressure 
equalization system (PES), a positive mechanical seating is considered 
to be required for the PES vent connection to the grid plate (or the PES 
plate). Pneumatic balancing schemes do not ensure that the vent connection 
will always be made, since there is a possibility of individual assemblies 
ratcheting upward as a result of interassembly interactions. The design 
of the PES vent connection for accommodating such travel does not appear 
practical at this time.

One alternative to pneumatic balancing for core axial restraint is 
a locking concept proposed by Kraftwerk Union (KWU) (Fig. 2-5). Although 
the design of the lock is somewhat mechanically complex, it appears to be 
feasible. In common with most other mechanical latch designs considered, 
the KWU design requires pulling of a latch actuator rod from above by the 
fuel handling equipment to release the assembly. A possible deficiency 
of this design is that it does not appear to apply very much seating force; 
instead, it just prevents assembly lift-off. As noted above, PES con­
siderations make a seating force desirable.
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Fig. 2-4. Pneumatic balancing for fuel assembly inlet nozzle (KWU design)



; N LATCH ^

I
iX ACTUATOR ^ 
X RODS ^

LIGAMENT '
(ABOUT 15 MM)'
\_js. \______________ \ \ *

LOCKING SPRING

\GRIDPLATE 
V INSERT i\ FUEL ASSEMBLY INLET 

NOZZLE DERIVED FROM 
5 JOINT GA/KWU DESIGN

——BACKUP 
jA LATCH

MAIN LATCH-Tror
ENGAGING 
PYRAMID" DISENGAGING FINGERS

SECTION A-A SECTION B-B

SECTION C-C

Fig. 2 5. Standing assembly mechanical lock

2-12



The latching concept selected for the interim design is shown in 
Fig. 2-6. This is an individual mechanical latch similar in concept 
to the KWU design. It was selected because of its relative simplicity 
and because it conceptually differs the least from the down-flow core 
locking concept. The lock consists of three cams which engage an insert 
in the core support plate. The cams are actuated by a spring-loaded 
plunger, which in turn is actuated by a 10-mm rod passing up through the 
core to the top of the assembly. If necessary, this actuation rod 
could be made out of one of the radiation-resistant alloys currently under 
development. No backup lock is provided (although one could easily be 
incorporated) because of the redundancy provided by the three cams and 
because secondary restraint is expected to be provided by the control 
rod drive guide mechanisms.

2.2.1 .2. Shielding. The shielding for the core support plate is located 
in the inlet region of the core assemblies and is essentially identical 
to that used to protect the grid plate in the down-flow core. Additional 
protection of the core support from the effects of radiation is provided 
by the 100-mm-thick, segmented PES manifold plate which is directly 
attached to the top of the support plate and which can be removed and 
replaced if necessary.

Additional axial shielding is provided at the outlet end of the core 
assemblies to protect the control rod drive mechanisms. The exit shield­
ing for the fuel assembly is shown in Fig. 2-7 and that for the control 
assembly is shown in Fig. 2-8. Both the fuel assembly exit shielding 
and the control assembly exit shielding have been subjected to detailed 
nuclear analysis (Ref. 2-6) and have been shown to be sufficient to 
reduce the effective fast fluence to the outlet plenum structures to 
below damage limits. Pressure drop calculations have been performed 
for both designs and their pressure drop performance has been found 
acceptable.
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Fig. 2-7. Fuel assembly outlet shielding
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The radial shielding required to protect the (30-yr) core re­
straint structure is provided by three rows of radial shielding 
assemblies containing a 50/50 mix of graphite and steel.

2.2.1.3. Bundle Venting and Manifolding. Rod bundle arrangements 
for both top- and bottom-end venting of rods were developed. Based 
on the recommendations in Ref. 2-7, which concluded that rod venting 
should be done at the hot end and/or the upper end, a rod arrangement 
incorporating top end venting was selected. Reference 2-7 concluded 
that no change in length would be required as a result of temperature 
changes. Thus, the rod charcoal trap length for the up-flow core 
need not differ from that of the down-flow core.* The fuel assembly 
is shown in Fig. 2-9, and an overall view of the up-flow core is 
given in Fig. 2-10.

2.2.2. Core Distortion Analysis

In support of the up-flow core design concept, a study of core-wide 
distortion in two and three dimensions has been undertaken. Prior work 
in this area for the down-flow core utilized a single assembly code,
CRASIB (Ref. 2-8). The interactions between assemblies in a radial 
spoke were computed by manually combining individual assembly analyses. 
Recently, hawever, two codes, NUB0W-2D (Ref. 2-9) and NUB0W-3D (Ref. 2-10), 
have become available which systematically perform an inelastic analysis 
of a radial spoke and a three-dimensional sector of a complete core, 
respectively. Three phases of work were identified: (1) obtaining the 
code, implementing it on the GA computer, and making the modifications 
and improvements necessary for the GCFR system and this particular study; 
(2) for verification purposes, running sample problems and GCFR models

^Reference 2-7 recommended an increase in the length of the rod charcoal 
trap for both the down-flow and the up-flow core based on recent test data. 
Since this is a generic issue, the up-flow core rod trap length in this 
study was based on the down-flow core trap length given in Ref. 2-4.
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in a manner similar to prior studies; and (3) modeling and analyzing 
various up-flow configurations. During this quarter the first two 
phases and half of the third were completed with NUB0W-2D. The first 
phase is in progress for NUB0W-3D.

As received, NUBOW-2D required some modification to make it com­
patible with the UNIVAC operating system. Once this was done and the 
modeling process was understood, it became obvious that four areas were 
in need of improvement. First, the irradiation creep and swelling 
correlations contained in the code were outdated, and these were replaced 
by the current ones from Ref. 2-It (and revision 5 of Ref. 2-11).
Second, it was desirable to have the code compatible in either British 
or metric units. Minor coding modifications were required to accomplish 
this. Third, a systematic method of handling the voluminous output was 
required, and an additional subroutine was developed to scan the output 
data for relevance and additional files for storage. This enabled post­
plotting routines to be easily accommodated. Because of the lack of a 
core restraint system and the currently accepted fuel management concept, 
the ability to model replacement and 180-deg rotation of fuel assemblies 
was required. Most of the routines necessary had been informally written 
by ANL for previous GCFR work. These were obtained, incorporated, and 
verified.

Two models were generated. The first was a model identical to that 
used in previous core distortion studies. Up to the point of first inter­
assembly contact, NUBOW-2D predicted somewhat smaller displacements than 
CRASIB. Inherent modeling differences between the two account for some 
of the discrepancy, but further investigation is being made as to the 
exact causes of the differences. When refueling and rotation were con­
sidered, the position of interassembly contact occurred at the same 
locations as in previous studies for an equilibrium core configuration.
The loads predicted were somewhat higher however, giving a maximum refuel­
ing side load of 13,780 N. The cause of this discrepancy is probably 
related to the difference in the computed displacement fields.
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The second model was generated to analyze the current down-flow 
GCFR core. It was initially used to validate the compatibility of 
metric/British versions (which proved to be compatible). The results 
also gave an indication of the expected bowing interference within the 
current design. The outer five rows are shown in Fig. 2-11. The 
ordinate is the radial position of the assembly less the undistorted 
across-flats dimensions of all the preceding assemblies. Thus, only 
pertinent thermal growth, bowing displacement, and duct wall bulging 
are plotted; i.e., an assembly with no displacement or distortion 
would appear as two vertical superimposed straight lines. The bulging 
appears as triangular discontinuities on the otherwise smooth profile.
This is the result of only computing the bulging at two axial locations.
In reality, a smooth curve should be passed through the peaks tapering
back to the displaced duct wall profile above and below these two points.
Rows 8a and 9 are blanket assemblies. Analysis of this system with
replacement and rotation will commence upon resolution of the discrepancies 
noted above.

The third phase of the study has been initiated. A model of the 
up-flow core has been completed and debugged, and a parametric analysis 
considering support point locations and initial gaps is in progress.

2.2.3. Outlet Nozzle Mechanical Analysis

Previous analysis of the outlet nozzle section approximated the 
structure using flat plates to investigate the thermal stress fields.
To validate these results and extend the analysis to considerations 
of mechanical loading, a three-dimensional model of a 120-deg sector 
of the nozzle section was constructed. It will provide detailed thermal 
and mechanical stress fields which cannot be obtained in any other way.
The THREED computer code will be used on the model for heat transfer and 
stress analysis.
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The model (Fig. 2-12) consists of 212 brick elements and 1528 node 
points. As generated, a large, sparsely coupled system of equations 
would have to be solved; this would be a prohibitively time consuming 
operation. A bandwidth optimization code (Ref. 2-12) has been used to 
reduce the bandwidth to manageable proportions. Calculation of the 
temperature field is now in progress.

2.2.4. Core Assembly Flow-Induced Vibration

During the previous quarter a core assembly vibration analysis and 
test program were developed to provide analytic and experimental evidence 
to ensure the absence of potentially damaging flow-induced vibrations 
in the GCFR fuel, blanket, control, and shutdown assemblies. The helium 
flow test rig (HFTR) is a major part of this program. The specific 
objective of the experimental program planned for the HFTR is to obtain 
the following information:

1. Natural frequencies, damping coefficients, and vibrational 
modes of individual components and complete assemblies in 
static air at ambient conditions and in flowing helium at 
simulated reactor conditions.

2. Amplitudes of flow-induced vibrations for a range of coolant 
conditions.

3. Evaluation of available design margins, including determination 
of maximum allowable span between spacer grids, maximum allow­
able rattle space in blanket assemblies, maximum allowable 
clearance between fuel rods and spacer grids, and maximum gap 
allowed between the control rod duct wear pads and the control 
rod guide duct.
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To obtain this information, a combined analytic and experimental 
program consisting of the following principal tasks has been proposed:

Task I:

Task II: 
Task III: 
Task IV:

Analytic consideration of core assembly 
flow-induced vibrations.
Single-rod tests.
Full-length, partial-bundle tests. 
Full-scale assembly tests.

Task I, analytic consideration of flow-induced vibrations, has been an 
ongoing task at GA for the last several years. In addition to providing 
predictions of the flow-induced vibration response of GCFR core assemblies, 
the principal objectives of this task have been to provide pretest pre­
dictions of the vibrational behavior of the test assemblies for equipment 
and instrument design, to perform dynamic similitude studies, to analy­
tically validate test results, and to develop or adapt existing analytic 
techniques to describe rod vibration performance for future component 
design enhancement or changes.

The experimental tasks (tasks II through IV) are arranged in order 
of increasing complexity to allow early definition and correction of 
potential problems. In general, experiments will be performed with 
full-length rod bundles using flowing helium at the temperature, pressure, 
and flow conditions of test rig III in Table 2-2 (from Ref. 2-13). A 
summary of the preliminary test program is presented in Table 2-3.

2.2.5. Core Seismic Engineering

Over the past several years, the length of the core assemblies for the 
down-flow core has steadily increased as a reuslt of design changes. This 
increase in assembly length has caused the seismic response of the core to 
increase to the point where it is felt that a core restraint system may be 
required. As a first step toward the design and evaluation of a core
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TABLE 2-2
FLOW PARAMETERS FOR ALTERNATE HELIUM FLOW TEST RIGS

Viscosity Young's Speed of U3nom^a'1Pressure Temperature Velocity Flow Rate Density x 105 Modulus Sound Reynolds Mach
(MPa) (°C) (m/s) (kg/s) (kg/m3) [(N-s)/m2] (GPa) [m/s (c/cnom)] No. No. (rods)

300-MW(e) GCFR core
Inlet 9.0 316 53.6 5.37 7.36 3.16 M 77 1428 98,000 0.04 1.07
Outlet 8.71 552 74.4 5.37 5.08 3.99 M54 1690 74,500 0.04 1.00
Average 8.86 434 64.0 5.37 6.22 3.58 M 66 1562 

(1 .0)
87,400 0.04 1.04

Test rig 1 (helium, 
full pressure, 
full temperature)
Nominal 8.86 434 64.0 5.37 6.22 3.58 66 1562 87,000 0.04 1.04

(at 434) (1.0)
Design 9.0 550 100 7.16 7.36

(at 316°C)
1690 1 .00

Test rig 2 (helium, 
reduced pressure, 
reduced temperature
Nominal 7.37 425 75 5.37 5.08 3.55 M 66 1554 84,400 0.05 1.04

(at 425°C) (1.0)
Design 7.37 425 100 7.16 6.22

(at 300°C)

Test rig 3 (helium, 
reduced pressure, 
low temperature)
Nominal 5.79 175 64.0 5.37 6.22 2.62 M85 1245 119,400 0.05 1.10

(at 175°C) (0.80)
Design 5.79 100

Test rig 4 (air, 
low pressure, 
low temperature)
Nominal inlet 0.66 40 54 5.37 7.37 1.96 193 355

(0.23)
159,000 0.15 1.12

Nominal outlet 0.44 'U30 75 5.37 5.06 1.90 192 350
(0.23)

168,000 0.21

Design outlet 0.4 100 7.16 0.29

(a) Natural frequency/(natural frequency)^^^^^.
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TABLE 2-3
SUMMARY OF PRELIMINARY HELIUM FLOW TEST PROGRAM

K3

Test Model Obj ectives
Test

Duration Comments

Single rod Obtain natural frequencies and damping 1 week per test Static tests in air; flowing
F, B, C, S coefficients of simulator rods under series (approximately tests in helium at simulated
Simulator and instru­
mented rods (total of 16 
rod models)

static and flowing conditions; cali­
brate and verify instrument rods

5 runs/model) reactor conditions

Partial bundle Measure flow-induced vibration 4 weeks per test 37-rod fuel and blanket bundles;
3 each F and B response of rods in a rod bundle series (approximately testing of partial bundle control
1 each possible
C, S (total of 8 bundle 
models)

environment in flowing helium at simu­
lated conditions; assess effects of 
parameters, including spacer grid type, 
spacer grid spacing, rod-spacer clear­
ance, and wire-wrapped bundle rattle 
space

20 runs/bundle) and shutdown rod bundles may also 
be required. Parallel programs 
should evaluate flow-induced 
vibration response of other core 
assembly internal components 
(e.g., inlet nozzle, outlet 
nozzle, and orifice) and blanket 
assembly flow control device.

Full-scale assembly Measure flow-induced vibration response 5 weeks per test
1 each F, B, C, S of fuel, control, blanket, and shutdown series (approximately
(total of 4 models) rods; measure flow-induced vibration 

response of control rod subassembly and 
shutdown rod subassembly; measure gross 
assembly motions; measure flow-induced 
vibration response of installed inter­
nal components; evaluate assembly 
acoustic resonances

30 runs/bundle)

(a) r = fuel, B = blanket, C = control, S = shutdown.



restraint system for the down-flow core, two core restraint system 
concepts were proposed (Fig. 2-13). The first concept is a dual-support 
concept similar to that employed in the Clinch River breeder reactor 
(CRBR) and the fast flux test facility (FFTF). The second is a single­
support concept, which has the potential advantage of being able to 
reduce the core seismic response without affecting core distortions 
under normal operation; in addition, the safety characteristics of the 
top-supported unconstrained core are retained.

2.3. CORE ASSEMBLY STRUCTURAL DESIGN CRITERIA

There was no activity on this task during this quarter.

2.4. CORE ASSEMBLY MECHANICAL TESTING

The objective of this task is to conduct mechanical tests of core 
assembly components and subassemblies to simulate the mechanical loads 
anticipated during normal and abnormal reactor operating conditions.
The current phase of this program involves testing of fuel assembly 
components. All core component mechanical test programs are being 
discontinued except for the rod-spacer interaction tests.

The current phase of interaction tests has been designed to evaluate 
the effect of angular misalignment of spacer cells during axial rod move­
ment. It has been postulated that deflection of core components due to 
assembly tolerances, rod bowing, and swelling could cause angular mis­
alignment on the order of a few degrees rotation. The testing equipment 
has been assembled in the furnace, and initial temperature profiles have 
been run. The best peak-to-peak value obtained so far is about 60°C, 
which represents an approximate 12% span. This profile is currently 
being evaluated. Tentative indications are that this profile may not be 
unreasonable, since the significant comparisons made will be from test to 
test and not from spacer to spacer within each test.
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2.5. HEAT TRANSFER AND FLUID FLOW TESTING

These tests have been indefinitely postponed.
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3. PRESSURE EQUALIZATION SYSTEM FOR FUEL 
(189a No. 00582)

3.1. CORE ASSEMBLY AND PES SEALS

There was no activity on this subtask during this quarter.

3.2. ANALYSIS, MODELS, AND CODE DEVELOPMENT

The GCFR is designed with pressure-equalized and vented fuel and 
blanket assemblies. A PES is provided to perform these functions and 
contains one unit of the helium purification system (KPS). The PES, 
described in Ref. 3-1, is a complex flow network consisting of mani­
folded fuel rods, fuel and blanket assemblies, monitor lines through 
which vented fission gases are swept by inflowing coolant to the KPS 
unit, and check valves leading to the suctions of the main and auxiliary 
circulators which power the system.

Programming of the transient PES flow code continued during this 
quarter. The remaining program elements (mass and heat sources and 
output section) were completed, and input instructions for the code are 
being prepared. Some model application and debugging must still be done.

3.3. PLATEOUT AND PLUGGING

Volatile fission products, particularly cesium and iodine, vented 
from the core assemblies and produced by decay of noble gas precursors 
also vented from the core assemblies may plate out on the walls of the 
monitor lines. These fission products will be swept through the monitor 
lines into the KPS traps by helium entering at the core subassembly vent 
connections. If deposited material accumulates, it may constrict the
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sweep gas flow passages and could potentially lead to flow restrictions in 
the lines. The conditions under which plateout or plugging could occur in 
the GCFR, the means of minimizing or eliminating these conditions, and the 
methods for removing deposits, should they form, are being investigated.
A small high-pressure loop has been built and is being used for this 
purpose. Components for injection, control, and measurement of impurities 
(i.e., H2 and f^O) and sources for simulating venting of volatile fission 
products and their compounds have been developed.

The first successful experiment simulating cesium vapor transport in 
PES monitor lines has been completed. A 7-day run using a redesigned cesium 
source which allows flowing helium to come into direct contact with a 
pool of liquid cesium resulted in the transport of ^6% of the source 
inventory to the monitor line test section. Although this is not a large 
fraction of the loop inventory, it nonetheless confirms the basic operation 
of the apparatus. A major stumbling block in this and previous runs was 
the need to carry out wet chemistry analyses to determine cesium loadings 
in loop components. Since it was the aim of the experimental plan to use 
gamma spectroscopy to monitor nuclide movement, the loop configuration 
was altered to allow for introduction of a shielded Nal detector into the 
hood containing the apparatus. This improvement should offer much faster 
turnaround times for loop data and solution of the problem of determining 
the time during the experiment (early, late, continuously) at which cesium 
migrates. It will also provide quantitative data on the relative location 
of fission products within the test section, which wet chemistry analysis 
cannot do.

3.4. FISSION PRODUCT RELEASE AND TRANSPORT

The purpose of this subtask is to obtain experimental data on (1) inter­
diffusion of fission gases in helium, and (2) gas and surface back diffusion 
of gaseous and volatile fission products into the primary coolant. The 
interdiffusion coefficient data will be used to validate or improve the 
fission product release code used to model gas phase diffusion transport
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(including radioactive decay). Surface transport and back diffusion data 
will be used to establish a model for predicting the importance of these 
mechanisms to contamination of the reactor coolant system.

Planned out-of-pile studies modeling fission gas interdiffusion in 
GCFR rods are nearing an end. A series of experiments modeling Kr-85 
diffusion in the blanket and charcoal trap regions of a fuel rod were 
completed. The blanket tests were carried out using depleted UC^ pellets 
to provide a fuel cladding-blanket gap of 0.25 mm. In the charcoal trap 
tests, a simulated rod trap was placed in the lower region of the diffusion 
tube in such a manner that all the Kr-85 was forced to diffuse through it 
to reach the counting region. The data obtained are currently being ana­
lyzed to provide krypton diffusion coefficients for SLIDER (Ref. 3-2) 
input. Remaining work includes several open tube runs using both Kr-85 
and Xe-133. The latter nuclide is being utilized to ensure that the 
proper ratio of krypton to xenon diffusion coefficients is being used as 
input into code predictions.

3.5. MONITOR STATION AND INSTRUMENTATION

There was no activity on this subtask during this quarter.

3.6. PES UP-FLOW CORE ASSESSMENT

A study of the impact of an up-flow core on PES design and opera­
tion has been completed. In this study it was assumed that the core flow 
direction and configuration would not affect the noncore components of 
the PES. Consequently, the scope of the study was limited to the effects 
of the up-flow core configuration on the pressure equalization and venting 
considerations of the core assemblies. Three experimental observations 
were factored into the PES up-flow core study: (1) the presence of signi­
ficant levels of cesium in the charcoal traps of high-burnup rods F-1 
(low-pressure, sealed) and GB-10 (high-pressure, vented); (2) the 30% to
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60% volumetric shrinkage of charcoal at peak fast neutron fluences; and 
(3) the plugging of the GB-10 fuel rod after 90 MWd/kg burnup when 
operated at steady conditions for long times.

The results of this study indicate that (1) the rod traps are required 
and should be based on cesium rather than iodine containment (iodine 
reaches the traps in only insignificant amounts); (2) cesium sorption on 
charcoal and graphite is relatively insensitive to core temperature levels; 
(3) sorption of cesium on charcoal degraded by radiation-induced shrinkage 
is probably better than cesium sorption on graphite enhanced by radiation 
(charcoal has an initial unirradiated advantage factor of 1000 over 
graphite in the sorption of cesium); (4) the lengths of the degraded 
charcoal traps are feasible (_<300 mm), but those of the graphite traps 
are not; (5) plugging at the bottom, nonvented cold end of the GB-10 rod 
suggested that gravity and/or temperature (condensation) effects may be 
operative in plug formation; and (6) plugging at the nonvented end of the 
rods does not affect their pressure equalization or venting capabilities.
It is indicated that top venting (manifolding of rods) is always preferable 
for avoiding any possible gravity effect which could lead to plug forma­
tion, and hot end venting is always preferable for minimizing any con­
densation effect leading to plug formation. Thus, the up-flow core is 
preferred because top and hot venting can be simultaneously realized. 
Although increased transport of cesium to the traps and gaseous fission 
product activity to the assembly vents may be consequences of hot-end 
venting, the design will be conservative with respect to the potential 
for rod plugging (if any).

These results reflect the most conservative design based on the cur­
rent state of knowledge. However, there is also evidence to the contrary. 
If it is accepted that the plugging in GB-10 applies to the GCFR design, 
it can logically be assumed that the other characteristics observed in 
GS-10 should also be applied to the GCFR, namely

1. Plugging will occur only at the nonvented end.
2. Plugging will occur only at burnups >90 MWd/kg.
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3. Plugging will never be present during reduced power transients.

Plugging of the nonvented end, as found in capsule GB-10, should not be 
considered as plugging. If burnup is limited to <90 MWd/kg, then plugging 
at either end would not be expected. If power level changes occur at 
short intervals (average of 1 every 3 h), relative to significant fission 
gas pressure accumulation times (M month), the collected gas would be 
harmlessly vented and the rod pressure equalized. Programmed power cycling 
operation could also obviate any problem. If the plug found in GB-10 is 
characteristic of mixed oxide fast breeder reactor rods, the fact that no 
plugging has been observed in LMFBR rod irradiations may be explained by 
venting at reduced power. Plugging has not been reported in the fast 
breeder reactor R&D programs, nor is any known to have been reported from 
operation of BN-350 [150-MW(e) LMFBR], Phenix, or PFR [250-MW(e) LMFBR]. 
This suggests that plugging is not a significant fast breeder reactor 
design problem. The PES designs in both up- and down-flow core configura­
tions are feasible and practical; i.e., PES considerations should not 
enter strongly into the core flow direction decision.
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4. CORE ASSEMBLY DESIGN VERIFICATION 
(189a No. 00582)

Core assembly design verification consists of planning and executing 
the principal GCFR test programs to demonstrate satisfactory performance of 
the GCFR core assemblies. Model assemblies will be tested over a range of 
simulated GCFR environments, and the resultant performance data will be 
used to establish the GCFR design data base, to verify design analyses 
and predictive design computer codes, and to explore for design faults.
The goals of these activities are to provide assurance of design performance 
and to generate the information necessary to support licensing. The current 
task scope includes

1. Core flow test loop (CFTL).
2. Prototype assembly tests.
3. Helium flow tests.
4. Depressurized accident condition tests.
5. In-pile loop to provide irradiated fuel rod for GRIST 2.
6. Fast test reactor helium loop study.

The principal achievements for this quarter were as follows:

1. DOE officially recognized the CFTL Coordinating Committee and 
its activities.

2. A simplified data prediction package was completed for the 
blanket bundle tests in the CFTL.

3. The helium flow test plan for core assemblies was completed 
(Ref. 4-1).
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4.1. CORE FLOW TEST LOOP PROGRAM

A series of out-of-pile simulation tests will be performed to (1) 
demonstrate the ability of the GCFR fuel, control, and blanket assembly 
designs to meet design goals and (2) verify predictions of analytical 
models which describe design operation and accident behavior. The emphasis 
of the tests will be on obtaining thermal-structural data for steady-state, 
transient, and marginal conditions using electrically heated rod bundles 
in a dynamic helium loop. Final margin tests will be progressively extended 
to the highest possible temperature until the heater elements fail. The 
CFTL program plan (Ref. 4-2) describes the requirements for the test program 
to be conducted in the CFTL, which will be constructed and operated by Oak 
Ridge National Laboratory (ORNL).

4.1.1. Program Planning

4.1.1.1. CFTL Coordinating Committee. The CFTL Coordinating Committee 
achieved official status with the approval of the management plan (Ref. 4-3) 
for the CFTL by DOE. The committee is responsible for determining and 
resolving CFTL issues and reports to DOE Headquarters, as shown in Fig. 4-1 
of Ref. 4-4. The CFTL Coordinating Committee will meet as necessary, but at 
least once a year. The functions of the committee are

1. Coordination of the detailed program responsibilities of all 
participants in the CFTL program.

2. Review and recommendation of the technical program, budget, and 
schedule.

3. Provision of assurance that the program meets GCFR development 
requirements.

4. Provision of information and being responsive to DOE.
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5. Recommendation of revisions, as necessary, to the management 
plan and quality assurance principles.

6. Modification of the committee's functions and composition as 
required to accomplish the program objective.

The execution of these functions is in large part accomplished by overseeing 
program documentation (see Table 4-1 of Ref. 4-2). The committee has 
reviewed the control documents.

4.1.1.2. CFTL Documentation. GA accepted the ORNL revision of Ref. 4-5 
except in the area of instrumentation. This document identifies three 
GA-ORNL interface areas, i.e., (1) design and fabrication of test bundles, 
(2) analysis and prediction, (3) test bundle instrumentation, and denotes 
the organization responsible for each. Subject to ORNL approval, GA has 
revised the test bundle instrumentation responsibilities to achieve 
efficient execution of measurement requirements by making one organization, 
namely ORNL, responsible for design, procurement, installation, and 
inspection.

A task document index (TDI), which contains information on reports, 
letters, and memos pertinent to the CFTL, was prepared. The current TDI 
lists about 300 items and serves as a forerunner of planned compiled 
reference information which can be retrieved by the computer program 
0RL00K (Ref. 4-6) at ORNL.

4.1 .1.3. Test Planning. Modeling of the GCFR design basis depressuriza­
tion accident (DBDA) in the CFTL has received increased attention, and the 
modeling input and activities for defining experimental modeling of the 
GCFR DBDA have been established (Tables 4-1 and 4-2).

Consideration has been given to the use of the Los Alamos Scientific 
Laboratory (LASL) heater for the DBDA test. The CFTL power supply for 
driving the ORNL fuel rod simulators is also capable of driving the LASL 
heater. The CFTL ac power supply consists of 13 circuits, with a maximum
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TABLE 4-1
INPUT FOR EXPERIMENTALLY MODELING THE GCFR DBDA

GCFR design to be referenced

DBDA test simulations conducted on models of fuel, control, and 
blanket assemblies

Size(s) (number of rod simulators) for each assembly model

Required test conditions expected to provide representative 
data for a GCFR DBDA

Test measurement data needed and how it will be used

Date(s) test results are needed

Rod simulator heating as a function of axial position and time.

Assembly model duct heating and net allowable heat loss as a 
function of position and time.



TABLE 4-2
ACTIVITIES FOR DEFINING EXPERIMENTAL MODELING OF 

THE GCFR DBDA

Selection of a reference GCFR design

Technical justification and cost of duct wall heating and guard heaters/ 
insulation

Design of test bundle(s), including duct heating mechanism

Analysis of bundle(s) with GCFR codes (or the necessary modifications of 
codes)

Evaluation of ORNL and LASL rod simulators for high-temperature operation

Evaluation of thermocouples for use in rod simulators at high temperatures

Evaluation of flow instrumentation hardware and/or methods for subchannel 
measurements

Evaluation of temperature instrumentation for subchannel measurements
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of 10 heaters per circuit, and a nominal rod rating of 150 A and 300 V. 
Voltage levels via transformer taps are 100%, 50%, 25%, 12.5%, 6.25%, 3%, 
1.6%, 0.8%, 0.4%, and 0.2%. The power supplied to a row of heaters at 
any voltage level is linearly divided into 16 levels at a 6-2/3% power 
change per step. Each circuit supplies a row of heater rods, and opera­
tion may simulate a uniform power distribution or a GCFR transverse power 
distribution. The operating resistance of the ORNL heater is 1.7 ohms 
and that of the LASL heater is 1.0 ohm. A sample power input for both 
heaters is compared in Table 4-3. Table 4-3 indicates that the LASL 
heaters can be used in the CFTL if ORNL heaters cannot achieve the high 
temperature required, which is approximately 1260°C.

4.1.2. CFTL Analysis

The TSPEC code (Ref. 4-7), which provides a simplified analysis of 
thermal-hydraulic characteristics and duct bowing due to differential 
thermal expansion, was used to predict CFTL blanket rod assembly duct 
bowing. The code was developed to analyze fuel assemblies but has been 
modified to permit analysis of blanket assemblies. Reference 4-8 describes 
the modifications (eliminating approximations) incorporated into TSPEC 
to provide more accurate results.

The amount of blanket test bundle duct bowing under various simulated 
flow and power conditions has been predicted using the modified version of 
TSPEC. For extreme conditions, blanket test bundle bowing of up to 75 mm 
may occur if the assembly could survive a predicted maximum cladding temper­
ature of 1460°C. By interpolating the data in Table 4-4 to a cladding 
melting temperature of 1370°C, the maximum bowing is predicted to be about 
67 mm, which is within the value of 80 mm that was set as a clearance al­
lowance. Based on the present stage of design and analysis for the GCFR 
and CFTL, the following test section space envelope for the blanket 
assembly is valid:

Length = 3000 mm,
Diameter = 300 mm.
Margin for bowing = 80 mm.
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TABLE 4-3
COMPARISON OF HEATERS WITH CFTL POWER SUPPLY

Electrical Input
ORNL
(kW)

Single Heater Output

LASL
Single Heater 

(kW)

Two LASL Heaters 
in Series 

(kW)

150 38.2 22.5 22.5
75 V 3.3 5.6 1.4
37.5 V 0.8 1.4 0.3

Nominal maximum current.
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4-8

TABLE 4-4
CFTL 61-ROD BLANKET BUNDLE DUCT BOWING 

STEADY-STATE DESIGN MARGIN TEST WITH MAXIMUM POWER SKEW 
(TEST 951, MAXIMUM BOWING)

Flow Power (kW) Maximum Cladding 
Temperature (°C)

Maximum Helium 
Temperature (°C)

Minor diamater 
Bowing(a) (mm)

Major Diameter
Bowing(h) (mm)

TSPEC Modified TSPEC TSPEC Modified TSPECFraction kg/s Avg Max Min

1.1 1.76 28 44 18 674 644 16.4 20.3 14.2 17.6
1 .0 1.60 28 44 18 705 673 18.1 22.4 15.7 19.5
0.9 1.44 28 44 18 743 709 20.1 24.9 17.4 21.6
0.8 1.28 28 44 18 789 754 22.6 28.0 19.6 24.3
0.7 1.12 28 44 18 848 812 25.8 32.0 22.3 27.6
0.6 0.96 28 44 18 927 889 30.1 37.3 26.1 32.4
0.5 0.80 28 44 18 1036 996 36.2 44.9 31.3 38.8
0.4 0.64 28 44 18 1197 1158 45.2 56.0 39.1 48.5
0.3 0.48 28 44 18 1464(c) 1427 60.4 74.9 52.3 64.9

( cO7Across the flats.
Across the corners.

^Exceeds cladding melting temperature (see Section 4.1.2).



4.1.3. CFTL Liaison

A large coolant flow range must be accommodated by the CFTL control 
and measurement systems. Problems in attempting to meet the control and 
measurement requirements stated in the test specifications arose from the 
following conditions: (1) high volumetric flow at low pressure, (2) un­
matched power and flow conditions, (3) low flow at high pressure, and 
(4) measurement of low flow at low pressure. To alleviate these problems, 
changes have been made to some of the test conditions in Ref. 4-9.

Four pieces of GCFR-type ribbed cladding were furnished to ORNL for 
continuing near-term evaluation activities on the nonswaged fuel rod 
simulator, which is currently preferred over the swaged simulator for CFTL 
test bundle use.

4.2. GCFR PROTOTYPE ASSEMBLY TEST PROGRAM

Program planning for testing of the prototype core assemblies is 
continuing. The tests will be conducted on full-size core assemblies to 
ensure that they meet design qualification requirements prior to fabrica­
tion of the demonstration plant initial core. The prototype assemblies 
will be the same as the GCFR demonstration plant core assemblies except 
that the PUO2-UO2 fuel in the GCFR fuel rods will be simulated by depleted 
UO2• The assemblies will be subjected to maximum GCFR helium flow condi­
tions to closely simulate the reactor core environment; however, there will 
be no radiation. One assembly of each type (fuel, control, and blanket) 
will be subjected to the equivalent of approximately one year of 
reactor operation in a hot helium test loop. The helium test loop 
temperature will be maintained external to the test section, since fuel 
rod heating will not be simulated in these tests.

The test facility and operation are planned as part of the German 
contribution to the GCFR program. Several options are being considered, 
including (1) a new facility which would most likely be situated in Germany;
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(2) the CARMEN-2 loop at Saclay, France; and (3) upgrading of the proposed 
GCFR core assembly helium flow test rig. The Commissariat a L'Energie 
Atomique (CEA) has indicated that with minimal loop changes, the CARMEN-2 
loop can provide a helium flow of 8 kg/s with a test assembly Ap of 290 
kPa at 75 bars and 550°C. With additional changes, particularly upgrading 
of the recuperator/reheater and test vessel, the loop would meet the 
desired prototype test condition requirements of 8 kg/s with a Ap of 290 
kPa at 90 bars and 450°C.

Idaho Nuclear Engineering Laboratory (INEL) has conducted a GCFR 
engineering test loop feasibility study (Ref. 4-10) which indicates that 
a helium flow facility at INEL which is capable of testing prototype 
assemblies is technically feasible. The study does not include sufficient 
cost information to permit updating of the prototype test program cost 
estimates.

A feasibility study on upgrading the proposed GCFR core assembly 
helium flow test rig to permit prototype testing has been initiated. The 
proposed helium flow test rig (which will be located in the U.S.) will be 
capable of relatively low-pressure and low-temperature test conditions and 
will be used for design evaluation testing of full-size core assemblies.
The design evaluation work will include vibration, acoustic, and pressure 
drop testing. Upgrading will include raising the system pressure from 
6 to 9 MPa and the test assembly temperature from 175° to 550°C. This 
may be accomplished by using the same circulator as that used for the 
helium flow tests, but a helium heater and a regenerator/recuperator will 
have to be added to the system to attain the desired prototype assembly 
test conditions.

Germany has agreed to complete an engineering design assessment of the 
prototype facility by the end of 1978 so that the funding and schedule 
requirements necessary for the program can be established. Implementation 
requirements will be defined by the Fuels, Materials, and Core Components 
Technical Coordinating Committee under the umbrella agreement, and a test
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site will be selected. The prototype test schedule is being interfaced 
with other GCFR program schedules to ensure its compatibility with the 
overall GCFR schedule. The prototype Resource Evaluation and Control 
System (REGS) test and summary task definition have been completed.

4.3. HELIUM FLOW TEST

Helium flow testing is planned for the design evaluation of full-size 
core assemblies; Ref. 4-11 describes the need for conducting flow tests 
on the GCFR core assemblies. The objectives of the tests are to determine 
local and overall pressure drops and local flow distributions and to ex­
plore for acoustic excitation phenomena and flow-induced vibration charac­
teristics. The results of these tests will be used to establish satisfactory 
flow performance of the core assemblies. Therefore, it is required that 
these tests be accomplished during the preliminary design phase of the core 
assembly to provide input for completion of the preliminary core design ef­
fort . Figures 4-1 and 4-2 are simplified flow diagrams of the test assembly 
and include the major test parameters and test section envelope dimensions.

The specification for the helium compressor/driver assembly for the 
helium flow test rig was prepared and sent with a request for proposal to 
compressor manufacturers. The responses are being evaluated. One 
manufacturer suggested that the helium circulator fabricated for the EBOR 
facility at INEL very nearly matches the circulator described, and 
refurbishment of this circulator may be the most economical way to obtain 
a circulator system for the helium flow test rig. (The EBOR circulator 
has been removed from the EBOR facility and placed in storage.) The 
manufacturer of the EBOR circulator has indicated that refurbishment of 
the EBOR circulator is feasible.

A Core Assembly Helium Flow Test Program Plan (Ref. 4-1) has been 
written and issued. The program plan includes a description of the flow- 
induced-vibration problem, the test objectives, the test program, the 
schedule, and a summary REGS. The helium flow test schedule is shown in 
Fig. 4-3.
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4.4. DEPRESSURIZED ACCIDENT CONDITION TEST

The depressurized accident condition test (DACT) will provide core 
cooling safety margin information under low-pressure, pseudo-steady-state 
DBDA conditions. The test is designed to provide experimental information 
on potential GCFR core assembly edge channel problems and flow and tempera­
ture distributions within the bundles under depressurized conditions. In 
addition, DACT will be capable of investigating natural convection effects 
within the core assemblies. Since recently developed experimental equipment 
for the duct melting fallaway test (DMFT) can be adapted to DACT, it is 
proposed that DACT be conducted at LASL, which is including the DACT 
requirements in the design of the DMFT test vessel. DACT will be run in 
FY 79 and 80 and thus will be ahead of the CFTL DBDA tests and will provide 
the near-term information required for licensing reviews.

The requirements for the DACT were being developed, but lack of 
funding has stopped the preparation of these requirements. Since LASL 
is in the process of designing the test fixtures which may be used for both 
the DMFT and DACT, development of the information required by LASL for 
incorporating DACT requirements into the test fixture design was emphasized. 
The two DMFT requirements which affect the LASL fixture design are instru­
mentation and bundle requalification. It appears that DACT will require 
about twice the amount of instrumentation as DMFT. Bundle requalifica­
tion may be achieved by either (1) establishing a certain moderate 
temperature test condition data point and periodically returning to this 
point during testing to ensure that the bundle and/or the bundle instru­
mentation is still within specified test limits or (2) disassembling the 
test fixture to inspect and requalify the bundle.

4.5. IN-PILE LOOP FOR GRIST-2 FUEL ROD CONDITIONING

The need for irradiation conditioning of fuel rods for the GRIST-2 
program is discussed in Ref. 4-12. Planning information was prepared for 
the program which provides preirradiated rods for the loss of flow tests 
in GRIST-2.
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4.6. FAST TEST REACTOR HELIUM LOOP STUDY

Reference 4-12 states that preirradiation of fuel rods in a fast
reactor may be required to simulate cladding neutron damage effects which
qualify the fuel rods for transient overpower tests. Planning information
was also prepared for this part of the program.
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5. FUELS AND MATERIAL ENGINEERING (189a No. 00582)

5.1. OXIDE FUEL AND BLANKET TECHNOLOGY

The purposes of this sub task are to (1) maintain liaison with and 
surveillance of other DOE and non-DOE programs, especially the liquid 
metal fast breeder reactor (LMFBR) program, to enable utilization of the 
information on fuel and blanket materials obtained in these programs in 
the GCFR design; (2) participate in the fast breeder reactor Fuel Element 
Development Working Group and its subsidiary task groups; and (3) guide 
the laboratory and irradiation test programs for the GCFR.

During the present quarter, comments were submitted to the Fuel 
Properties Task Group on the fuel-cladding chemical interaction (FCCI) 
correlation proposed by Hanford Engineering Development Laboratory (HEDL) 
for inclusion in the Nuclear Systems Materials Handbook (Ref. 5-1). 
Comments on the HEDL recommendation of Nd-148 fission yields for deter­
mination of fuel burnup were also presented to the Steady-State 
Irradiation Task Group.

Studies were initiated on the development during FY-79 of an 
integrated and coordinated irradiation testing program which would take 
into account the following programmatic requirements:

1. Steady-state irradiation design verification testing.

2. Supply of irradiated fuel rods for the GCFR safety testing 
program proposed for GRIST-II.

3. Supply of irradiated fuel rods for the GCFR design basis 
testing program proposed for GRIST-II.
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5.2. CLADDING TECHNOLOGY

5.2.1. Mechanical Testing Program

The objective of the ANL mechanical testing program is to determine 
the effects of the following factors on the behavior and properties of 
GCFR ribbed and smooth cladding:

1. Ribs, rib geometry, fabrication technique, and stress state.

2. Helium impurity levels typical of the environment expected in 
the GCFR demonstration plant.

These tests are biaxial creep rupture tests with a hoop to axial tensile 
stress ratio of 2. Tests at a hoop to axial tensile stress ratio of unity 
and pure tensile tests are planned in support of the irradiated cladding 
test program. Two tests at 650°C and a hoop stress of ^238 MPa in a 
purified helium atmosphere (i.e., C>2 partial pressure of <10 ^ Pa) were 
completed, and a third test in impure helium was also completed at ANL 
prior to this quarter (Ref. 5-2). In general, ribs increase the rupture 
life and do not affect strain at failure. Various types of ribbed and 
smooth cladding were tested, and the ribs were found to strengthen the 
cladding in terms of rupture life.

During this quarter, ANL and GA agreed on the design of the test 
matrix for test ANL-IV. Cladding fabrication for this test has been 
completed, specimen fabrication has been initiated, and the test is 
expected to start during the first quarter of FY-79.

Recent fuel rod and fuel assembly analyses indicate that fuel 
assembly life is limited by bowing of the edge rods in the assembly. Bow­
ing is caused by differential swellings of the 20% cold-worked 316 reference 
cladding. Performance improvements are possible if alloys with low 
swelling characteristics are used, and therefore data on six candidate
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advanced alloys were obtained from HEDL. Analysis of these data from a 
materials point of view has been completed and the following observations 
have been made.

The vented fuel rod design of the GCFR removes the only source of 
primary stress on the cladding. This fact allows consideration of two 
low-strength ferritic alloys (HT-9 and D-57) for cladding. The other 
advanced alloys which can be considered are a modified stainless steel 
alloy (D-9) and three high-nickel precipitation-strengthened alloys. The 
swelling rate of the modified stainless steel alloy D-9 is too high, 
and significant improvements cannot be achieved by its use. The high- 
nickel alloys have very low ductility at high temperatures, and a signifi­
cant neutronic penalty has to be paid. These considerations narrow the 
field to the ferritic alloys, i.e., commercial alloy HT-9 and developmental 
alloy D-57.

Comparisons of the properties of these two alloys show that a higher 
hot spot temperature can be used with alloy D-57. Both have excellent 
ductility, and use of ferritic alloys should improve neutron economy.
Based on mechanical properties, D-57 appears to be better, although it has 
to be hot drawn, which may increase the fabrication cost. Presently, 
duct fabrication is feasible only with HT-9. Thus, alloy D-57 appears to 
be a good choice for the cladding, and HT-9 appears good for the spacers 
and ducts.

5.2.2. Helium Loop Test Program

The primary objective of the Pacific Northwest Laboratory (PNL) helium 
loop test program is to compare the mechanical properties of GCFR ribbed 
cladding in recirculating helium, determined at PNL, with those in quasi­
static helium, determined at ANL. The loop was modified for unattended 
operation, and the first test was initiated. Significant problems in mea­
suring and controlling impurity levels caused this test to be terminated at 
the end of 100 h. Additional equipment was purchased and installed to 
rectify these problems. This program has been plagued by various failures
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of the system and instrumentation, and therefore there was no significant 
progress achieved during this quarter.

5.3. F-1 (X094) FAST FLUX IRRADIATION EXPERIMENT

The encapsulated fuel rods in the F-1 (X094B) experiment received
26 2burnup exposures in the range of 8 to 13.6 at. % (8 x 10 n/m total

26 2fluence and 6.1 x 10 n/m , E > 0.1 MeV). Postirradiation examination 
of the seven fuel rods removed at the termination of the experiment is 
continuing at ANL, and examination of special components (dosimetry and 
charcoal traps) continues at GA.

Tritium analysis data from the lower third of the fuel section of rod
G-4 for a fuel sample taken at approximately 8.6 cm from the bottom of the
fuel column have been received from ANL-W. The residual tritium content

-2of this fuel section was determined to be 8.6 x 10 yCi/g fuel, which
-3translates to a residual content of 29 ppm, or 2.9 x 10 % retained, based

on the calculated tritium inventory. This is in the range expected from 
other fast breeder reactor irradiations.

Budget restraints have made it necessary to reduce the number of 
analytical samples submitted by ANL-E to ANL-W. A minimum number of samples 
(three samples/rod) from the designated priority rods G-4 (high burnup),
G-11 (low oxygen to metal ratio), and G-13 (high temperature) will be 
analyzed for burnup. Single midplane samples from each of the remaining 
rods will also be analyzed for burnup. Since initial measurements have 
indicated no significant tritium content, additional analyses of the fuel 
for tritium or cladding are not contemplated at this time.

Postirradiation analysis of the charcoal removed from the fission 
product traps of the F-1 irradiation experiment fuel rods is continuing 
at GA. Gamma ray spectral analysis of aliquots from all F-1 trap sections 
has been completed, and variance analysis of the gamma measurements indicates 
large error bands, typically 20% to 40%. Hence, a direct measure of the 
fission product content of the entire trap section charcoal by gamma ray
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spectral analysis using an appropriate lead container was initiated. 
Several lead casks (3.80-cm wall thickness) were fabricated for this task. 
The activity content of the sample within the cask was measured with a 
high-resolution, low-sensitivity GeLi spectrometer. The spectrometer 
system was calibrated by subdivision of a cask sample and counting of 
the sample fractions using the GA Sigma-2 Standard GeLi System. Direct 
gamma ray spectral measurements of the entire charcoal mass from each 
trap section have been completed, and analysis of the results is in 
progress.

5.4. F-3 (X206) FAST FLUX IRRADIATION EXPERIMENT

There was no activity on this subtask during this quarter.

5.5. F-5 (X317) GRID-SPACED FUEL ROD BUNDLE FAST FLUX IRRADIATION 
EXPERIMENT

As reported previously (Ref. 5-3), the F-5 experiment was designed 
to study the performance of fuel rods irradiated under simulated GCFR 
conditions to determine (1) the reliability of the GCFR design and (2) 
the effect of a step power increase which simulates a 180-deg rotation 
of a subassembly at the core-blanket interface in the proposed GCFR 
demonstration plant. The irradiation of the F-5 (X317) grid-spaced bundle 
was begun in EBR-II run 93 in January 1978. At the end of EBR-II run 96, 
the experiment had achieved a peak exposure of 22 MWd/kg (2.5 at. %)

o/r o
burnup [2.5 x 10 n/m (E > 0.1 MeV)], with a goal of 50 MWd/kg in the 
first phase of its irradiation at 400 W/cm and a cladding midwall tempera­
ture of 700°C. Approval has been granted by the EBR-II project for 
irradiation of F-5 (X317) to 50 MWd/kg burnup prior to the first scheduled 
interim examination. Based on the current schedule, the start of the first 
interim examination will occur in April 1979.

Depressurization of the fuel rod is required prior to reconstitution 
of F-5 as a 19-rod subassembly. A laser technique used by HEDL on some
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irradiated fuel rods which were later subjected to transient testing was 
adopted to accomplish depressurization and rewelding. However, there have 
been no reirradiations in flowing sodium of fuel rods which have been laser 
punctured and resealed were carried out. Thus, this procedure is not 
considered to be qualified for use in EBR-II. In addition, laser puncture 
and seal welding trials by HEDL on tubing with a wall thickness similar 
to that of F-5 cladding resulted in unacceptable welds as determined by 
metallography. Subsequent discussions with ANL and HEDL produced an 
alternate plan to remove the top compartment of the fuel rod and weld 
on an adapter fitting with a capillary tube and then a top fitting as 
shown in Fig. 5-1. The capillary tube will be used for xenon gas tagging. 
HEDL has successfully performed girth welds between Irradiated tubing and 
fresh end fittings. HEDL presently possesses all the equipment and 
capabilities for carrying out this plan, and cutting, drilling, and 
welding trials are being planned to verify the design and procedures.
This concept has been discussed with ANL Material Science Division,
EBR-II, and hot fuel examination facility (HFEF) personnel and is acceptable 
to all parties. A schedule for the first interim examination was agreed 
upon and is shown in Fig. 5-2.

5.6. GB-10 VENTED FUEL ROD EXPERIMENT

During this quarter destructive examination of GB-10 vented fuel rod 
GA-21, which achieved a burnup exposure of 11.0 at. % in the Oak Ridge 
Reactor (ORR), continued at ANL. Examination of the charcoal trap is 
continuing at GA. Burnup analysis data for the GB-10 fuel rod have 
been received from ANL-W. The peak (midplane) burnup is at 11.0 at. %.

Radiochemical analysis of the GB-10 charcoal trap for Sr-89 and Sr-90 
indicates that transport of these isotopes to the charcoal trap is in the 
same (low-ppm) range as that of GB-9. However, Cs-137 transport appears to 
be 500 times as high, which may be a consequence of the "flow-through" 
feature of the GB-10 fuel rod which was not present in GB-9. The Cs-133 and 
Cs-135 loadings [expected shortly from Idaho Nuclear Engineering Laboratory 
(INEL)] will aid in analyzing the reasons for the enhanced Cs-137 transport.
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Tritium analysis data for the midplane fuel section have been received
from ANL-W. The residual tritium content of this fuel section was deter-

-2mined to be 2.1 x 10 pCi/g fuel, which translates to 16.5 ppm, or 1.65 x
-310 % retention, based on the tritium inventory. This low retention is in

line with results from the F-1 experiment and also other irradiations.

Budget restraints have made it necessary to reduce the number of 
analytical samples submitted by ANL-E to ANL-W. Since initial measurements 
have indicated no significant tritium content, no additional analyses of 
the fuel or cladding for tritium are contemplated at this time.
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6. FUEL ROD ENGINEERING (189a No. 00583)

The objective of this task is to evaluate the steady-state and tran­
sient performance of the fuel, blanket, and control rods for the deter­
mination of performance characteristics, operating limits, and design 
criteria. To this end, analytical tools such as the LIFE code (Ref. 6-1) 
are being adapted and/or developed and applied to the analysis of GCFR 
prototypical rods and experimental rods. In addition, continuous 
surveillance of the LMFBR fuels and materials development program and 
technology is maintained to maximize the use of development technology 
and material properties. Support is also given to planning and designing 
irradiation experiments.

6.1. FUEL, BLANKET, AND CONTROL ROD ANALYTICAL METHODS

The GB-10 sweep gas capsule test was irradiated in the thermal flux 
environment of the Oak Ridge Research Reactor (ORR) (Ref. 6-2). One of 
the major objectives of this experiment was to generate information on the 
release, transport, and trapping of the gaseous and volatile fission 
products for use in the design of the GCFR FES. To obtain the fission 
gases released directly from the mixed oxide fuel during irradiation, one 
of the sweep gas lines was connected at the bottom of the upper blanket 
region. Thus, the fission gases released from the fuel could be directly 
swept out of the fuel rod without transport through the upper blanket and 
charcoal trap. The fission gas release data from this sweeping mode have 
been analyzed to evaluate the diffusion of xenon and krypton gases in the 
mixed oxide fuel.

The analysis was performed using a combination of the LIFE-III code 
and the subroutine GAREL. LIFE-III is a fuel rod thermomechanical perfor­
mance code which provides the fuel temperature and power histories to

6-1



GAREL. The fission gas release model used in GAREL is based on Booth* s 
spherical particle diffusion model and is documented in Ref. 6-3. The 
input data for the LIFE-III fuel rod analysis were obtained from Ref. 6-2.

The effective diffusion coefficients of krypton and xenon isotopes 
in the fuel determined from the GB-10 data and the LIFE-III and GAREL 
analysis are in the form

D = D exp [-Q/KT], (6-1)o

—9 2where D = 0.12074 x 10 cm /s for krypton isotopes, o
-9 2= 0.7521 x 10 cm /s for xenon isotopes,

Q = 1.53 - 0.08763 burnup eV/atom for krypton isotopes,

= 1.55 - 0.05258 burnup eV/atom for xenon isotopes,

Bu = burnup in at. %,

K = Boltzmann's constant,

T = absolute temperature.

With these diffusion coefficients the calculated and measured fission gas 
release-to-birth ratios for the krypton and xenon isotopes are in good 
agreement, as shown in Figs. 6-1 and 6-2 for Kr-87 and Xe-138, respectively.

The analytical method developed to permit the calculation of the 
release of isotopic fission gases from the fuel of a fuel rod under 
irradiation consists of the fission gas release subroutine GAREL, the 
fuel rod thermomechanical performance code LIFE-III, and the effective 
diffusion coefficients of Eq. 6-1 determined from GB-10. This method has 
been applied to the HELM-2 irradiation test in BR-2. The calculated 
fission gas release from the fuel matrix was used to predict the fission 
gas venting rate from the fuel rod, and the results were in good agreement 
with the measured fission gas venting rate (Ref. 6-4).
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6.2. ANALYSIS OF IRRADIATION TESTS

The steady-state fission gas release-to-birth ratio from the HELM-2 
irradiation test was calculated using a combination of the fuel rod 
thermomechanical performance code LIFE-III and the Isotopic fission gas 
release subroutine GAREL. The diffusion coefficients used in the GAREL 
subroutine were derived from the GB-10 measured data described in Section
6.1. The linear power and coolant conditions are given as bundle-averaged 
values so that the bundle-averaged fission gas release can be characterized. 
The results indicate that the release-to-birth ratio increases with 
increasing half life; for stable isotopes, this ratio is exactly equal to
1.00. In addition, the release-to-birth ratio decreases with increasing 
burnup because of the reduction of fuel temperature due to fuel-to-gap 
closure.

6.3. ROD ANALYSIS AND PERFORMANCE

There has been a great deal of concern about identifying the state of 
the GCFR clad primary stresses for application to the cladding mechanical 
testing program. By definition, primary stress is any normal or shear 
stress developed by an imposed loading necessary to satisfy the laws of 
equilibrium of external and internal forces and moments. Therefore, 
stresses which arise from constraints such as thermal expansion, swelling, 
or fuel-cladding mechanical interaction (FCMI) are excluded from this 
category and in theory should not be included in the discussion. However, 
the stress induced by FCMI is an exception. In dealing with the problem 
of fuel rod structural integrity, FCMI has long been considered as one of 
the major sources of cladding failure. The exertion caused by fuel expansion 
on the cladding could severely damage the cladding beyond the elastic 
range before the stress has time to relax. In view of the important role of 
FCMI stress in cladding damage, it is included in the discussion of primary 
stresses, which are evaluated for the steady-state and transient operating 
conditions described below.
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6.3.1. Steady-State Operating Conditions

As was shown in Ref. 6-5, FCMI is not expected in the GCFR vented 
fuel rod during steady-state operation. Consequently, the cladding primary 
stress can only arise from the pressure loading external and internal 
to the cladding and loading from the fuel rod dead weight. Based on Lame's 
solution for a long, thick-walled cylinder, the three principal stresses 
(crr, Oqq, 0zz) averaged across the cladding cross section caused by the 
external and internal pressures can be found:

a = -8.77 MPa, rr
00e = -11.24 MPa,

0 = -10.00 MPa.zz

The additional loading due to fuel rod dead weight produces stress only 
in the axial direction. The cladding midsection is subject to the dead 
weights of the fuel column, upper and lower blankets, lower end plug, and 
lower half of the cladding, which produce the following axial stress 
(Ref. 6-6):

0 = 0.85 MPa. zz

Therefore, the three total principal primary stresses at the cladding 
midsection are

01 = -8.77 MPa,
rr ’

0qq = -11.24 MPa,

0t = -9.15 MPa. 
zz
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Their triaxial ratio is

-t - 
o ; cTaq rr 00

-t
a
zz

0.96: 1.23: 1:00.

6.3.2. Transient Operating Conditions

Although FCMI is not expected to occur in the GCFR vented fuel rod 
during steady-state operation, it could occur under a combination of steady- 
state and transient conditions. In particular, at the time when the fuel- 
to-cladding gap reaches a minimum after a period of steady-state operation, 
a step power increase (e.g., resulting from fuel assembly rotation) could 
introduce FCMI as a result of differential thermal expansion between the 
fuel and cladding.

For instance, it was reported in Ref. 6-7 that the fuel-to-cladding 
gap closed owing to thermal expansion during a step power change from 60% 
to 115% power for the GCFR fuel rod subjected to the following power 
history: (1) 13,000 h at 60% power and flux, (2) a rise to 115% power in 
9 h followed by a 1-h hold and a 1-h decrease to 100% power; and (3) 500 h 
at 100% power. The fuel-cladding interface pressure increased to 
approximately 5.52 MPa above the plenum pressure, and the stress ratio 
(primary and secondary) in the outer ring of the cladding was (Jq/c^ = 1.22. 
The gap reopened during the decrease in power. On the other hand, another 
LIFE analysis indicated that FCMI did not occur for a 100% steady-state 
power operation superimposed by a 15% overpower for 0.5 h at the time 
(7000 h) when the gap reached the minimum. The FCMI occurred in the 
case of 60% but not 100% steady-state power operations because of the 
cladding swelling effect.

It should be noted that the above step power analyses were performed 
by LIFE-III, which is a steady-state code. The response of the fuel rod 
temperature to the step power increase is instantaneous achievement of 
the steady-state temperature. This implies that the FCMI obtained in
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this fashion is an instantaneous buildup and thus conservative, because 
there is no transient time allowed for stress relaxation. These results 
are preliminary. Further analyses will be performed when LIFE--IV, a 
transient version of LIFE, becomes available and more realistic transient 
power histories are defined.

6.4. FUEL ROD MECHANICAL TESTS

Testing of the fuel rod cladding tubing according to the test matrix 
given in Table 6-1 is in progress. All tests are progressing satisfactorily 
except for the tensile tests at elevated temperatures. The initial elevated 
temperature tensile tests were not successful owing to the loss of the 
cladding cold work properties because of the attachment of testing fixtures. 
Present plans are to develop an alternate method during the next quarter.
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TABLE 6-1
FUEL CLADDING MECHANICAL TEST MATRIX

Test

Number of Tests

RemarksRibbed (a)Smooth 1v Smooth 2^

Flexure 8 8 8 4 tests each at length
of 10 and 20 cm

Compression 4 4 4 Sample length = 50 cm

Tensile room
temperature 9 9 9 3 tests at length

of 20 cm
300°C 3 3 3 Use procedure ASTM
600°C 3 3 3 E-21-70; all tests at
1000°C 3 3 3 length of 20 cm

Hertzian stress 3 3 3 All tests at length
of 20 cm

(3) Smooth 1 = tubing ground to root diameter (0.73-cm o.d.)• 
Smooth 2 = 0.75-cm o.d.
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7. NUCLEAR ANALYSIS AND REACTOR PHYSICS 
(189a No. 00584)

The scope of activities planned under this subtask encompasses the 
validation and verification of the nuclear design methods which will be 
applied to the CCER core design. This will primarily be done by eval­
uating the methods using a critical assembly experimental program speci­
fically directed toward GCFR development. Program planning and coordi­
nation activites, critical assembly design and analysis, and the 
necessary methods development will be carried out.

During the previous quarter, work centered on continued postanalysis 
of measurements in the phase II assembly of the benchmark series of GCFR 
critical experiments. During the present quarter, efforts were directed 
at two areas pertinent to design and licensing of the GCFR demonstration 
plant: (1) planning for the pre-engineering mock-up critical (pre-EMC) 
series of GCFR critical assemblies and (2) physics calculations needed 
for analysis of postulated distorted core configurations in a protected 
loss of flow accident.

7.1. CRITICAL ASSEMBLY PLANNING

A program has been mapped out for the pre-EMC series of critical 
experiments in support of the design efforts for the 300-MW(e) GCFR 
demonstration plant. This program and the proposed assembly designs 
were formulated considering requirements for four basic activities:

1. Updating of the GCFR reference design, which requires a core 
with only three enrichment zones but with an expanded total 
volume of about 4300 liters, an increased blanket fertile 
density and thickness (possibly a third row) , and the potential 
addition of axial shield regions.
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2. Experiments deleted from the previous benchmark series of
GCFR critical assemblies. These include studies of the effects 
of high Pu-240 fuel mixtures, extensive control rod design and 
interaction studies, gamma heating measurements, and attempts 
at determining the intensity and spectra of neutron leakage 
from the balnkets.

3. Investigations of the alternate fuel cycle materials U-233 and 
thorium and core zones using plutonium plus thorium. U-233 
and thorium may also be studied along with blanket zones in 
which thorium replaces U-238.

4. Safety impact studies which include the effects of fuel declad­
ding, Doppler measurements for U-238 and thorium in different 
locations and environments, and the central worths of steam 
entry and helium in different fuel environments.

The proposed pre-EMC program consists of four configuration phases of 
increasing complexity, with the last approaching a close clean-geometry 
mock-up of the demonstration plant core. Phase I is a two-zone-core 
reference configuration for basic physic studies and benchmark-type 
experiments; control rod design studies and the decladding experiment 
are planned for this phase. Phase II consists of the phase I configuration 
modified by the addition of a large central core zone with a simulated 
fuel mixture having a higher Pu-240 fraction. Experiments will charac­
terize the effects of the different plutonium isotopic makeup, and' 
several basic physics measurements will be repeated. The phase III 
assembly is proposed as a study of alternate fuel cycle materials. This 
would consist of a central core zone fueled with plutonium and thorium 
coupled with a corresponding axial blanket zone utilizing a ThC^ simula­
tion. Small-core zone studies with a simulated U-233/thorium fuel are 
also possible in phase III. The final configuration, phase IV, contains 
a core of three enrichment zones to simulate the 300-MW(e) GCFR (according 
to Ref. 7-1). The experimental program includes evaluation of (1) power
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profiles through the zones; (2) U-238 Doppler mapping; (3) full-core 
breeding ratios; (4) gamma heating rates. Studies with prototypical 
control rod designs and insertion patterns will be accomplished during 
phase IV. Work on a ThO^ radial blanket sector and other blanket 
experiments will also be done.

Reference 7-2 gives a detailed account of pre-EMC planning, includ­
ing basic program requirements, details of the reference design for the 
demonstration plant, proposed loading arrangements for the assemblies, 
a program of measurements, and a tentative schedule. Currently, the 
projected starting date for ZPR loading of the GCFR pre-EMC, phase I 
assembly is October 1 * 1979.

7.2. DISTORTED CORE ANALYSIS

A program of physics calculations was initiated during this quarter 
as part of the safety analysis for the 300-MW(e) GCFR during a protected 
loss of flow incident. The analysis concerns the potential for recriti­
cality in the event of melting and fallaway of core cladding with sub­
sequent progressive slumping of assembly ducts and fuel pellets. Several 
distorted core configurations have been modeled for physics calculations 
to evaluate the effect of reactivity changes upon motion of the core 
steel components and fuel compaction. For this particular study (pro­
tected loss of flow), all control and safety rods are assumed to 
be fully inserted into the core, giving a hot, subcritical (k ^ 0.90) 
reference configuration. A five-stage procedure was formulated for the 
distorted core analysis. These stages are described in Sections 7.2.1 
through 7.2.5.

7.2.1. Description of Reference Configuration

During the first stage, design data were completed to establish 
geometric specifications for calculational models. Data for the 289.6-kPa
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pressure drop core design (from Ref. 7-1) were used and core zone fuel 
enrichments were selected on the basis of recent fuel cycle studies using 
the FEVER code (Ref. 7-3), with a core average value of 16.7% fissile 
plutonium in the mixed oxide blend. In addition, on the basis of recent 
rod design calculations, a total of 19 control and safety rods were
assumed. All rods contained B,C which was 77% enriched with B-10 to4
yield a total combined worth of about $40.

7.2.2. Generation of Cross Sections

Specifications were drawn up for several runs of the GGC-5 spectrum 
code (Ref. 7-4) to derive multigroup cross section sets which were ap­
propriately averaged over the spectra in the different media for various 
standard and distorted core configuration regions. This stage of the ana­
lytical procedure has been completed and includes the following GGC-5 cases:

1. Standard core element at 300 K (cold).

2. Standard core element at hot operating conditions (fuel at 
1300 K average).

3. Axial blanket at operating temperature.

4. A protected loss of flow case for the average core (fully rodded with 
fuel cladding and duct walls melted away and temperature of 2000 K).

5. The lower core region (corresponding to item 4) with coolant 
channels flooded with molten duct metal.

6. An axial blanket case with coolant channels blocked with 
refrozen cladding metal (from the core).

7. A slumped core case with fuel compacted to a packing fraction 
of 50% in molten steel.
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8. A slumped core case with fuel compaction of 86% in molten 
steel.

7.2.3. Derivation of Streaming Correction Factors

For each of the fuel rod geometries defined for various normal and 
distorted regions, evaluations of corrections to diffusion theory problems 
are needed to account for neutron streaming down coolant channels. For 
cases with intact fuel rod bundles, the streaming effects are provided by 
the use of bidirectional modifiers to diffusion coefficients. A Benoist 
theory code, PINDF3 (Ref. 7-5), was utilized to calculate these modifiers. 
For compacted fuel situations in which random arrangements of fuel pellets 
and chunks in molten steel are assumed, a homogenized, isotropic diffusion 
coefficient will be used. This stage of the procedures is nearly complete.

7.2.4. Diffusion Theory Calculations

Two-dimensional diffusion theory calculations will be utilized to 
evaluate reactivity changes during hypothesized accident scenarios. The 
2DB diffusion code (Ref. 7-6) will be used with 10-group cross sections 
and RZ geometry. Modeling of the reference configuration 2DB case was 
initiated during this quarter.

7.2.5. Transport Theory Calculations and Method Studies

Additional calculations will be needed using transport theory to 
reduce uncertainties for reactivity evaluations for configurations 
involving large voided regions, as in the upper core when fuel has 
slumped away and compacted on top of the lower axial blanket. Comparative 
2DB and TWOTRAN (Ref. 7-7) cases will probably be run using 4-group cross 
sections to study the problem. Various schemes for approximating leakage 
through voids in the diffusion cases might also be investigated.
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8. SHIELDING REQUIREMENTS (189a No. 00584)

The purposes of the shielding task are to verify the adequacy of 
the methods and data for the nuclear design of GCFR shields, to evaluate 
the effectiveness of various shield configurations, and to provide an 
interface for mechanical and nuclear shield design activities. This 
task also coordinates and provides liaison with the analytical and 
experimental shielding program at ORNL.

During the last quarter, generic studies for radial shielding material 
arrangement and thickness were completed, and a full reactor RZ model of a 
candidate revised shield was determined for subsequent analyses at ORNL. 
Preliminary results from the lower plenum streaming study were obtained, 
and a preliminary study of heating rates in a proposed depleted uranium 
core catcher was completed.

During this quarter, the one-dimensional analysis of the down-flow 
demonstration plant shielding system (conceptual shielding configuration 1) 
was completed, and a material damage response function library for use in 
GA and ORNL shielding analyses was evaluated. The applicability of EBR-II 
as an appropriate test vehicle for simulating radiation damage accumula­
tion in GCFR lower plenum components was evaluated. A review of the GCFR 
program schedule and the fast breeder reactor structural materials 
program resulted in a request for EBR-II irradiation experiments on 
candidate alloys and weldments at high temperatures (550° to 650°C).

8.1. ONE-DIMENSIONAL ANALYSIS OF RADIAL SHIELDING FOR CONCEPTUAL 
SHIELDING CONFIGURATION 1

A one-dimensional discrete ordinates calculation was performed for 
conceptual shielding configuration 1 (Section 8.2 of Ref. 8-1) in radial
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geometry at the core midplane level as indicated by cut A-A' in Fig. 8-1. 
The conceptual shielding configuration 1 is a full RZ model of a down-flow 
demonstration plant shielding system and reactor internal components and 
has been transmitted to ORNL, where a two-dimensional (RZ) discrete 
ordinates analysis will be performed. Analysis of conceptual shielding 
configuration 1 will provide guidance for preanalysis and planning of the 
GCFR radial shield experiment (see Section 8.3).

The calculation was performed with the DTFX code (Ref. 8-2) using 
Sg quadrature (Ref. 8-3) and 36 energy groups (26 neutron and 10 gamma).
The core and blanket distributed fission source was obtained from a 
one-dimensional eigenvalue calculation using core midplane nuclide 
densities corresponding to reference end of equilibrium cycle (EOEC) core 
model A (Section 8.2 of Ref. 8-4 and Section 8.4 of Ref. 8-5) with the 
addition of a beginning of life (BOL) third blanket row. Response func­
tions used to evaluate material damage are described in Section 8.2, and 
the radiation exposure criteria applied in the analysis are described in 
Section 8.1.2 of Ref. 8-1.

The radiation exposure criteria applied to the shielding structures
were

1. An allowable 1-appm* helium gas concentration in structural 
steel.

212. <10 total fluence exposure to the outer radial shield.

3. Assurance of no graphite swelling.

The exposure criteria applied to the primary coolant system boundary (PCSB) 
were

1. PCRV liner nil ductility temperature shift (NDTS) <47°C.
92. PCRV tendon lubricant gamma ray dose <10 rad.

*Absolute parts per million.
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CORE AND BLANKET MODEL 
scale. i/,0

Fig. 8-1 Model of down-flow demonstration plant shielding system and reactor internal components, 
conceptual shielding configuration 1



Margins* of 0.5, 1.0, and 4.0 were considered necessary to account for
uncertainties in radiation exposure to the inner radial shield assemblies,
outer radial shield, and PCSB, respectively (see Section 8.1.3 of Ref. 8-1).
Table 8-1 gives the exposure margins for the inner radial shields, outer
radial shield, and the PCSB for conceptual shielding configuration 1.
Figure 8-2 is a plot of the nuclear heating profile through the shielding
and PCRV. The analysis indicates that all exposure criteria for shield
structures and the PCSB are met by margins exceeding the desired margins 

21 2except for the 10 -n/cm total fluence limit for the permanent outer
radial shield. The 30 effective power year (EPY) exposure to the outer

21 2shield was calculated to be 1.03 x 10 n/cm (margin = -0.03). However,
it is recommended that no measures be taken (e.g., addition of another
row of inner radial shielding) to lower the calculated outer shield total

20fluence exposure below the desired amount of 5 x 10 because

1. Calculations based on forthcoming core and blanket designs 
incorporating radial blanket management schemes with inward 
or modified inward shuffling of blanket assemblies will 
probably result in a lower radial blanket leakage source 
than obtained in the currently assumed core and blanket 
model.

2. It could be recommended that the outer radial shield be designed 
with the option that the components be replaceable (Ref. 8-7), 
although not as readily replaceable as the inner radial shield 
assemblies.

21 23. The 10 -n/cm fluence limit is considered highly conservative, 
and it is anticipated that the limit will be increased when 
data on irradiation effects become available (see Section 8.4).

*Margin = (exposure limit/calculated exposure) - 1.
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TABLE 8-1EXPOSURE MARGINS(a) FOR CONCEPTUAL SHIELDING
CONFIGURATION 1 (CORE MIDPLANE LEVEL)

Exposure Time
Component (EPY) Exposure Criterion Margin

Inner radial 3 1-appm helium concentration 6.17
shield row 1 in 316 stainless steel

1.4 x 1022 n/cm2 EFFGD^ in 
H-451 graphite at 800°C

16.9

Inner radial 6 1-appm helium concentration 2.45
shield row 2 in 316 stainless steel

Outer radial 30 21 210 -n/cm total fluence -0.03
shield

1-appm helium concentration 
in 316 stainless steel

9.10

2.5 x 1022 n/cm2 EFFGD^ in 
H-451 graphite at 600°C

166

PCSB 30 PCRV liner 47°C NDTS 11.0
910 -rad tendon lubricant dose 16.6

(a)Margin = Limit/exposure - 1.
^EFFGD = Equivalent fission fluence for graphite damage 

(Section 8.3 of Ref. 8-6).
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Fig. 8-2. Nuclear heating profile through the radial shielding, PCRV liner, and PCRV for conceptual 
shielding configuration 1



Reference 8-8 provides detailed data for neutron and gamma flux and spec­
trum, material damage accumulation (including helium production in stain­
less steel), and nuclear heating for conceptual shielding configuration 1.

8.2. MATERIAL DAMAGE RESPONSE FUNCTIONS FOR GA AND ORNL SHIELDING 
ANALYSIS

The following response functions were collapsed to multigroup energy 
structures corresponding to both the 26-neutron, 10-gamma library used at 
GA and the 51-neutron, 25-gamma cross section library used at ORNL.

1. Graphite atom displacement cross section, barns (Refs. 8-9, 8-10).

2. Stainless steel 316 atom displacement cross section, barns 
(Ref. 8-11).

3. Iron (PCRV liner) atom displacement cross section, barns 
(Ref. 8-11).

4. Upper-bound damage function to compute the fluence required to 
attain a residual 5% ductility based on uniform elongation in 
type 316 stainless steel irradiated at 593°C, (n/cm^ x 10^) ^ 

(Ref. 8-12).

5. Nominal damage function to compute the fluence limit to attain 
a 75°C NDTS in A-212B medium carbon steel irradiated at less 
than 140°C, (n/cm2 x 1022)"1 (Ref. 8-12).

6. Ni-58 (n,y) Ni-59 cross section (unboronated region), barns 
(Ref. 8-13).

7. Ni-59 (n,y) Ni-60 cross section (unboronated region), barns 
(Ref. 8-13).
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8. Ni-59 (n,a) Fe-56 cross section (unboronated region), barns 
(Ref. 8-13).

9. Stainless steel 316 composite threshold (n,a) cross section 
(unboronated region), barns (Ref. 8-13).

10. B-10 (n,a) Li-7 cross section (unboronated region), barns 
(Ref. 8-13).

11. Ni-58 (n,y) Ni-59 cross section (boronated region), barns 
(Ref. 8-13).

12. Ni-59 (n,y) Ni-60 cross section (boronated region), barns 
(Ref. 8-13).

13. Ni-59 (n,a) Fe-56 cross section (boronated region), barns 
(Ref. 8-13).

14. Stainless steel 316 composite threshold (n,a) cross section 
(boronated region), barns (Ref. 8-13).

15. B-10 (n,a) Li-7 cross section (boronated region), barns 
(Ref. 8-13).

The fine-group response functions were collapsed to the (26, 10) and 
(51, 25) broad-group structures with fine-group fluxes from appropriate 
GGC-5 code (Ref. 8-14) single-region calculations. Reference 8-15 gives 
tables and plots of the broad-group response functions.

8.3. RADIAL SHIELDING EXPERIMENT REQUIREMENTS

The objectives and proposed test requirements, measurements, and 
configurations for the radial shielding experiment were documented
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(Ref. 8-16) and transmitted to ORNL. This report is considered a working 
document which will be revised as radial shield design and experiment 
preanalysis progresses and constraints of fabrication and measurement 
costs are identified. Reference 8-16 also specifies that quality 
assurance activities will be in compliance with the applicable require­
ments of 10CFR50, Appendix B, or ANSI, 45.2.

The primary objective of the experiment is to validate analytical 
methods and data for calculating neutron and photon transport and heating 
through successive thicknesses of blanket, radial shield materials, and 
the PCRV. Uranium and thorium blankets will be measured.

8.4. DATA REQUIREMENTS FOR STRUCTURAL MATERIAL IRRADIATION EFFECTS

A previous evaluation of GCFR out-of-core structural component 
irradiation data requirements (Ref. 8-17) indicated that the highest 
priority need was high-temperature (550° to 650°C) data on candidate 
materials and weldments for lower plenum shielding and related compo­
nents. According to the GCFR program schedule, this information will 
be required by October 1981 to fix the GCFR inner and outer radial 
shield envelope. The required data could be obtained in fast test 
reactor (FTR) irradiations, but the results would not be available 
until late 1981 and therefore could not be utilized in the shielding 
envelope decision process. Because of the impact of the spatial shield 
envelope on GCFR design (and the possible requirement for boronating 
the shield) and the need for irradiation data to make this decision, it 
was requested that HEDL develop a proposed scope for a pertinent 
EBR II irradiation experiment, including schedule and budget 
information.

Rates of production of helium gas and displacement per atom in 
stainless steel 316 in the EBR II core and in the GCFR radial shielding 
(at core midplane level) of GCFR conceptual shielding configuration 1
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were compared to determine the possibility of using EBR-II as the irradi­
ation test device for simulating the radiation damage accumulation expected 
in the GCFR demonstration lower plenum components. The ratio of helium gas 
concentration to accumulated displacement per atom was found to vary from
0.36 to 2.4 appm/dpa in the GCFR radial shielding compared with 0.56 appm/ 
dpa in the EBR II core. However, rates for both helium gas generation and 
radiation damage accumulation per unit fluence in the EBR II core are much 
greater than those in the GCFR radial shielding, thus ensuring that data 
on irradiation effects from the EBR II core which are based on total 
fluence will provide a conservative prediction of material performance in 
the GCFR lower plenum components.
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9. SYSTEMS ENGINEERING 
(189a No. 00585)

9.1. SYSTEMS DESIGN

9.1.1. Up-flow/Down-flow Core Studies

System design work for the up-flow/down-flow core studies has 
concentrated on three areas: (1) overall technical coordination and liaison,
(2) analysis of the system design aspects of the up-flow core, and (3) 
evaluation of the impact of ongoing down-flow tasks on the up-flow core 
plant design.

9.1.1.1. Up-flow Natural Circulation RHR. Natural circulation cooling, 
which is practical only with the up-flow core, has the potential to increase 
the reliability and diversity of residual heat removal (RHR). This has 
been a major incentive for performing up-flow core studies. Work has been 
done to determine the impact of different modes of natural circulation on 
the overall plant and to estimate RHR reliability. Preliminary results 
indicate that

1. Natural circulation in the primary helium only improves the 
reliability of helium circulation and thereby short-term RHR.
However, in a short period of time, heat removal via an external 
water loop is required. If the water loop requires operation of 
active components such as pumps, this equipment is sufficiently 
unreliable, so that overall plant RHR reliability is not substan­
tially improved. Natural circulation throughout the plant, including 
BOP equipment, is needed to improve overall plant RHR reliability.

9-1



2. Providing natural circulation capability in the normal BOP water/ 
steam system (steam piping, condenser, feedwater system, circu­
lating water system, etc.) is considered impractical. Natural
circulation on the cooling water side is best done with a small
circuit designed for that purpose. This may be the existing
core auxiliary cooling system (CACS) circuit or a new circuit 
added parallel to the main steam/feedwater system.

3. Consideration of natural circulation cooling as a "last ditch"
RHR mode (i.e., after all forced circulation has failed)
improves reliability by eliminating the need for (and hence
unreliability of) controls and instrumentation. That is, once
the valves are open and natural circulation is functioning with
all forced circulation modes inoperative, there is nothing
the operator needs to do or can do to improve cooling further.
In addition, higher temperatures are allowed in a "last ditch"
mode; this greatly increases natural circulation rates. (The
plant need not be operational after this extreme event, and
limited damage is allowed.)

4. Use of the CACS rather than the main loops is preferred if "last
ditch" cooling is adopted to avoid the number of switching opera­
tions required. Thus, the current sequence of forced circulation
actions ends in the CACS; staying there for natural circulation
rather than switching back to the main loops is preferred.

9.1.1.2. Impact of Licensing Criteria Changes. Licensing criteria have
been changed to require a second safety class long-term RHR system for 
pressurized cooling (i.e. one in addition to the CACS). This second 
system has a major impact on the natural circulation RHR potential. It 
is expected that when a second RHR system independent of the CACS is added, 
reliability targets will easily be met for down-flow cores. The criterion 
requiring a second safety class system reduces the incentive to improve 
RHR reliability by selecting an up-flow core with natural circulation 
potential. However, the diversity benefits of natural circulation
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are undimished and still provide significant incentive.

9.1.1.3. Relief Valve Operation. Analyses of helium heat-up during 
natural circulation with an up-flow core indicate that the relief valves 
will not open. Therefore, the effectiveness of pressurized natural cir­
culation cooling is not j eopardized by depressurization through the relief 
valves. Steam ingress accidents may open the relief valves, and depending 
on the reliability analysis results, additional measures which ensure 
that the relief valves close again, as designed, may be required.

9.1.2. Main Circulator Drive Study

The electric drive circulator assembly has a first critical speed at 
approximately 50% of full speed. Although the equipment design appears 
feasible based on bearing design work and dynamic analyses, consideration 
was given to avoiding operation near critical speed. Plant part-load 
operation was examined using the ground rule that circulator speed must 
remain at 60% or above. Efficiency losses at the extreme 25% plant load 
point were modest, i.e., 1.65 percentage points. However, reactor inlet 
temperature (also circulator outlet temperature) increased 110°C (198°F), 
and the boiling zone in the steam generator moved to the economizer section. 
Therefore, although this is a feasible operating procedure, it causes 
significant design problems.

9.1.3. Residual Heat Removal

The impact of changes of RHR criteria on the overall plant was 
examined. In particular, the requirement to provide a second safety class 
RHR system in addition to the CACS for long-term pressurized cooling has 
a large impact. Although the concept for this second system has yet to 
be formally selected, it is assumed that it utilizes a CACS-type water 
circuit and main loop steam generators and circulators. The controls, 
separation requirements, diversity requirements, and upgrading of main 
loop equipment will add complexity to the overall plant.
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9.1.4. Primary Coolant System

Primary coolant volumes and helium inventory were calculated for the 
latest demonstration plant design. The amount of helium in the plant has 
significantly increased, which will have a cascading (positive) effect on 
containment pressure during DBDA, CACS design, and RHR.

9.1.5. Parametric Model for the Steam and Circulating Water Systems

Development of a parametric scaling model of the BOP systems and 
structures was initiated. This is part of a larger activity to develop 
methods for performing trade-off studies for variations in system 
parameters about a base case. The purpose of this model is to provide the 
mathematical relationships required to size BOP systems and structures 
according to their required duty when NSS power level and design parameters 
change. The model must also define the changes caused by varying the 
values of the independent design variables specific to the BOP, such as 
the amount of steam-to-steam reheat used.

The approach taken uses a base case - alternate case method. The 
sizing of the alternate case BOP systems and structures is established by 
scaling from the base or reference case data. This approach is much 
simpler than attempting to design every BOP component "from the ground up," 
yet it has the advantage of being founded on base case design and perfor­
mance data developed using much more sophisticated design tools. The 
components which make up the various steam systems and the circulating 
water system are the first BOP systems to be modeled. The major systems 
and components defined by the model are listed below.

1. Main turbine
a. Main steam piping and valves.
b. Steam-to-steam reheaters.
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2. Condensate and feedwater system.
a. Condensate pump.
b. Low-pressure feedwater heater train.
c. Deaerator.
d. Feedwater pump.
e. High-pressure feedwater heater.
f. Piping and valves.

3. Circulating water system.
a. Condenser.
b. Cooling tower.
c. Pond.
d. Circulating water pumps.
e. Cooling loop for generator and its auxiliaries.
f. Piping and valves.

4. Extraction steam system.

5. Turbine vent and drain system.

6. Auxiliary steam supply system.

The model is a "first generation" analysis tool, and simplifying 
assumptions are used where appropriate.

9.2. SYSTEMS INTEGRATION

The number of control/shutdown assemblies was changed from 27 to 19.
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10. COMPONENT DEVELOPMENT (180a No. 00585)

10.1. REACTOR VESSEL

The scope of this subtask is to ensure that the design of the PCRV 
and related components which contribute to the integrity of the pressure 
boundary is satisfactory and to test critical component configurations 
to make certain that they attain the design objectives. This subtask will 
demonstrate by analyses and tests that the PCRV and its penetrations and 
closures meet the design criteria, and it will ensure that (1) the design 
of the thermal barrier satisfactorily protects the liner and PCRV from 
the effects of high temperatures, and (2) the flow restrictors for the 
large penetrations can be developed to limit the flow of helium from the 
primary coolant systems to acceptable levels in the event of structural 
failure of a penetration or closure component.

During the last quarter, seven PCRV arrangements (Figs. 10-1 through 
10-7 of Ref. 10-1) were prepared showing the up-flow core configurations 
for the safety evaluation of RHR schemes. A requirement for the PCRVs 
used for RHR arrangements is that the core auxiliary heat exchanger must 
be located at a specified height above the reactor core to permit natural 
convection cooling of the core. The PCRV arrangements were reviewed, and 
two arrangements (Figs. 10-3 and 10-6 of Ref. 10-1) were chosen for use 
as the basis for preparing revised PCRV configurations with up-to-date 
reactor components. The revised PCRV configurations are shown in Figs. 
10-1 and 10-2.

During this quarter, the two PCRV configurations shown in Figs. 10-1 
and 10-2 were evaluated so that one could be selected for the preparation 
of a more detailed PCRV arrangement. The configuration in Fig. 10-1 was 
chosen for further development because the coolant ducting was less com­
plex than that of the configuration in Fig. 10-2, which has a primary
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coolant return duct with two 90-deg bends. The configuration in Fig.
10-2 is based on in-vessel fuel handling, i.e., manipulation through the 
fixed closure plug over the reactor cavity by a fuel transfer machine 
located within the reactor core cavity. A study was planned to determine 
the overall advantages and disadvantages of ex-vessel fuel handling in 
which a fuel transfer machine located outside the pressure vessel would 
manipulate the fuel assembly inside the reactor core cavity through a 
rotating plug. Figure 10-3, shows the PCRV configuration which would 
result from utilizing the ex-vessel fuel handling concept; this configu­
ration has the rotating plug located directly above the reactor core.
The two fuel handling concepts were evaluated to determine the scheme 
which would be used in advancing the design of PCRVs; the ex-vessel fuel 
handling concept was chosen and will be used in up-flow core studies.

The use of electric drives for the helium circulators requires 
high-horsepower motors which are large and heavy and thus have handling 
and mounting problems. This leads to the premise that horizontal mounting 
of the drives would be beneficial to the reactor design. Figure 10-4 
shows a concept in which the large circulator drives are horizontally 
mounted at the base of the PCRV. This concept was examined, and it was 
determined that there may be advantages in mounting and servicing the 
motor. However, the disadvantages which result from preventing circum­
ferential prestressing in this area of the PCRV and the penetration of 
the motors through the walls of the containment building were serious 
enough to cause the study to be discontinued. Figure 10-5 shows a PCRV 
arrangement which uses the rotating refueling plug for the ex-vessel fuel 
handling scheme and incorporates the latest design information and up-to- 
date configurations for the reactor internals and coolant loop components.

A considerable effort was expended on the PCRV closures for the 
up-flow/d own-flow plant evaluation. Much of this effort was devoted to 
development of a suitable core cavity closure which would permit in-line, 
ex-vessel refueling. Early studies were associated with evaluating two 
different closure concepts, each of which involved a concrete plug which
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could be moved during refueling through a system of drives and bearings 
to position a refueling penetration directly above any fuel or blanket 
assembly. These concepts were based in part on the rotating plug approach 
used in LMFBR plants. The first concept had a central plug which could 
be translated in one direction and then rotated. All drives and bearings 
were located outside the primary coolant pressure boundary. The second 
concept had an offset plug which could be rotated about two vertical 
axes, its own and that of the core centerline. Gears and bearings were 
within the primary coolant pressure boundary, and both arrangements 
utilized a welded steel hold-down ring beam bolted to a 15.24-cm (6-in.) 
thick penetration with O-rings and inflatable seals for leak-tightness.

To obtain the benefits of both concepts, a set of design objectives 
was formulated for the movable plug, and a new concept which satisfied 
these obj ectives was developed. The new concept consisted of an offset 
plug which rotated about its own axis, but which had all drive and bearing 
elements outside the pressure boundary. This shortened the load path 
and simplified the structure to a suitable arrangement for the demonstra­
tion plant. After a shielding analysis was performed, the design was 
further modified to minimize the gaps between the plug and penetration 
wall, to eliminate any direct streaming paths to seal areas, and to 
provide sufficient shielding material for access to areas above the 
closure. Scaling of the movable plug was considered, and it was found 
that a commercial size plant concrete plug would become massive. There­
fore, an alternate approach might be required, and investigations were 
initiated on the use of a fixed, welded-in-place closure in conjunction 
with ex-vessel refueling.

Other work on the up-flow plant included design of steam generator 
and auxiliary cooling loop cavity closures. The upper closures for these 
components are considered to be fixed concrete plugs which are held down 
by prestressed concrete rings that are directly anchored to the PCRV with
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prestressing tendons. A continuous steel liner on all surfaces of the 
closure in contact with primary coolant and a welded membrane seal 
between closures and their penetrations provide leak-tightness. These 
designs are similar to those designs developed previously for HTGR 
closures. The lower steam generator cavity closures are formed by the 
circulators and are bolted to a steel penetration, and concentric O-ring 
seals are used for leak-tightness. The lower auxiliary circulator 
closure is also formed by the circulator and is sized to permit instal­
lation of the radial flow diffuser from beneath the PCRV. An extension 
of the penetration and a separate cover are used to form a limited-leakage 
flow restrictor.

A preliminary comparison of the closures for the up-flow and 
down-flow plants was made, and the differences between the closures 
are shown in Table 10-1. The preliminary comparison indicates that from 
a closure viewpoint, the down-flow plant is preferable because it does 
not require a movable core cavity closure. The feasibility of the movable 
closure remains to be demonstrated because of uncertainties associated 
with its ability to be sealed and scaled.

As a part of the ORNL closure test program, a two-dimensional 
elastic analysis of the reactor core cavity closure was performed by 
ORNL. The effects of steel penetrations and the internal pressure in 
these penetrations were considered, and the results of the analysis indi­
cate that for a 4.9-m (15-ft) diameter closure with 37 penetrations 
[355.6 mm (14 in.) schedule 60], a closure depth of 2286 mm (90 in.) meets 
working stress criteria. The results will be used as an aid in the design 
of the first test model of the reactor core cavity closure.

The design and R&D effort required to demonstrate the containment 
capability of the PCRV in the event of a core disruptive accident (CDA) 
with an energy release of 100 MW/s was reviewed, and the following 
required efforts were identified: (1) determination of PCRV loading 
as a consequence of a CDA; (2) dynamic analysis of the PCRV during a CDA;
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TABLE 10-1 
MAJOR GCFR CLOSURES

Location Up-Flow Plant Down-Flow Plant

Core cavity Indexing concrete 
plug with control rod 
penetrations

Stationary concrete 
plug with control rod 
penetrations

Steam generator 
upper closure

Concrete plug with super­
heat penetration in plug

Steel plug with circu­
lator penetration in 
plug

Steam generator 
lower penetration

Circulator penetration 
closure and flow 
restrictor

Feedwater and superheat 
penetration closures 
and flow restrictors

Auxiliary cooling 
loop upper closure

Concrete plug Steel circulator 
closure and flow 
restrictor

Auxiliary cooling 
loop lower closure

Steel circulator closure 
and flow restrictor

None
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(3) depending on the results of (1) and (2), dynamic testing of a PCRV 
under simulated CDA loading; (4) development of a pressure relief valve 
design for a CDA; and (5) preliminary study of the generation and impact 
of missiles and the effectiveness of thermal barriers, shielding, and 
other internal components for absorbing a CDA energy release. Potential 
design modifications for a large CDA energy release were suggested for 
the PCRV, closure, closure hold-down, closure seals, and pressure relief 
valve.

Conceptual design studies for a molten core retention system 
continued, with emphasis on the up-flow core configuration. Con­
ceptual layouts have been developed for six basic ceramic crucible 
concept variations which are crucibles constructed primarily from high- 
purity magnesia brick selected for its extremely high melting point, 
elevated temperature strength, shielding effectiveness, and resistance 
to molten metal attack. The crucible construction is similar to that 
used in high-temperature furnace linings in the metal, cement, and other 
industries. The basic characteristics of the preferred ceramic crucible 
configuration are as follows:

1. The crucible is constructed of a combination of two layers of 
low-porosity magnesia bricks over a layer of standard 16.5%- 
porosity magnesia brick. High-density bricks are used in the 
upper layers to resist elevated temperature thermochemical 
attack and thermal shock. The lower, more cost-effective 
layer functions as a refractory insulator and shield. Some 
initial loss of material in the upper layer is expected, but 
should not cause loss of function since a solid crust of fuel 
is expected to form at the crucible-fuel interface.

2. Bricks are bonded together with thin magnesia mortar joints. 
These bonded bricks will enable the structure to remain tight 
at elevated temperatures in the event of cracking.
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3. Expansion gaps adjacent to the liner are filled with Kaowool 
(or similar material), which offers resistance to helium 
permeation flow during normal operation and becomes compressed 
during PAFC to allow greater heat removal capability.

4. A layer of steel plates is located on the crucible floor to 
reduce mechanical damage due to falling debris and to aid in 
reducing thermal shock to the magnesia bricks.

5. The crucible thickness is 609.6 mm (24 in.) at its lower 
sidewall, where it can interface with molten fuel, and tapers 
to 457.2 mm (18 in.) thick along the remainder of the debris 
height.

6. 50.8 mm (2 in.) of encapsulated boronated graphite is included
in the 457.2-mm (IS-in.) sidewall to meet shielding requirements.

10.2. CONTROL AND LOCKING MECHANISMS

The initial conceptual design phase of the control rod drive system 
for the up-flow core study was completed during this quarter. The effects 
of two refueling schemes on the control rod drive and instrument tree 
installation geometry were evaluated. These two schemes, are (1) center 
offset, dual-rotating top-head cavity closure plugs with fuel axially 
transferred through specific control rod drive penetrations and (2) 
single, fixed, top-head cavity closure plug with in-vessel transfer of 
fuel exiting downward alongside the core.

The center offset dual-rotating closure plugs allow the most 
favorable control rod drive and instrument tree installation geometry 
and minimize the complexity of the core-refueling operation interface.
Only a few control rod drives must be removed from their penetrations 
to allow refueling access to the entire core. Since the core assemblies
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are withdrawn and inserted directly in line with the central axis of a 
specific penetration, the upper cavity plenum height is greatly reduced 
and thereby allows for a shorter and more compact control rod drive 
configuration.

An alignment and stabilizing structure for the bottom ends of the 
control rod drives and instrument trees is also readily accommodated.
An open grid-type structure which spans the top of the core and is 
laterally registered in the circumferential core restraint barrel is 
utilized. The alignment structure is also tied to the inner rotating 
plug. By slightly raising the guide structure, making it free of its 
connection to the core restraint barrel, it is allowed to move in con­
junction with the displacement of the inner plug during refueling. Clear 
refueling access through a control rod drive penetration and control rod 
drive register opening in the alignment structure is thereby maintained.

A much taller plenum height above the core is required for the 
fixed, single, top-head closure plug concept. The added plenum height 
is necessary to allow complete withdrawal and lateral transfer of a fuel 
assembly above the core, since direct axial access through control rod 
drive penetrations is not possible with a fixed top-head closure. The 
main effect on the control rod drives is added length to the driveline 
and guide shroud members. The in-vessel refueling scheme requires that 
the plenum above the core be completely unobstructed. This means that 
all control rod drives and instrument trees have to be raised clear of 
this region or completely removed and stored elsewhere. The guide and 
stabilizing grid structure employed in the rotating plug concept also 
has to be raised the full upper plenum height to provide clearance for 
the refueling operation.

There are essentially no special requirements imposed on the control 
rod drive mechanisms by the up-flow core concept compared with the 
reference down-flow core concept. The control rod regulating stroke, 
direction, speed, and trip functions are identical for the up-flow and
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down-flow cores. The primary differences are in the temperature 
operating environment of the control rod driveline member and the support 
and guide structure arrangement.

The linear actuator mechanism and electrical power and control 
components are arranged and contained in a configuration which is 
identical to that for the down-flow core control rod drive concept.
This portion of the drive is more sensitive to high temperature and is 
located in penetrations embedded in the cooled concrete depth of the 
PCRV top-head plug. The portion of the control rod drive arrangement 
that will be exposed to the higher-temperature ['^538° versus 'uSI6°C 
(M 000° versus 'vbOO0?)] environment of the up-flow core is the drive- 
line member connected to the control rod, the support, and guide struc­
tures . The driveline consists of coaxially arranged tubular members 
operating in a push-pull manner to actuate a pawl-type mechanism for 
coupling to the control rod at the lower end. Inconel 718 was considered 
as the material for these components. This material was selected for the 
FFTF and LMFBR driveline and latching mechanisms, which operate in a 
temperature and radiation environment similar to that of the GCFR up-flow 
core. The combination of Inconel 718 and chromium carbide-nichrome was 
also considered for surfaces subject to frictional wear. The guide and 
support structure material is 316 stainless steel, as originally 
anticipated for the down-flow core concept.

For the down-flow core, the control rod drives are supported and 
contained within the lock actuator and thermocouple guide structures. 
These structures are axially supported at the top of the core support 
grid plate and are free to thermally grow upward in the PCRV top-head 
penetrations. The top-head penetration diameters are dictated by the 
circumferential area outside the control rod drive housing required to 
accommodate the core lock actuator mechanisms.

For the up-flow core, lock actuator mechanisms are not required at 
the control rod drive installations. The circumferential area around the 
control rod drive must only accommodate the thermocouple guide tubes.
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Since the thermocouple guide tubes require less cross-sectional area 
than the lock actuators, the penetration diameter can be somewhat less 
[304.8 versus 355.6 mm (12 versus 14 in.)].

In the down-flow concept, the control rod drives can be separately 
removed from the lock actuator assemblies. The lock actuator assemblies 
must remain in place to retain the core assemblies in case it is necessary 
to service or replace a control rod drive. In the up-flow concept, the 
control rod drive, its guide, support tube, and thermocouple access tubes 
can be removed as a single unit since no core-locking function is incor­
porated in the installation. These entire drive assemblies are axially 
supported on a honeycomb grid-type auxiliary structure located a short 
distance above and spanning the top of the core and are free to grow 
thermally in the upward direction, similar to the down-flow core 
installations.

10.3. FUEL HANDLING DEVELOPMENT

Conceptual studies of methods for refueling an up-flow core through 
the top head have been developed in more detail and refueling time esti­
mates compiled. Concepts for both in-vessel refueling and refueling 
through a rotatable top-head plug have been evaluated, and three pre­
ferred concepts have emerged: two have a fixed top head and one has 
a rotatable plug in the top head.

The first concept provides a means of transferring assemblies 
through a penetration immediately above the "patch," or region of seven 
assemblies, to be serviced and requires a penetration for each region 
of seven fuel, blanket, and shield assemblies. In the case of a 
commercial-sized plant, this could result in over 100 penetrations in 
the top closure head. The machine used to accomplish this function is 
instailed in a penetration by a loading cask through an isolation valve 
attached to the penetration. This cask is subsequently replaced by a 
fuel transfer cask. The fuel handling machine has an offset capability
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in excess of one assembly pitch and places the removed assembly in a 
position where it can be regrappled by and raised into the fuel transfer 
cask.

The second concept also provides a fixed head, but it requires only 
the penetrations needed for control rod drives and instrument trees 
together with one larger, dedicated peripheral penetration. After all 
control rod drive and instrument tree assemblies have been raised to the 
top of the refueling plenum, a folding beam arrangement is installed 
through the central penetration. When this beam is deployed, its end 
is supported by a radial rail attached to the underside of the top head.
A fuel handling machine is installed through the dedicated penetration 
and transferred to the radial arm. By rotating the arm and traverse of 
the machine, the grapple can be axially aligned with any one of the core 
assemblies. An inclined conveyor moves the assemblies directly to the 
storage pool via an intermediate transfer cask located below the PCRV.

The third concept consists of a rotatable plug configuration which 
has two eccentric components. The primary, or inner, component is the 
plug, which contains all the required control rod drive and instrument 
tree penetrations together with two dedicated penetrations. The center 
of rotation of the assembly is offset from the center of the reactor 
core by one half the total required eccentricity. Surrounding the plug 
assembly is a secondary eccentric component in the form of an annulus 
which, when separately rotated, causes displacement of the plug assembly, 
resulting in the required total displacement of the penetrations. The 
primary and secondary components are supported on ball bearings during 
rotation, and each component is separately driven by an electric motor 
and gear reducer.

The fuel handling machine is carried above the rotating plug on a 
polar bridge arrangement in such a manner that the machine can be posi­
tioned over the appropriate penetration. The fuel handling machine 
consists of two telescoping sleeves, each actuated by a pair of ball
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screws. An assembly grapple head is coupled to the inner screw-driven 
sleeve by a latching arrangement and is also attached to a secondary 
hoist. The penetration through which access to the core is to be made 
is first cleared and an isolation valve installed. The plug assembly 
is then rotated to place the axis of the penetration directly over the 
axis of the appropriate core assembly. Next, the fuel handling machine 
is moved into position and sealed to the isolation valve.

After the fuel handling machine has been sealed to the isolation 
valve and the interspace purged, the outer sleeve is driven downward 
until it contacts the six assemblies surrounding the assembly to be 
withdrawn. This restrains the adjacent assemblies in case frictional 
forces develop during withdrawal, which could raise them along with the 
grappled assembly. The outer sleeve also serves as a guide for the 
inner sleeve, which is lowered into position along with the grapple head. 
Once the core assembly has been grappled, the sleeves along with the 
grapple and assembly are retracted in reverse sequence, the isolation 
valves are closed, and the fuel handling machine is disconnected. The 
fuel handling machine is then moved to an inclined conveyor arrangement 
which is directly routed to the storage pool. From this position, the 
grapple head is uncoupled from the inner sleeve, and the assembly is 
lowered down the conveyor by the secondary hoist.

The fuel handling machine described above results in substantial 
axial forces being available from the screw-driven component to withdraw 
and insert assemblies. A longer, oriented travel through the transfer 
chute is provided by the secondary hoist.

10.4. CORE SUPPORT STRUCTURE

The purpose of this subtask is to ensure the availability of the 
structural analysis methods and materials mechanical behavior required to 
assess the structural integrity of the GCFR core support structure under
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all anticipated operational and safety-related loading conditions. Work 
accomplished during the last quarter included preparation of conceptual 
drawings of three different core support methods for the up-flow configu­
ration. During this quarter, input was provided on the up-flow core 
study, scoping stress and dynamic analyses were completed to validate 
the initial concept (Fig. 10-6), and conceptual designs for a down-flow 
core seismic restraint were initiated.

10.4.1. Stress and Dynamic Analyses of Up-Flow Core Support Structure

The stress due to static and pressure loading is acceptable; however, 
in this preliminary design, there is thermal stress slightly above the 
acceptable limit at the connection between the grid plate and core support 
cone (point A on Fig. 10-6), Simplified dynamic analysis indicated that 
the fundamental frequencies were low (9.4 Hz vertical and 12 Hz horizontal) 
and may be in the range of the PCRV natural frequency. Modifications of 
the core support structure initial conceptual design will be necessary 
to resolve this problem.

10.4.2. Interim Up-Flow Core Study Input

The up-flow core offers the following core support structure 
advantages:

1. Thinner material and hence expected better uniformity of 
properties throughout the thickness.

2. Reduced cost and complexity due to elimination of insulation 
on the core support cylinder.

3. Simplified secondary core support.

The areas requiring further study are

1. Manufacture of the sandwich-type grid plate.

2. The thermal stress and natural frequency problems mentioned in 
Section 10.4.1. 10-18
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10.5. REACTOR SHIELDING ASSEMBLIES

The purpose of this subtask is to design and develop analytical 
methods and experimental programs to evaluate the reference design of 
the reactor shields. This evaluation is expected to cover nonuniform 
temperature distribution, material behavior, seismic effects, hydrodynamic 
tests, and structural analysis. Alternate shield configurations will also 
be studied so that a satisfactory and optimized shield design can be 
developed.

During the previous quarter preliminary thermal analyses of the 
reference design radial shielding and the up-flow radial shielding were 
performed. The analyses indicate excessively high temperatures in the 
reference design shielding and temperatures close to acceptable levels 
in the up-flow radial shielding.

During this quarter a sizing stress analysis of the reference design 
radial shielding supports and secondary core supports was performed 
(Fig. 10-7). Three loading conditions were investigated:

1. Normal static radial shield load plus load due to normal core 
support cylinder (CSC) failure mode, where normal CSC failure 
mode is defined as sudden, complete, circumferential failure 
of the CSC with the load applied equally to all 12 secondary 
core supports.

2. Normal sustained radial shield load plus load due to tilted 
failure mode of the CSC, where tilted failure mode is defined 
as sudden failure of a 180 deg section of the CSC circumference 
with the load applied to one secondary core support and one 
pair of outer radial shield supports. These supports are per­
mitted to yield, and the load is taken over and supported by
an additional set of supports on each side of the initially 
contacted units.
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3. Installation load where the total load of one outer radial
shield segment may be supported by only one of the two support 
structures; this load may be suddenly applied.

This analysis verified the design feasibility of the concept and resulted 
in acceptably sized load-carrying members.

10.6. MAIN HELIUM CIRCULATOR, VALVE AND SERVICE SYSTEM

The purpose of this subtask is to develop the helium circulator, 
its service system, and the main loop isolation valve to demonstrate perfor­
mance and reliability by testing under anticipated operating conditions.
The overall objective for FY-78 was to continue first-of-a-kind conceptual 
design and performance analysis of the circulator reference design con­
figuration (external steam drive), the service system, the loop isolation 
valve, and the alternate electric drive selected from studies made in 
FY-77. Preliminary layouts of the circulator components will be made 
and requirements established for bearings, shaft critical speeds, seal 
flow rates, helium buffer systems, drains, jet pumps, inlet and diffuser 
configurations, shaft coupling and rotor dynamics, aerodynamic performance, 
and model test requirements for the compressor and diffuser. The work out­
lined will provide input to the circulator pretest analysis task for 
determination of test facility requirements and evaluation of alternate 
circulator and drive systems.

10.6.1. Main Helium Circulator

Figure 10-8 shows the recommended reference design layout for the 
main helium circulator. It incorporates a 3600-fpm electric motor drive, 
a common thrust bearing in a separate housing above the motor, and a high- 
pressure rotating shaft seal design. The brake is a Westinghouse pneu­
matically actuated brake which stops the electric motor and the circulator 
from 360 to 0 rpm. The brake is also used to keep the circulator from 
rotating when the circulator is shut down. Details of the design are 
given in Ref. 10-1.
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10.6.2. Shaft and Bearings

The five-bearing design of the combined circulator and electric 
drive motor, coupled through a solid shaft coupling, was analyzed at 
GA and compared with the results in Ref. 10-2 of Westinghouse. The 
results of the comparisons are shown in Figs. 10-9 through 10-12. There 
was generally good agreement between the Westinghouse and GA data.
Reference 10-2 included the deflection of various shaft sections for 
certain bearing stiffness and damping plus the bearing housing damping 
and stiffness. Basically, these values were combined as springs and 
dampers in series. To achieve the condition of no calculated natural 
frequencies below 115% of maximum speed, bearing and support stiffnesses 
on the order of 2 x 10 N/m (10 million lb/in.) are required at the motor 
guide bearings (Fig. 10-12). Theoretical calculations indicate that such 
a bearing stiffness can be achieved by use of hydrostatic bearings 
requiring approximately 1.05 kg/s (1000 gpm) of oil at 15.85 MPa (2300 psi) 
per bearing. This would require approximately one 2014-kW (2700-hp) pump 
for the two main guide bearings. The structures supporting the bearings 
would also have to be at least this stiff. It was decided to use bearings 
which are flexibly supported but highly damped to achieve the desired 
natural frequency and minimize the response amplification. With hydro- 
dynamic bearings and damped supports, the effect of a given unbalance 
will be as acceptable with a rigid body mode within the operating range 
as a system using hydrostatic bearings and a very rigid structure externally 
braced to the foundation to attain a rigid body mode greater than 115% of 
the rated operating speed. Operation above the first mode with the 
required damping to limit displacement amplitudes is an accepted commercial 
technique. However, further analysis must be done to investigate the 
effects of bearing damping and stiffness on the latest composite 
configuration.

10.6.3. Electric Motor Drive Design Recommendations

Large high-speed vertical motors and variable-frequency power supplies 
are not, in themselves, a new technology. Ample background exists to guide
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the choice of design dimensions and parameters so that equipment which 
meets the GCFR's requirements is designed. The main and pony motors 
and associated controllers were evaluated from a broad range of optional 
configurations. The recommended main motor is a 17,300-kW synchronous 
motor with brushless exciter and it is externally mounted at containment 
pressure. This motor will be designed for variable-speed operation and 
will be rated for full-power operation at 3600 rpm. The motor will be 
totally enclosed by missile-proof housing and will be cooled by water- 
to-air heat exchangers located inside the housing. This motor will be 
designed as an extension of modern turbine generator technology, with 
the major difference being the vertical orientation and variable-speed 
operation. Even with these unique features, the reliability of the 
motor is expected to be better than that for small turbine generators.
Such machines operate with exceptional reliability as long as adequate 
margin is designed into the machine and its auxiliaries, the machine is 
operated within its design specifications, and proper preventive 
maintenance is performed.

The electric machine rotor that is most fully developed for high­
speed aplications, in which the highest possible reliability and service 
continuity are essential, is the round rotor used in turbine generators. 
This type is commonly used at operating speeds of 3600 rpm (overspeed 
at 4320 rpm), but at ratings which are over 100 times larger than that 
required by the GCFR main circulators. Solid rotor turbo-type technology 
is therefore a suitable base for the development of the required drive 
motors. Although this type of rotor can be adapted to induction motor 
design, it is most suited to synchronous motor applications. Even 
though solid rotor turbo-type machines are predominantly used as genera­
tors, a substantial number have, over the years, been applied as motors, 
e.g., for compressor drives and wind tunnels.

The advent of practical and economical solid-state variable-frequency 
supplies has greatly simplified the starting and variable-speed operation 
of synchronous motors with solid rotors. For the highest reliability, a 
brushless excitation system is required. Control systems for this
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excitation system are available as standard packages and provide 
protection against overloading, underexcitation, etc. This control 
package also incorporates static components mounted on modules or boards 
for ease of maintenance. For the present application, where starting from 
a standstill is required, a refinement of the standard brushless excitation 
system is required.

10.6.4. Motor Reliability

The design of the motors recommended for this application is based 
upon a combination of the designs of existing equipment. Thus, a reli­
ability/availability/maintainability estimate must be made using the 
experience obtained from the apparatus upon which the motor is based. 
Reliability and availability data have been developed by Edison Electric 
Institute (EEI) (Ref. 10-2). The motor categories are not definitive at 
this time; however, the data for small turbine generators are of interest. 
These machines are more complicated than the proposed motors since they 
have hydrogen cooling and its associated seal systems, and most have a 
commutator-type exciter. Thus, the motors should be expected to have a 
better record than the approximately 40,000-h mean time between failures 
reported for small turbine generators for all causes, which includes lack 
of proper maintenance and operator error.

A study was made of 139 industrial horizontal motors rated from 
920 to 11,190 kW (1 ,250 to 15,000 hp). One hundred and six of these 
motors were identical [3,730 kW (5,000 hp) and 1800 rpm]. These are 
mostly outdoor units operating under severe environmental conditions in 
pipeline pumping service. The actual mean time between failures for the 
motors was 260,000 h. A survey conducted by the Doble Engineering Company 
(Ref. 10-2) of motors rated 746 kW (1,000 hp) and larger indicated that 
in a group of 1,929 motors, 33 failed during the 1-yr period of 1975.
This converts to a mean time between failures of 330,000 h at the 99% 
confidence level. Thus, a conservative expected mean time between 
failures should be at least on the order of 100,000 h for vertical
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circulator motors and should approach 350,000 h with maturity. This 
reliability growth can be attained by careful attention to detail during 
design and manufacturing and by correcting any deficiencies found during 
prototype testing and initial operation.

Reactor coolant pump induction motors have been built or are being 
built for Westinghouse pressurized water reactor plants and PWR plants 
being constructed by Atomic Energy Canada Limited, Babcock and Wilcox, 
and Combustion Engineering. These motors are in the power range of 
2,984 to 8,206 kW (4,000 to 11,000 hp) and are vertical machines which 
use guide bearings and lubrication and frame construction features which 
are applicable to the GCFR.

10.6.5. Motor and Controller Experience

Many horizontal, high-speed, cylindrical-rotor synchronous motors 
have been built whose rotor and stator construction features are applicable 
to the GCFR. In addition, hundreds of brushless exciters for 1800- and 
3600-rpm cylindrical rotor turbine generators, salient pole generators, 
and synchronous motors have been built whose technology is applicable 
to the GCFR project. Many millions of kilowatts of thyristor power 
supplies have been used for power conversion for dc motors with heavy- 
duty drive applications. The thyristor power supplies use the same basic 
elements as that recommended for the GCFR variable-frequency application. 
Actual reliability/availability figures have not been collected on this 
type of apparatus; however, users indicate that the service has been very 
acceptable. In an actual application of variable-frequency operation, 
only one thyristor failure occurred out of 576 devices in service for 18 
months, which indicates that thyristor mean time between failures can be 
expected to be much greater than 1 x 10^ h. The failure did not cause 

a forced outage because thyristors are normally shorted when they fail, 
and sufficient units were used in series to allow continued operation 
until a planned maintenance period. The time to repair a thyristor is 
estimated to be less than 4 h.
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10.7. STEAM GENERATOR

The function of the steam generator is to transfer heat from the 
reactor primary coolant (helium) to the secondary coolant (water/steam) 
during normal plant operation. The steam generator will be subject to 
cyclic or repeated steady and transient operating conditions in its 30 yr 
of design life. The objective of this task is therefore to design and 
develop a steam generator which meets the operational, performance, and 
safety requirements of the GCFR.

In the reference down-flow core plant configuration, the steam 
generator features a bottom-fed, bottom-exhaust arrangement. In this 
design, water enters from the bottom of the bundle, and the steam is 
routed down through a straight tube section and exhausts from a tube 
sheet located at the bottom of the PCRV. In the up-flow core configura­
tion presently being studied, the location of the steam exit is at the 
top of the PCRV. Such a steam generator is generally a bottom-fed, 
top-exhaust arrangement.

During this quarter the main task was to provide design and analysis 
support for the up-flow core study. The major work accomplished included 
(1) production of a top-exhaust steam generator general arrangement 
drawing for the PCRV layout (Fig. 10-13) and (2) performing a feasibility 
study of the top-exhaust steam generator. Figure 10-13 shows that the 
helical bundle is basically the same size as that of the down-flow core, 
since the system conditions are identical. The bundle and shroud assembly 
is bolted to the main support flange at the bottom end of the bundle, and 
the expansion loops are provided on top of the bundle. Tubes are routed 
behind a helium flow shield such that no expansion loop tube will be 
exposed to the hot helium flow from the cross duct. Feedwater flows into 
the steam generator through a side penetration so that interference with 
the circulator assembly below the steam generator is avoided. The super­
heater tube sheet at the top of the PCRV is anchored to the concrete plug, 
which is designed to be removable.
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The design feasibility investigation focused on the dominant problem 
areas of the expansion loop design. In a top-exhaust steam generator 
design, the tubes connected to the top superheater tube sheet tend to 
expand in the opposite direction of the tubes connected to the bottom 
feedwater tube sheet. The effects of the two thermal expansion modes 
are combined with respect to the expansion loops. Therefore, increased 
flexibility must be provided for the expansion loops. However, flexi­
bility raises seismic stress. Thus the feasibility study sought a design 
which would satisfy both seismic and thermal expansion requirements. 
Furthermore, the natural frequency of the expansion loop assembly is 
required to be higher than that of the supporting structure to avoid 
resonance during a seismic event.

A series of parametric analyses were performed to determine the 
effect of geometry and design on thermal seismic stress and natural 
frequency response. Figure 10-14 summarizes the final set of calculations 
with fixed horizontal span and vertical height. The results indicate that 
the tube material for the expansion loops must be alloy 80OH so that the 
allowable value will not be exceeded by the total combined thermal, 
seismic, and dead weight loads. To maintain the assembly frequency 
higher than that of the bundle, which was estimated at 16 Hz, the expan­
sion loop horizontal restraints must be provided at both ends of the 
horizontal span and the unsupported arc length below the expansion loops 
has to be limited. The study indicates that a top-exhaust steam generator 
with alloy 80OH expansion loops is conceptually feasible and should be 
studied at a more detailed level of design and analysis.

10.8. AUXILIARY CIRCULATOR, VALVE AND SERVICE SYSTEM

A revised design of the GCFR auxiliary circulator and an alternate 
design of the auxiliary circulator using a hydraulic drive have been 
completed. A revised drawing of the auxiliary loop isolation valve is
shown in Fig. 10-15.
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10.8.1. Aerodynamic Design and Performance

The compressor for the auxiliary circulator was redesigned to meet 
operation requirements under DBDA conditions with no air ingress. For 
these conditions, RHR requires a flow of 5.393 kg/s (11 .897 Ib/s), and 
the required pressure rise in the auxiliary circulator compressor is 
10.12 kPa (1.47 psi). The full design point conditions are

Inlet total pressure [kPa (psi)] 
Inlet total temperature [°C (°F)] 
Outlet total pressure [kPa (psi)] 
Mass flow rate [kg/s (Ib/s)]

154.43 (22.4) 
231 (437) 
164.55 (23.87) 
5.393 (11.897)

Using the design charts of Ref. 10-3, the following design parameters 
are obtained for a rotor with a radially oriented vane exit:

Optimum head rise coefficient 

Optimum flow coefficient

2^is 1.45,

G /U ,m opt 0.295,

where

U
m

opt
H,is

= mean inlet meridional velocity, 

= rotor tip speed (optimum),

= isentropic head rise.

The rotor dimensions in Table 10-1 were based on these values with the 
additional assumption of constant average meridional velocity. The 
number of rotor vanes was obtained from Ref. 10-3.

To obtain the highest possible efficiency at the design point, a 
vaned diffuser was designed for the compressor. The inner radius of the 
vanes was set at 1.15 times the turbine tip radius, and the outer radius 
was set at 1.7 times the turbine tip radius. Conventional circular arc 
vanes were used, and the exit angle and curvature of the vanes were set
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using the methods of Ref. 10-3 to provide an equivalent two-dimensional 
diffuser divergence angle at 8 deg. The details of the diffuser design 
are given in Table 10-2.

The design point and off-design performance of the compressor was 
calculated using the computer program PREDM (Ref. 10-4). The curvatures 
of the hub and shroud profiles, which are required for the program input, 
were obtained from a preliminary layout of the meridional profile of the 
rotor. The vane inlet angles calculated by the program for these curva­
tures are shown in Table 10-2, together with the design point efficiency. 
The off-design performance of the compressor is presented in the form of 
dimensional and nondimensional variables. A typical nondimensional plot 
of the off-design performance is given in Fig. 10-16. The variables are

Pressure rise coefficient ip g AP/pUjlp,

where Atip
g

AP
Utip

Q
p

Flow coefficient d) = Q/A .11.,tip tip

2 2= rotor frontal area [m (ft )],
= 1.0 kg*m*s ^ (32.2 lbm»ft/s ^•Ib ^),

2= pressure rise [Pa (Ibf/ft )],

= rotor tip speed [m/s (ft/s)],
3 3= volumetric flow rate [tn /s (ft /s) ] ,

3 3= gas density [kg/m (Ibm/ft )].

The results are given for speeds from 20% of design speed. Note 
that over the range 40% to 120% design speed the curves lie close enough 
together that the performance of the compressor could be represented by 
a single curve of ip versus <j). The deviation of the curves at the lower 
speed is caused by Reynolds number effects not included in the formulation 
of ip and (j>.
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TABLE 10-2
GCFR AUXILIARY CIRCULATOR COMPRESSOR DESIGN

Rotor

Tip diameter [mm (in.)]
Inlet shroud diameter [mm (in.)]
Inlet hub diameter [mm (in.)]
Tip vane width [mm (in.)]
Vane passage axial length [mm (in.)]
Inlet shroud vane angle [deg (from axial)] 
Inlet hub vane angle [deg (from axial)] 
Number of vanes

Diffuser (stator)

Inner radius of vanes [mm (in.)]
Outer radius of vanes [mm (in.)]
Inlet angle of vanes [deg (from radial)] 
Outlet angle of vanes [deg (from radial)] 
Radius of curvature of vanes [mm (in.)] 
Number of vanes

Design point performance

Inlet total pressure [kPa (psi)]
Inlet total temperature [°C (°F)]
Outlet total pressure [kPa (psi)]
Outlet total temperature [°C (°F)] 
Compressor efficiency (%)

1608 (63.30)
822.5 (32.38) 
402 (15.82) 
76.1 (2.996) 
250 (9.84) 
39.3
68.5 
21

924.6 (36.42) 
1367 (53.81) 
70.4 
53.0
2297 (90.43) 
35

154.43 (22.4) 
231 (437) 
164.55 (23.87) 
247 (476)
79.94
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Figure 10-17 shows the auxiliary circulator. The required cavity
diameter for a 3600-rpm impeller is 3.35 m (11 ft). To achieve the
requisite margin between operating speed and fundamental critical speed,
it was necessary to increase the shaft diameter between bearings. A
shaft diameter of 209.55 mm (8.25 in.) and a bearing span of 1.4 m (45 in.)
were chosen. The rotor is vertically mounted, and the thrust load is
taken by a pair of tandem-mounted ball bearings at the compressor end.
The upper end alignment is provided by a roller bearing. The stiffnesses

8 6required of the upper and lower end bearings are 1.75 x 10 N/m (1 x 10O /-
Ib/in.) and 8.75 x 10 N/m (5 x 10 lb/in.), respectively. Figure 10-18 
shows the details of the shaft system, and the critical speed map (Fig. 
10-19) shows the variation of critical speed with bearing stiffness. As 
can be seen, the critical speed value chosen, i.e., 4350 rpm, is not 
significantly smaller than the fundamental critical speed with rigid 
bearings (4850 rpm). It may be necessary to further stiffen the shaft 
[229 to 241.3 mm (9 to 'V9-1/2 in.) diameter], but the resulting change in 
the design of the motor has to be investigated before this can be done.

10.8.2. Rotor Dynamics of the Hydraulic Drive Auxiliary Circulator

It was concluded that an operating speed of 5000 rpm, which was 
determined to be optimum for the compressor from a specific speed view­
point , provided an adequate margin to the onset of the first critical 
speed. The cavity diameter is 2.9 m (9.5 ft). Table 10-3 gives the 
principal dimensions of the circulator, and Fig. 10-20 shows the details 
of the shaft system. The shaft diameter between bearings is 247.65 mm 
(9-3/4 in.), and the bearing span between centers is 9144 mm (36 in.).
It is possible to achieve a critical speed of approximately 6000 rpm

9 6using bearing stiffnesses of 0.875 x 10 N/m (5 x 10 lb/in.). The 
critical speed map (Fig. 10-21) shows the variation of critical speed 
with bearing stiffness. If it is assumed that the asymptotic value of the 
critical speed is the fundamental critical speed on rigid bearings,
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TABLE 10-3
MAIN PARAMETERS OF GCFR HYDRAULIC DRIVE 

AUXILIARY CIRCULATOR

Rotational speed (rpm) 5000
Tip diameter [m (in.)] 1.02 (40.2)
Eye diameter [m (in.)] 0.71 (27.88)
Hub diameter [mm (in.)] 240 (9.63)
Tip width [mm (in.)] 140 (5.55)
Shaft diameter [mm (in.)] 247.7 (9.75)
Turbine tip diameter [mm (in.)] 203.2 (8.0)
Turbine eye diameter [mm (in.)] 101.6 (4.0)
Bearing span [m (ft.)] 0.91 (36.0)
Cavity diameter [m (ft)] 0.24 (9.5)
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the ratio of the bearing stiffness to the shaft stiffness can be found 
from

2Kb
Ks

»

where 0)^ = rigid bearing critical speed,

a) = critical speed with flexible bearings.

If = 874.41 rad/s, then u) = 628.32 rad/s, so that 2K^/K = 1.07.
This is an acceptable value and ensures that a significant proportion 
of the strain energy of vibration is concentrated in the bearings rather 
than in the shaft itself. This bearing stiffness is achievable on a 
248-mm (9-3/4 in.) shaft.

10.8.3. Core Auxiliary Heat Exchanger

The core auxiliary heat exchanger (CAHE) is designed to remove 
residual heat from the core during reactor shutdown and/or refueling 
operations. The purpose of this task is to develop a CAHE to meet the 
performance, safety, and reliability criteria of the core auxiliary 
cooling system (CACS).

One of the apparent advantages of an up-flow core plant configuration 
is the natural convection through the CAHE in case of an emergency. The 
hot helium will rise to the top of the PCRV, where the CAHE will cool the 
helium. The cold, or denser, helium falls down through the CAHE by 
gravity and returns to the core, forming a natural circulation loop for 
emergency cooling. To achieve a maximum natural circulation effect, the 
elevation difference between the CAHE and the core should be as large as 
possible. Because of such considerations, a helical type tube bundle 
was selected for the up-flow core CAHE study. In general, a helical CAHE 
is the most compact design of all those under consideration, and there­
fore it can be placed as high as allowed by the PCRV configuration.
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The major concern associated with a helical CAHE is that the large 
temperature difference between the tube and the bundle support plates 
generates a large tube thermal expansion bending stress (or bear hug 
stress). The scope of the task during this quarter was to determine 
a bundle support method which has an acceptable level of thermal expan­
sion bending stress. A combined heat transfer and structural analysis 
was beyond the scope of this task, and it is therefore impossible at 
this time to definitely determine the feasibility of the helical bundle 
CAHE for the up-flow core.

Three tube bundle support methods were compared based on relative 
tube thermal stress levels. The simplified analytical methods are based 
on techniques developed for steam generators. Based on a preliminary 
comparison of these concepts, it was concluded that helical bundles with 
radially free plates could provide an acceptable design (Fig. 10-22). Even 
in this case, the tube thermal bending stresses are satisfactory only if 
plate temperatures are strongly controlled by the tubes; i.e., closely 
spaced tubes with good plate contact will be necessary. A more detailed 
and expanded scope of analysis will be formulated to establish more 
definitely the feasibility of the CAHE for use in the up-flow core 
plant configuration.

10.9. HELIUM PROCESSING COMPONENTS

A development plan (Ref. 10-5) was prepared for the helium purifica­
tion system. This plan details the engineering and design verification 
and support (DV&S) work necessary to complete the design of the system.
The DV&S work will include bench-scale tests in the laboratory to estab­
lish the capability of filter media for removing particulates from high- 
temperature helium. This DV&S work is not required to establish feasi­
bility but rather to determine optimum operating conditions and to size 
processing components. In addition, base line data have been prepared 
for the helium purification, pressure equalization, and gas waste systems.
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Fig. 10-22. Radially free support plate concept for core auxiliary 
heat exchangers

10-54



10.10. CONTROL AND ELECTRIC COMPONENTS

10.10.1. Main Circulator Electric Drive Study

Westinghouse completed phase 1 of the electric drive study (Ref. 10-6) 
and has initiated work on phase 2. During phase 1 it was found that the 
motor design for operation to 4500 rpm with first critical speed outside 
the operating speed range presents several technical problems such as

1. The requirement for hydrostatic bearings with lubrication 
supplied at high pressure from a separate, complex service 
system. These bearings would require a major development 
program.

2. A rotor which is at the limit of the present state of the art 
for design and materials.

3. Bearings requiring a very rigid structure which is externally 
braced against the PCRV.

Although this design is technically feasible, its increased risk, expense, 
and service system complexity make it undesirable. In addition, this 
design cannot be extrapolated to larger motors.

As a result of the above considerations, it was agreed that 
Westinghouse should proceed to develop the design based upon a maximum 
speed of 3600 rpm with the first critical speed within the operating range. 
This motor would use external squeeze film and damped tilting pad bear­
ings and could operate at the critical speed without significant vibration 
amplitude. Westinghouse suggested that commercial plant motors would 
have to be built this way because preliminary studies indicate the impos­
sibility of having the first critical speed outside the operating range 
for these large motors.
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The controller proposed by Westinghouse is an adjustable-frequency 
power supply using line-commutated converters with a direct current link. 
Each controller consists of two parallel systems, each capable of driving 
the motor, although at reduced speed. The input transformers to these 
parallel systems are phase shifted to reduce the harmonic currents flow­
ing into the power system. Cooling of the controller is by a closed 
water system, which results in a considerable reduction in dimensions 
and other benefits such as reduced acoustic and electromagnetic noise 
emissions. This type of controller represents a well known technology 
which is in widespread use throughout the world.

Phase 2 of the electric drive study will refine and optimize the 
preliminary design of the motor and controller developed in phase 1. In 
addition, phase 2 will

1. Investigate the feasibility and design of a submerged motor.

2. Investigate the feasibility and design of both external and 
submerged large commercial plant motors and controllers.

3. Investigate the feasibility of increasing motor voltage and 
reducing overall length of the motor.

4. Investigate motor mechanical braking, maintenance, in-service 
inspection. Class I qualification, and potential problems of 
electromagnetic interference.

5. Define scope, costs, and schedule of the development program 
required for the proposed damped motor bearing system.

10.10.2. Separation of IE Power Sources: Safety Residual Heat Removal 
System

The electrical design of the RHR system requires the safety classi­
fication of a portion of the main loop cooling system (i.e., the shutdown
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cooling system) and the CACS in accordance with the following criteria:

1. No single event shall cause a loss of more than one shutdown
cooling system loop and shall not cause the loss of any CACS
loops.

2. No single event shall cause the loss of more than one CACS loop
and shall not cause the loss of any shutdown cooling system
loops.

Figures 10-23 and 10-24 illustrate the separation of IE power sources
required to meet these criteria. Six independent IE power systems are 
needed to power the equipment and the instrumentation and controls of 
the shutdown cooling system and CACS. Each IE power system 
includes

1 . A standby generator to furnish power on loss of off-site and
turbine generator (non-IE) power.

2. A power distribution system to distribute non-IE power and
standby generator power.

3. A IE direct current power subsystem.

For the purpose of diversity, it is proposed to use diesel-driven standby
generators to power the CACS and gas turbine standby generators to power 
the shutdown cooling system.

Table 10-4 shows the separation of IE equipment within the shutdown 
cooling system, CACS, and plant protection system. The table indicates 
a need for six separation divisions.
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DIVISION I
RESERVE
AUXILIARY
TRANSFORMER

UNIT AUXILIARY
TRANSFORMER

IE-1 4160-V 3 0 BUS

DIESEL
GENERATOR IE-1 48O-V3 0BUS

CONTROLLER

LP-1
CACS
MAIN
WATER
PUMP

[“ BATTERY-! 
L_CHARGERj

LP-1
CACS
CIRCULATOR
MOTOR

LP-1
CACS
AIR BLAST
COOLER
FANS

IE-1 125-V DC BUS

BATTERY | 
EMERGENCY 
LIGHTING AND 
SERVICES 

GENERATOR 
FIELD FLASHING

INVERTER

SWITCHGEAR
CONTROLS

ELECTRONIC | 
SWITCH L

IE-1 120-VAC BUS

FOR DETAIL OF ELECTRICAL LOADS 
SEE TABLE 10-4

Fig. 10-23. IE power system for loop 1 of core auxiliary cooling 
system (typical of loops 2 and 3; loop 2 is IE 
Division II, loop 3 is IE Division 3)
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DIVISION IV

UNIT
AUXILIARY RESERVE AUXILIARY 
TRANSFORMER TRANSFORMER

IE-IV 480-V 30 BUS

oooGAS
TURBINE
GENERATOR LP-A '- - - - - - - - - - - - - '

SCS LP-A 
MAIN SCS 
WATER AIR BLAST 
PUMP COOLER 

FANS

LP-A
BEARING
WATER
PUMP

BATTERY
CHARGERLP-A SCS

CIRCULATOR
MOTOR

BATTERY

E-IV 125-V DC BUS

BATTERY
GEN. FIELD 
FLASHING INVERTER

SWITCHGEAR 
CONTROLS .nrpn

electronic] ' ~ ,,1
SWITCH -7“ -7" •

IE-IV 120-V AC BUS

FOR DETAILS OF ELECTRICAL LOADS 
SEE TABLE 10-4

Fig. 10-24. IE power system for loop A of shutdown cooling system 
(typical of loops B and C; loop B is IE Division V, 
loop C is IE Division VI)
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10-60

TABLE 10-4 
CLASS IE SEPARATION

I II III IV V VI

Primary reactor 
trip sensors and logic (CH-A)(a)

Primary reactor 
trip sensors and 
logic (CH-B)

Primary reactor 
trip sensors and 
logic (CH-C)

Secondary reactor 
trip sensors and 
logic (CH-D)

Secondary reactor 
trip sensors and 
logic (CH-E)

Secondary reactor 
trip sensors and 
logic (CH-F)

Control rod in­
limit indication 
(CH-A)

Control rod in­
limit indication 
(CH-B)

Steam generator 
isolation and dump, 
loops A, B, and C 
(CH-D)

Steam generator
isolation and dump, 
loops A, B, and C 
(CH-E)

Steam generator
isolation and dump, 
loops A, B, and C 
(CH-F)

Core region out­
let temperature, 
thermocouple 
(CH-A)

Core region outlet 
temperature, ther­
mocouple (CH-B)

Main loop shutdown, 
loops A, B, and C, 
sensors (CH-D)

Main loop shutdown, 
loops A, B, and C, 
sensors (CH-E)

Main loop shutdown, 
loops A, B, and C, 
sensors (CH-F)

CACS loops 1, 2, 
and 3, sensors 
and logic (CH-A)

CACS loops 1, 2, 
and 3, sensors 
and logic (CH-B)

CACS loops 1, 2, 
and 3, sensors 
and logic (CH-C)

Main loop shutdown 
output logic 
(CH-D)

Main loop shutdown 
output logic 
(CH-E)

CACS loop 1 
initiation logic

CACS loop 2 
initiation logic

CACS loop 3 
initiation logic

Safety rod position 
(CH-D)

Safety rod position 
(CH-E)

CACS loop 1 
controls

CACS loop 2 
controls

CACS loop 3 
controls

Shutdown cooling 
system loops A, B, 
and C, sensors and 
logic (CH-D)

Shutdown cooling 
system loops A, B, 
and C, sensors and 
logic (CH-E)

Shutdown cooling 
system loops A, B, 
and C, sensors and 
logic (CH-F)

CACS loop 1 
circulator motor 
and water loop 
components

CACS loop 2 
circulator motor 
and water loop 
components

CACS loop 3 
circulator motor 
and water loop 
components

Shutdown cooling 
system loop A 
initiation logic
Shutdown cooling 
system loop A 
controls

Shutdown cooling 
system loop B 
initiation logic
Shutdown cooling 
system loop B 
controls

Shutdown cooling 
system loop C 
initiation logic
Shutdown cooling 
system loop C 
controls

Shutdown cooling 
system loop A 
pony motor and 
water loop com­
ponents

Shutdown cooling 
system loop B 
pony motor and 
water loop com­
ponents

Shutdown cooling 
system loop C 
pony motor and 
water loop com­
ponents

CH-A = channel A.



10.10.3. Plant Protection System Trip on Core Reactivity and Delayed 
Neutron Activity

The present plant protection system reactor trip parameters include 
trips on core reactivity and detection of delayed neutrons in a gas sample 
of primary coolant from the PCRV. The purpose of the reactivity anomaly 
trip is to shut down the reactor on core reactivity changes of a few cents 
which do not correlate with the plant power demand. Reactivity changes of 
this magnitude occur during the early stage of a core assembly heat-up due 
to flow blockage, and reactor trip would prevent fuel damage in one or 
more assemblies. Because of the complexity of this measurement, it can 
only be implemented by a sophisticated computer system such as the data 
acquisition and process system, with the end result being operator alarm 
rather than reactor trip.

Monitoring of fission product activity in the PCRV allows reactor 
trip upon detection of failed fuel rod(s) in a core assembly and, in that 
respect, is similar to the reactivity anomaly trip. In this case, the mode 
of detection is obj ectionable for two reasons: (1) the equipment is not
readily available, (2) the reliability of the BF^ neutron detectors is 
questionable. On the other hand, equipment for monitoring beta particles 
in primary coolant is readily available, and one vendor is in the process 
of qualifying the instrument to perform safety-related functions. Accident 
analysis leading to the selection of these two reactor trips will be 
reviewed to assess the possibility of deleting the reactivity anomaly 
trip from the plant protection system and substituting a beta monitor for 
the delayed neutron coolant activity monitor (detection of reactivity 
anomalies will be performed by the data acquisition and processing system).

10.10.4. Plant Protection System Response to Six Accident Cases

A number of plant protection system parameters were examined in 
response to six unprotected plant transients: (1) loss of feedwater flow, 
(2) loss of primary cooling, (3) slow primary coolant depressurization,
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(4) DBDA, (5) single rod withdrawal, and (6) single loop trip without 
rod setback. These can be controlled without plant damage by the
following reactor trip parameters:

1 . Primary coolant pressure.
2. Main stream pressure.
3. Feedwater flow.
4. Neutronic power to helium flow ratio (P/F ratio).
5. Helium circulator speed.
6. Neutron flux level.
7. Reactor period.
8. Containment pressure.

To speed up the response of the plant protection system and provide 
diversity of trip functions (particularly in the cases of loss of primary 
cooling and DBDA, which require reactor trip at 3.2 and 7.2 s after onset 
of accident, respectively), additional trip parameters are being 
considered:

1. Primary coolant volumetric flow.
2. Time rate of decrease of helium flow.
3. Time rate of decrease of circulator speed.
4. Loss of circulator drive power.

The effect of instrument accuracy and response time at the trip 
set points and on plant safety and availability was examined and is 
illustrated in Figs. 10-25 and 10-26. This was accomplished by using 
the basic requirements of IEEE Standard 603 and the NRG Regulatory 
Guide 1.105.

REFERENCES

10-1. "Gas Cooled Fast Breeder Reactor Progress Report for the Period
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Atomic Company, August 1978.
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TECHNICAL SPECIFICATION LIMIT ON SAFE OPERATION
(CORRELATES WITH TRIP PARAMETER VALUE)

MAXIMUM TRIP SET POINT VALUE

C +B

NOMINAL TRIP SET POINT VALUE

MINIMUM TRIP SET POINT VALUE

PLANT SAFETY MARGIN TO 
ALLOW FOR CALCULATIONAL ERRORS, 
EQUIPMENT DEGRADATION, ETC.

ALLOWANCE FOR "DAMAGE"
.+ PARAMETER OVERSHOOT 

DUE TO INSTRUMENT CHANNEL,
ROD RELEASE AND TRAVEL DELAYS

MARGIN OF INSTRUMENT CHANNEL 
ERROR, INCLUDING 
ENVIRONMENTAL EFFECTS, 
TEMPERATURE, AND PRESSURE 
CALIBRATION ERRORS,TRIP ERROR, AND 
INSTRUMENT CHANNEL DRIFT BETWEEN 
CALIBRATIONS

PLANT AVAILABILITY 
MARGIN

TRIP PARAMETER VALUE AT 100% POWER
NORMAL PLANT CONTROL 
TRANSIENTS

*E.G„ DAMAGE PARAMETER = FUEL CLADDING TEMPERATURE 
TRIP PARAMETER = POWER-TO-FLOW RATIO

SAFETY CRITERION:
|A| + B < c

AVAILABILITY CRITERION: 
| A | + D < E

Fig. 10-25 Trip on increase of trip parameter
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TRIP PARAMETER VALUE AT 100% POWER

TRIP PARAMETER VALUE AT 25% POWER NORMAL PLANT 
CONTROL TRANSIENTS

NORMAL MANUAL 
CONTROL TRANSIENTS

TRIP PARAMETER VALUE AT BYPASS PLANT AVAILABILITY 
MARGIN IN POWER 
RANGEPLANT AVAILABILITY 

MARGIN DURING 
START-UPMAXIMUM-TRIP SET POINT

MARGIN OF INSTRUMENT
CHANNEL ERROR
(SEE FIG. 10-25 FOR DETAILS)

NOMINAL TRIPSET POINT

ALLOWANCE FOR "DAMAGE"* 
PARAMETER UNDERSHOOT 
DUE TO INSTRUMENT CHANNEL, 
ROD RELEASE, AND TRAVEL 
DELAYSMINIMUM TRIPSET POINT

PLANT SAFETY MARGIN

TECHNICAL SPECIFICATION LIMIT ON SAFE OPERATION
(CORRELATES INVERSELY WITH TRIP PARAMETER)

TRIP PARAMETER VALUE = 0

SAFETY CRITERIA:
*E.G., DAMAGE PARAMETER = FUEL CLADDING TEMPERATURE |A | +1 B j < H (IF NOT. TRIP WILL NOT OCCUR)

TRIP PARAMETER = FEEDWATER FLOW iAl + |Bl < C

PLANT AVAILABILITY CRITERIA:
ID 1 < E 
!FKG

Fig. 10-26 Trip on decrease of trip parameter
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11. CIRCULATOR TEST FACILITY (189a No. 00586)

The objective of this task is to develop a facility for the develop­
ment and qualification testing of the GCFR main helium circulator. The 
scope of this task involves (1) evaluation of alternative test facility 
concepts in terms of technical feasibility and cost; (2) identification 
of the most promising test facility concept; (3) determination of an 
architect/engineer conceptual design; and (4) final design, construction, 
and checkout of the facility.

During the last quarter, a conceptual design report was prepared 
(Ref. 11-1) which described the features and costs of a GCFR circulator 
test facility.

The facility design is based on a site in Sorrento Valley, which 
adjoins GA. The facility (Fig. 11-1) is on an 85 x 146 m plot of 
land and consists of a 32 x 36 m building, a switchyard, a transformer 
station, an air-cooled heat exchanger, a gas storage area, and required 
driveways and parking areas.

The facility building contains a helium test loop and its associated 
support systems. The test loop (Fig. 11-2) is contained within a heavy- 
walled pressure vessel which is internally partitioned to form a continuous 
helium flow path. The circulator and its drive motor are mounted at the 
top of the vessel. A diffuser assembly mounted in the upper head of the 
vessel expands the circulator discharge into the flow circuit and six 
flow restrictor valves are used to simulate the development plant primary 
cooling circuit flow resistance. A helium/Dowtherm G heat exchanger, 
arranged around the inner wall of the vessel, removes the heat generated 
by compression of the helium.
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Fig. 11-1. GCFR helium circulator test facility



PONY MOTOR 
CONTROLLER PONY MOTOR

MAIN MOTOR

TEST VESSEL

HELIUM 
CIRCULATOR 
AND DIFFUSER

ELECTRICALLY 
DRIVEN VALVE 
ACTUATOR

FACILITY
SUBSTATION

ISOLATION
VALVE

PNEUMATICALLY 
ACTUATED FLOW 
RESTRICTOR 
VALVES

HELIUM
COOLER

UTILITY
POWER
LINES AIR/DOWTHERMG 

HEAT EXCHANGER

Fig 11-2 Schematic diagram of GCFR helium circulator test facility



The circulator drive consists of a main motor and a pony motor. The 
main motor is a 24,000-hp brushless exciter, synchronous machine rated 
for full-power operation at 3600 rpm. The pony motor, which is coupled 
to the top end of the main motor shaft, is a three-phase induction motor 
rated at 300 hp and designed for operation over a speed range of 150 to 
1800 rpm. An overrunning clutch is built into the pony motor to prevent 
rotation when the main motor is operating. The main motor controller is 
a large solid-state thyristor device which converts 60-Hz alternating 
current to direct current and then reconverts it to variable-frequency 
alternating current to power and control the circulator motor. Electrical 
power for the pony motor is supplied by a separate controller.

The facility building is a steel-framed structure with insulated metal 
siding and roofing. It has a high central main bay flanked by two-story 
sections. A test pit is located at one end of the central bay to house 
the test vessel, and a motor disassembly pit is located adjacent to the 
test pit. Storage space for a motor and a radial compressor assembly is 
also included in the central bay area. A 90,710-kg overhead crane runs the 
full length of the central bay. The remainder of the ground floor is 
occupied by (1) a high-ceiling, controlled-environment room for disassembly 
and maintenance work; (2) a mechanical equipment room which houses an air 
compressor; (3) heating, ventilation and air conditioning (HVAC) and water 
treatment equipment; (4) a control room and an office; (5) a forklift 
truck room; (6) a small machine shop; and (7) a storage room and locker 
and toilet facilities. The second floor is occupied by an electrical 
equipment room which contains switchgear, motor control centers and panel 
boards, a battery room, and a room with main and pony motor controllers.

The facility described in Ref. 11-1 was produced on a schedule which 
did not permit a full cost optimization. Consequently, efforts are cur­
rently being directed toward updating the design, which will improve the 
cost effectiveness of the facility. A statement of work describing the 
work to be done has been prepared and sent to Ralph M. Parsons Company
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for a cost estimate, and Parsons has been requested to do the following:

1. Update the facility design to reflect the latest circulator, 
electric motor, service system, and motor controller requirements.

2. Investigate areas of potential cost reduction and evaluate 
their merit.

3. Produce an updated design report describing the changes and 
associated costs.

These activities are scheduled for completion by late December.

REFERENCE

11-1. "Gas-Cooled Fast Breeder Reactor - Conceptual Design for a Helium 
Circulator Test Facility," DOE Report GA-A14999, General Atomic 
Company, June 1978.
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12. PLANT DYNAMICS (189a No. 00586)

12.1. CONTROL SYSTEMS

To provide a basis for analyzing plant/control system interaction, an 
on-load control system is being developed for the three-loop demonstration 
plant. This plant, incorporating the electric-motor-driven helium circula­
tors , and the location of the measured quantities used for control are 
schematically shown in Fig. 12-1. The structure of the control system is 
shown in Fig. 12-2. At present, the steam reheat, low-pressure turbine, 
electrical generator, and condensate control functions are not being con­
sidered. The obj ectives of this control system are (1) to maintain set 
point values of main steam temperature and pressure in the main steam 
header upstream of the high-pressure turbine throttle valves, (2) to 
regulate reactor power relative to main turbine load, and (3) to balance 
the plant load between the three steam generators. The system satisfies 
these obj ectives by (1) using the reactor control rods to control reactor 
power and main steam temperature, (2) adjusting the boiler feed pump tur­
bine valve area to control feedwater flow and main steam pressure, and 
(3) varying the speed of the helium circulator motors to maintain helium 
flow proportional to feedwater flow and to balance the thermal load of 
the three steam generators.

12.1.1. Main Steam Temperature and Neutron Flux Control

The inlet temperature to the high-pressure turbine is controlled 
throughout the normal load range by adjusting reactor power. This is 
accomplished by measuring the steam temperature at the turbine inlet, 
conditioning the signal, and generating a neutron flux demand signal 
which, when added to a flux signal derived from turbine first-stage pres­
sure, forms the flux controller demand. The flux controller then adjusts 
the position of the control rods to vary reactor power. The flux demand
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is limited to prevent excessive flux excursions, and the output of the 
temperature controller is limited so that the neutron flux demand cannot 
substantially vary from the value commanded by the flux signal. These 
features are desirable to prevent large excursions in reactor power in 
the event of a controller or sensor failure.

12.1.2. Main Steam Pressure and Feedwater Flow Control

The pressure of the steam at the inlet of the high-pressure turbine 
stop valves is controlled throughout the normal load range by manipulating 
feedwater flow. A total feedwater flow demand is generated from a turbine 
load signal and the main steam pressure controller output. During load 
changes, the steam mass flow rate (equivalent to load) is varied using the 
turbine throttle valves, To maintain a constant main steam pressure at 
the inlet of the throttle valves, a steam/feedwater mass flow rate balance 
must be preserved. Thus, for a change in load or other secondary dis­
turbance, the load signal (as measured by the turbine first-stage pressure) 
adjusts the feedwater flow rate in anticipation of a change in main steam 
pressure. The pressure controller then "fine tunes" the main steam pressure 
to its set point value. The feedwater flow controller compares the feed- 
water flow command with measured feedwater flow and maintains the flow at 
its demanded value. The compensated feedwater flow signal controls the 
position of the feed pump turbine valve, which in turn varies the speed 
in each steam-driven feed pump to produce the required feedwater flow.

12.1.3. Steam Generator Module Outlet Temperature and Helium Circulator 
Speed Control

The circulator speed demand signal contains two components. One is 
a functional relationship designed to maintain helium flow through each 
steam generator in a fixed proportion to the feedwater flow through that 
steam generator for the normal plant load range. The other is based on 
a set point computed to be the average of the three measured steam generator 
outlet steam temperatures. This average temperature is compared with the 
actual outlet temperature in a particular loop to obtain the temperature
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error signal for that particular loop. In effect, this temperature error 
signal acts as a trim function on the helium flow to maintain the steam 
temperature at the outlet of each steam generator module near the average 
outlet temperature for the three modules.

Circulator speed is regulated by a closed-loop motor speed controller. 
Both the amplitude and frequency of the voltage applied to the motor are 
varied to control motor speed. Mechanization of this controller is 
strongly dependent on the characteristics of the particular motor designed 
for this application. At present, the motor is assumed to have an ideal 
speed controller.

12.2. SEISMIC ENGINEERING

A detailed seismic model comprising the reactor confinement, reactor 
containment building, PCRV, core, core support, and various equipment has 
been generated, and the seismic analysis of this model is in progress.

12.3. FLOW-INDUCED AND ACOUSTICALLY INDUCED VIBRATIONS

There was no activity on this subtask during this quarter.

12-5





13. REACTOR SAFETY, ENVIRONMENT, AND RISK ANALYSIS 
(189a No. 00589)

The purpose of this task is to investigate and quantify GCFR safety 
characteristics. A liaison and coordination subtask integrates the DOE- 
sponsored GCFR safety work at GA and the national laboratories into a 
national GCFR safety program which is responsive to the need for GCFR 
safety research. A GCFR safety program plan is being developed to define 
the safety research and schedule needed for a 300-MW(e) plant. Safety 
research at GA includes probabilistic accident analysis, core accident 
consequence analysis, postaccident fuel containment (PAFC) analyses, and 
radiological/environmental analyses. During this quarter the relative 
safety of the up-flow and down-flow GCFR concepts was assessed.

13.1. REACTOR SAFETY PROGRAM COORDINATION

13.1.1. Safety Evaluation of Up-Flow Core

The safety characteristics of the up-flow core are determined to a 
large degree by both the opposite direction of the core coolant flow and 
gravity and the support of the core from below. Since the heat sink is 
located at a higher elevation than the core, cold helium with a relatively 
high density flows in the direction of gravity, inducing the potential 
for natural coolant circulation as a backup heat removal mechanism and 
increasing core cooling reliability after shutdown. In the event of a 
core disruptive accident (CDA), however, debris generated in the core and 
ejected from the fuel assembly by the coolant stream would be returned by 
gravity to the core and deposited on the core against any residual helium 
flow. The massive lower core support structure would aid in accumulating 
the debris. This mechanism may lead to a potential for radial core damage 
propagration and recriticality. Another aspect of a bottom-supported core 
is related to PAFC in a reactor vessel designed without bottom penetrations.
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The safety characteristics of a GCFR with a bottom-supported core 
and upward coolant flow direction are discussed below. An important 
aspect when comparing the up-flow versus down-flow core is the experience 
gained from established reactors. This is especially true for safety- 
related questions. Thermal reactors [advanced gas-cooled reactor (AGR), 
boiling water reactor (BWR), and pressurized water reactor (PWR)] and 
fast reactors have an impressive record of safe operation for bottom- 
supported fuel assemblies with up-flow cooling. Although experience under 
different conditions and in different reactor types cannot be directly 
applied to the GCFR, it should be taken into account in a comparative 
evaluation.

For the safety assessment, it was assumed that the up-flow configura­
tion has a standing core located at the bottom of the core cavity and the 
reactor is refueled from the top of the core.

13.1.2. General Safety Assessment

During normal operation, gravity-induced cooling effects have no 
influence on the performance of the reactor. At very low flow rates 
(below the operational envelope), substantial redistribution of the 
coolant flow in a down-flow core may result in partial flow reversal and 
instabilities. Cladding temperatures could exceed safety limits under 
these conditions. A comparable effect does not exist in the up-flow 
core. However, flow instabilities in the down-flow core occur only at a 
very low flow rate, such that cladding melting is predicted prior to the 
onset of flow instabilities.

The reactivity feedback of fuel assembly bowing at power is negative 
in top-supported, cantilevered core without bottom or lateral restraint. A 
lateral core restraint results in a complex pattern of interaction between 
the core assemblies with reactivity effects that are more difficult to 
predict. Clamping planes are selected such that negative reactivity effects 
result from increases in core temperatures.
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With respect to seismic excitation, the high natural frequency of a 
laterally restrained core offers the advantage of a low sensitivity to 
motion induced by earthquakes. The absence of a shear plane between the 
core and the control rods in the down-flow core improves the reliability 
of shutdown during an earthquake with strong lateral acceleration 
components.

The consequences of a depressurization accident depend only moderately 
on the coolant flow direction in the core. In the event of a leak in the 
central cavity, helium at core outlet temperature is discharged into 
the containment building. This results in a smaller depressurization 
rate, a higher containment atmosphere temperature after blowdown, 
initially a higher coolant back pressure, and lower cladding temperatures 
during depressurization. Since the maximum cladding temperatures in the 
core are reached after the end of blowdown, the influence of the location 
of the leak on the severity of the accident is not expected to be very 
strong. If a mechanical fuel assembly hold-down is provided, the pressure 
difference across the reactor core induced by the depressurization cannot 
cause assemblies to move or jeopardize the integrity of the core.

During refueling, the impact of an accidentally dropped fuel assembly 
would cause damage to other assemblies in a bottom-supported up-flow core. 
However, cooling of the lost assembly would be better if the assembly came 
to rest on top of the up-flow core rather than on the bottom of the PCRV 
as in the down-flow version.

13.2. PROBABILISTIC SAFETY ANALYSIS: RELIABILITY EVALUATION OF RESIDUAL 
HEAT REMOVAL BY NATURAL CIRCULATION

The incremental reliability advantage of residual heat removal (RHR) 
by natural circulation is an important parameter in comparing up-flow and 
down-flow designs. A meaningful estimate of the improvement in RHR relia­
bility due to natural circulation requires a reliability analysis of the 
dominant event sequences that lead to a demand for RHR by natural convection 
systems. These reliability estimates must be related to a broad spectrum
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of plant conditions to determine the net RHR reliability improvement 
for natural circulation. Event sequences leading to a demand for natural 
circulation to prevent core meltdown can be grouped into three categories 
as follows:

1. Failure of RHR support systems needed for forced circulation 
RHR but not needed for natural circulation RHR (i.e., circulator 
support systems, etc.).

2. Loss of all electrical power for circulating helium, water, 
and air (i.e., loss of off-site power, turbine generator 
power, emergency diesel power, and 2-h battery power).

3. Common mode failure of all components for circulating helium, 
water, or air in both the main loop and the core auxiliary 
cooling system (CACS) loops.

The limited analysis performed to date indicates that a significant 
improvement in long-term main loop RHR reliability owing to a natural 
circulation capability can only be accomplished if the main loop RHR 
systems are made to be fully naturally circulating between the core and 
the ultimate heat sink with only structural components shared. Natural 
circulation on the helium side alone will not significantly enhance 
reliability. In the context of the current main loop RHR design, this 
would require natural circulation of the primary, secondary, and tertiary 
heat removal systems with all actions required to establish circulation 
accomplished with stored energy such as batteries or accumulators. The 
major limitation of a main loop natural circulation RHR concept for a 
pressurized PCRV Is the unavailability of the steam generator.

A natural circulation capability on only the helium side can improve 
short-term main loop RHR reliability by extending the inherently reliable 
main loop RHR time from main circulator coast-down time to steam generator 
depletion time. By providing a reliable water supply which depends only
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on stored energy (tank with battery-powered shutdown feed pump or stored 
gas tank pressurizer), the inherently reliable main loop RHR function can 
be extended to several hours if steam release to the atmosphere is the 
ultimate heat sink.

13.3. CORE ACCIDENT ANALYSIS

13.3.1. Core Disruptive Accident Consequences for Up-Flow Versus 
Down-Flow Concepts

The comparison of the up-flow and down-flow core designs with respect 
to core disruptive accident (CDA) consequences includes an assessment of 
expected accident consequences as well as an assessment of the potential 
for consequence mitigation by core design features selected to enhance 
early accident termination. Accordingly, the CDA assessment includes 
the following elements:

1. By quantitative and qualitative assessment, determination of 
a range of fuel vapor fractions and energy releases for the 
up-flow and down-flow configurations with no consideration of 
accident mitigation features.

2. Determination of the feasibility of employing recriticality­
averting [protective loss of flow (PLOF) accident] features 
for both configurations.

3. Assessment of the differences in damage propagation potential 
and likelihood of complete assembly flow blockage.

This strategy recognizes that accident consequences can be significantly 
reduced by early draining of molten fuel and steel from the core.

Consequences will be assessed in terms of fuel vaporization and 
energy release. This assessment will consider the following four event
classes that lead to CDA conditions:

1. PLOF.
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2. Loss of flow (LOF).

3. Transient overpower (TOP).

4. Complete flow blockages in a single assembly.

The CDA assessment program is shown in Fig. 13-1.

13.3.2. Protective Loss of Flow Accident Analysis

A PLOF is an accident initiated by a loss of all forced circulation 
in the GCFR either while the reactor is shut down or concurrent with 
reactor shutdown. Figure 13-2 summarizes the expected sequence of events 
and the key uncertainties which limit a complete understanding of the 
accident sequence and consequences and highlights the differences and 
similarities between the up-flow and down-flow concepts.

Following loss of power to the main helium circulators, they coast 
down under their own inertia. The CACS is presumed to be inoperative,
but shutdown has occurred, so that power generation is due to decay heat.
The times at which various phenomena occur are given their relative 
values only; they are estimates based on a 40-s coast-down from full to 
laminar flow and then an instantaneous flow reduction to zero. Approxi­
mately 2 min after the initiating event, the cladding begins to melt. In 
a down-flow core, any residual flow would aid gravity in the flow of a 
molten cladding film downward toward the lower axial blanket. Possible 
natural convection flow in an up-flow concept would not generate enough 
drag forces to overcome the downward pull of gravity. The cladding 
would ultimately reach the lower axial blanket where it would freeze.
The amount of cladding which would melt in the core over a period of
3 to 4 min would be sufficient to block all coolant channels in the core
except, perhaps, the channels bounded by duct walls.
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Following decladding of the core, fuel columns would be left standing, 
at least temporarily. While they stood, the direct radiative heat transfer 
to the duct walls would cause the duct walls to melt. In the absence of 
any flow, the hottest duct wall would begin to melt within 4 min. The 
axial and azimuthal progression of the melt front in the duct walls 
would provide sufficient molten steel to block the remaining open channels 
in the lower axial blanket. An important difference between a top- 
mounted core (down-flow) and a bottom-supported core (up-flow) may be in 
the possibility of providing drainage paths for molten steel (and later 
molten fuel) to prevent blockage. The top-mounted core may more readily 
provide such drainage paths than the bottom-supported core because of the 
lack of a large lower core support structure.

Following decladding of the core rods, some of the fuel columns 
would be subjected to large temperature gradients across their diameters. 
The resultant thermal bowing and the interaction with the end supports, 
duct wall, and other rods might cause the fuel columns to break and/or 
crumble. Thus, there is a possibility of early recriticality. This is 
a current uncertainty in determining the sequence of events. The 
remaining description assumes that early recriticality would not occur 
and that the lower axial blanket channels would become completely blocked 
by solidified cladding.

Molten steel from the melting duct walls would fill the lower axial 
blanket coolant channels and backfill the void spaces in the core. Back­
filling would continue until the molten steel level reached the elevation 
of the duct wall hole. Thereupon the molten steel would spill into the 
interduct spacing, flow down the outer duct wall face, and refreeze below 
the core level. Ample molten steel Inventory would be available to com­
pletely block the flow paths between ducts at a level below the core 
bottom. If the blockages occurred, they might bond one subassembly to 
another such that, in the extreme, the entire down-flow core might become 
suspended by the outer cylinder of the duct walls adjacent to the radial 
blanket. However, whole-core suspension is not a foregone conclusion in
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a down-flow core. Blockages may be prevented by design features that 
enhance molten steel drainage. Even without such design, asymmetric 
heat-up may allow groups of subassemblies to fall to the PCRV cavity 
floor. The core support structure in the up-flow concept would prevent 
subassembly relocation and make design provisions for steel drainage 
more difficult to achieve.

At about 6 min into the accident, well after the bulk of steel 
relocation and freezing, fuel would begin to melt and slump. The GCFR 
up-flow concept would allow collection of the slumped fuel upon steel 
blockages or solidifying of molten fuel-induced channel blockages some­
where between the core bottom and the core support plate. In the absence 
of design provisions which prevent blockages, fuel slumping, compaction, 
and loss of control poison due to dissociation by thermal attack will 
lead to a recriticality. In a standing core, drainage will be difficult 
to achieve, and similar to the LOF accident in an LMFBR, a "boiled-up" 
core scenario with repeated energy release events may be envisioned.
In the extreme, the down-flow core may also produce this scenario.
However, design provisions which ensure open flow paths for molten fuel 
and steel drainage are relatively easy to attain with minimal performance 
penalties. Recriticality may, therefore, be completely averted with a 
down-flow core concept.

In the absence of design provisions for fuel drainage, the down-flow 
core would be subject to another recriticality sequence. The whole core 
could become suspended by the interaction of steel blockages such that 
the support would be provided by a cylinder created by the duct walls 
adjacent to the radial blanket. These duct walls would eventually reach a 
temperature at which they could no longer support the total core weight. 
This could occur as soon as 8 to 9 min after accident initiation. The 
core could then fall away from the control rods, through the space between 
the core and PCRV floor, and impact upon the PCRV floor. This hypothetical 
situation could conceivably cause a fuel compaction such that large amounts 
of fuel vapor and thermal energy would be generated.

13-12



Based on the current status of the evaluation, the up-flow core 
concept is expected to lead inevitably to fuel-slumping-induced recriticality 
and a "boiled-up" core with substantial fuel vapor generation. This would 
occur as a result of a PLOF in the absence of features specifically designed 
to eliminate this situation. This may also be true for the down-flow 
concept. However, a first recriticality burst of sufficient magnitude may 
open flow paths by dynamic failure of the blockages, and dynamic failure 
of duct walls may occur from the first burst. The down-flow core also 
has the potential for fallaway of the whole core or portions of the core.
It is expected that specific provisions for molten steel and fuel drainage 
will be easier to design for the down-flow concept without substantial 
performance and/or cost penalties. If successful, these provisions would 
eliminate recriticality, leading directly to PAFC conditions with little 
or no vapor generation.

13.3.3. Loss of Flow Analysis

A loss of flow accident is a circumstance in which concurrent fail­
ures are postulated in the primary coolant circulation and reactor shut­
down systems. Loss of heat removal from the core may arise from faults 
in either the helium circulation equipment or the feedwater system.
Figure 13-3 summarizes the expected sequence of events and key uncer­
tainties which prevent an adequate quantification of the accident con­
sequences. Figure 13-3 also highlights the differences and similarities 
between the up-flow and down-flow concepts.

Loss of flow accidents starting from full power would proceed to 
cladding melting but not duct melting prior to fuel melting. The cladding 
would relocate downward in a down-flow core, generating a positive feed­
back of less than $5/s, and would cause an order of magnitude or more 
increase in power; however, it would not induce a prompt-critical burst. 
The rate of cladding relocation might be influenced by residual flow 
during a depressurization or by circulator coast-down. The up-flow core 
would provide a retardation of the rate of downward cladding relocation 
owing to circulator coast-down, and residual flow in the down-flow core
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would enhance the downward flow of molten steel. Fuel melting follows 
cladding melting closely in time, and cladding refreezing in the lower 
axial blanket is not expected. In high-power subassemblies fuel vapori­
zation would rapidly drive molten fuel up and down the flow channels.
A temporarily subcritical state is expected because of this early fuel 
dispersal. The combination of intermixed molten fuel and steel ejected 
through the axial blanket section would cause the fuel/steel mixture to 
solidify and block lower axial blanket coolant channels.

On the other hand, low-power subassemblies might have a combination 
of melting rates and temperatures which would prohibit steel blockages 
from forming in the lower axial blanket and would allow molten fuel to 
drain through the subassembly. If a sufficient number of such subassem­
blies prevailed, the core could be rendered permanently subcritical. A 
distinction between the up-flow and down-flow core is that in the up-flow 
core, any draining fuel must drain through the cold inlet blanket and 
the lower core support structure to ensure permanent subcriticality.
Another difference is in the potential for accident mitigation in the 
down-flow core by duct wall failure due to melting or by dynamic duct wall 
failure leading to either drainage through the interassembly spacing or 
fallaway of a subassembly. In high-power subassemblies, refreezing on 
the duct wall of the very rapidly moving fuel/steel mixture could impart 
sufficient momentum to fail the duct wall. More likely, however, is 
melt-through of the duct wall by contact with molten fuel after blockage 
and subsequent drainage through the interassembly spacing. Because of 
the massive, cold, lower core support structure in the up-flow concept, 
neither mechanism is potentially accident-mitigating.

In the event of fuel/steel blockages in the high-power subassemblies 
and insufficient or delayed drainage from low-power subassemblies, a 
prompt critical burst and boiled-up core sequence could be expected when 
the molten fuel which was driven upward returns. In the up-flow core, 
the only accident termination mechanism from this scenario is dispersal 
or ejection of sufficient fuel to allow the remaining molten fuel to be 
subcritical. This could lead to large fuel vapor fractions. The down-flow
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core may terminate the accident, by melting through blockages in the 
lower axial blanket or by duct wall melting and drainage. The ultimate 
consequences of an LOP (e.g., fraction of fuel vaporized) appear to hinge 
on the ability to remove fuel from the core. It is currently believed 
that more timely fuel removal methods would be available for a down-flow 
concept during an LOF accident than for an up-flow concept.

13.3.4. Transient Overpower Analysis

A TOP accident is one in which there is power-to-flow mismatch at 
full-power operation occurs because of a postulated reactivity insertion 
rate with concurrent failure of the plant protection system. Figure 13-4 
summarizes the expected sequence of events and the key uncertainties which 
prevent an adequate understanding of the accident sequence and consequences.

It is customary to characterize TOP in terms of input reactivity 
ramp rates, although Doppler and fuel expansion feedbacks limit total 
feedback. The input ramp rate determines the rate at which reactor 
power rises, which in turn determines many of the characteristics of the 
accident. Values which have been considered for the GCFR range from 
$0.10/s to $10/s. Regardless of input ramp rate, calculated TOP is 
characterized by a rise in power with an assumed constant coolant flow.
For slow ramps, quasi-steady-state thermal conditions would be obtained, 
and for fast ramps, the fuel would essentially be adiabatically heated.
In either case, the cladding would be subjected to temperature and loading 
transients that would eventually lead to failure. Potential loading 
mechanisms include differential thermal expansion of fuel and cladding, 
loading of cladding by released fission gas or dissolved helium gas, and 
fuel swelling due to gases entrapped within the fuel. In addition, 
failure of cladding due to melt-through is a possibility at very low ramp 
rates. At failure, the fuel rod would usually contain some molten fuel 
at a high pressure compared with the coolant pressure. When cladding 
failure occurred, this pressurized molten fuel would be ejected through 
the breach into the coolant channel, and it would then interact hydro- 
dynamically and thermally with the coolant. The nature of this interaction
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would determine the degree of fuel fragmentation and, to some extent, the 
subsequent motion. Hydrodynamic and thermal interaction between the 
coolant, fuel, and channel boundaries would determine the extent to which 
fuel could undergo sweep-out leading to its removal from the reactor core.

Since full coolant flow is maintained, core damage could be limited 
if neutronic shutdown were calculated to occur. Shutdown could be 
achieved if fuel removal occurred in relatively few subassemblies.
Accident termination would occur when the core configuration was sub­
critical and coolable. Assurance of this mode of accident termination 
depends on the occurrence of several sequential events, all of which are 
currently expected on the basis of analysis. First, the time and location 
of failure would have to be such that initial fuel motion would produce 
shutdown rather than reactivity addition. This means that failure would 
have to occur in the downstream half of the core after substantial molten 
fuel generation so that fuel motion would occur promptly upon failure 
and be away from the core midplane. Second, the fuel fragmentation and 
sweep-out process would have to be effective so that fuel would be removed 
from the failure site to beyond the core boundaries to maximize the 
reactivity removal rate and ensure that fuel re-entry did not occur. One 
uncertainty is the molten or solid fuel fragment size in relation to 
channel plugging at spacer grid locations. In addition, the up-flow core 
has the uncertainty of ensuring that the entire mass of fuel does not 
re-enter the core from the upper axial blanket or upper plenum if coolant 
flow blockages occur. Furthermore, both concepts should ensure that any 
channel plugging due to released fuel must be such that the ability to 
cool the damaged subassemblies can be maintained. If this cannot be 
done, general meltdown of damaged subassemblies and recriticality may 
occur.

Assessment of the energetics of an unprotected TOP accident is closely 
related to the issues surrounding the extent of core damage. If the 
phenomena leading to shutdown with limited core damage occur and the 
ability to cool damaged assemblies is maintained, the accident will be 
energetically benign. However, if the time and location of failure are
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unfavorable (near the core midplane or toward the inlet), the fuel motion 
accompanying cladding failure will produce increased reactivity and the 
potential for an energetic nuclear excursion. Furthermore, if permanent 
fuel removal from the core region is not assured, assemblage of a second 
critical configuration may result in a subsequent increase in the potential 
for core disassembly. However, it is believed that the energetics from a
TOP initiator will not exceed that from an LOF initiator. Because the
anticipated TOP event sequence for the up-flow and down-flow concepts 
is very similar, the TOP sequence is not expected to affect the choice 
of concept.

13.3.5. Single-Assembly Blockage Analysis

An incident initiated at full power and full flow by complete flow 
blockage of an individual subassembly is of interest because of the potential 
for damage propagation from one subassembly to another. It is expected that
the probability of such an occurrence would be exceedingly low for both the
up-flow and down-flow core. It is also expected that instrumentation would 
be provided to enable reactor shutdown prior to the spreading of damage to 
an adjacent subassembly. Analyses Indicate that over 90% of the sub- 
assembly inlet flow area must be blocked to cause cladding melting. 
Nevertheless, Fig. 13-5 presumes a complete flow blockage at full-power 
operation and no plant protection system function.

The sequence of events within the blocked subassembly is similar to 
that for an unprotected LOF accident in a low-power subassembly. The 
damage propagation mechanisms are blockage of flow channels because of 
cladding relocation and solidification and thermal attack by molten fuel.
If these mechanisms cause melt-through of the duct wall of unblocked 
subassemblies, the uncertainty of the events would be similar to that of 
fuel sweep-out in a TOP.

Cladding would begin to melt within a few seconds following a complete 
flow blockage of an individual subassembly. Fuel would begin to melt soon 
after, and the time delay between these two events would determine whether
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the cladding would solidify in the lower axial blanket. If fuel and clad­
ding flowed simultaneously, the most likely sequence would be fuel/cladding 
mixture drainage through the lower axial blanket and the lower subassembly 
grid. Alternatively, temporary freezing could occur on the lower sub- 
assembly grid. This grid or the duct wall would subsequently fail owing 
to continued buildup of molten fuel. The molten fuel/cladding mixture 
only has to drain through the subassembly in a down-flow core to eliminate 
the possibility of damage propagation and end the accident by means of 
negative reactivity insertion. The same argument cannot be presumed for 
the up-flow core. The molten fuel would have to either drain through the 
lower core support structure or fail to block the inlet flow orifices of 
adjacent subassemblies. Such blockage can occur because of lateral 
spreading on the support structure.

If cladding blockages form in a down-flow or up-flow core, lateral 
molten fuel spreading can contact the duct walls and cause them to fail.
If molten material could not drain through the interduct spacing (and 
through the lower support structure in an up-flow core), the adjacent duct 
walls of surrounding subassemblies may eventually melt. Since these sub- 
assemblies would have full flow, molten fuel would be expected to be swept 
out of the subassemblies in both concepts, similar to the situation after 
cladding failure during a TOP. Also similar to a TOP, it is only when 
fuel sweep-out could not effectively be attained that damage could spread 
beyond the adjacent duct walls. An up-flow core would have the additional 
potential damage propagation mechanism of lateral fuel spreading and buildup 
on the lower core support structure. This could cause eventual blockage 
of the inlet orifices of adjacent subassemblies, thereby producing multiple 
subassembly flow blockages. The effect of reactor shutdown on the flow 
blockage accident sequence will be assessed during the next quarter.

13.4. POST ACCIDENT FUEL CONTAINMENT*

During the preliminary phase of the up-flow/down-flow core design 
studies, a scoping PAFC study was completed. Some potential problems for

*For the up-flow core.
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further study were defined, initial PAFC conditions were developed based 
on different meltdown scenarios, and the major differences between the 
up-flow and down-flow designs were assessed.

13.4.1. Initial PAFC Conditions

Three distinct initial PAFC conditions may develop:

1. If only molten fuel and molten stainless steel from the core and 
axial blankets drain through the grid plate, only a small pool of 
fuel and stainless steel is formed above the cavity floor.

2. If the radial blanket also melts and drains through the grid 
plate, a larger pool will form above the cavity floor but it will 
develop at a slower rate.

3. If the core support grid plate fails during the accident sequence 
owing to exposure to high-temperature fuel, a large molten pool 
containing the core, blankets, shielding assemblies, and the grid 
plate might develop.

Detailed analyses are planned to predict the conditions most likely to 
occur. For conditions 1 and 2, the grid plate with the core barrel and 
shielding assemblies may still melt down because of thermal radiation from 
the debris pool formed above the cavity floor.

13.4.2. Retention Volume Required

If a core retention device is designed according to the most conser­
vative meltdown condition (i.e., full-core meltdown including the grid

3plate and shielding assemblies), a total mass of more than 30 m (three
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times the amount of core debris for the down-flow core) must be contained. 
A 2.5-m thickness of core debris may be accumulated above the cavity 
floor, and thus a big space must be provided for this debris mass.

13.4.3. Upward Heat Removal

A 0.6-m layer of graphite from the 2.5-m-thick core debris resulting 
from a full core meltdown is formed above the debris pool. Therefore, 
upward heat removal is likely to be insignificant and will be insensitive 
to helium convection (forced or natural). The heat capacity of the reactor 
internal structures may be able to absorb all the upward-flowing heat.

For the partial core meltdown case (with shielding assemblies and grid 
plate remaining), the graphite layer is less than 0.1 m. Therefore, a 
significant amount of decay heat can still be removed through the solid 
graphite layer. If helium convection cannot be restored with a proper 
time limit, the grid plate will melt and the inventory of a full-core melt­
down is obtained. Whether this is an expected event sequence needs to be 
studied further.

13.4.4. Potential Reduction of Retention Volume

If upward heat removal does not depend on helium convection, blockage 
of the helium flow path may be permitted and core retention volume can be 
greatly reduced with a minimum dropping distance for core debris.

13.4.5. Stored Heat Effect and the Possibility of Fuel Boiling

With a full core meltdown, the increased core debris (stainless steel 
and graphite) would certainly enhance the stored heat effect, i.e., the 
grace period without emergency cooling would be extended. However, with a 
total debris thickness of 2.5 m, the fuel region at the bottom of the core 
debris would reach a very high temperature, i.e., above the melting point. 
Compared with a partial or full core meltdown in a down-flow core, there 
are greater possibilities for fuel boiling.
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13.4.6. Steel Bath Core Retention Concept

With a full core meltdown, the volume of steel is three times that 
of the fuel and blanket. Therefore, if a molten fuel pool has not yet 
formed at the bottom of the debris, there is a greater chance that a pool 
of stainless steel may be formed first. The fuel and blanket could be 
in the form of solid pieces submerged in the steel bath. As a result, 
fuel boiling could be suppressed.

13.4.7. Emphasis in PAFC System Design

During normal operation, the gamma heating rate in the lower shield 
of the up-flow core is about one-tenth of that in the down-flow core.
The requirement for the lower shield is thus very much relaxed. Further- 
more, in the lower plenum region, the low helium inlet temperature reduces 
the requirement for the thermal barrier in the lower cavity region. 
Therefore, in the core catcher design (as well as the lower shield design), 
more consideration can be given to PAFC conditions instead of normal 
operating conditions.

13.4.8. Downward Heat Removal and Refueling Penetration

Top refueling, a natural choice for the up-flow core, seems to be 
the most promising factor for PAFC. Since penetration of molten fuel 
through the refueling port is always a problem with the bottom penetration 
design, top refueling would tend to make downward heat removal and core 
catcher design simpler.

13.4.9. Planned PAFC Analysis

Several PAFC analyses have been planned for the up-flow core design:

1. A one-dimensional up/down heat split analysis to examine the 
downward melting progression and estimate the required amount
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of upward heat removal. A condition without cooling will also 
be considered to determine the effect of stored heat.

2. Two-dimensional upward heat removal analysis to ascertain 
whether the grid plate with the core barrel will melt down owing 
to thermal radiation from the debris pool surface after a partial 
core meltdown.

3. An assessment of core retention concepts to determine suitable 
schemes for up-flow core configurations.

13.5. ENGINEERING RELIABILITY INTEGRATION

There was no activity on this subtask during this quarter.

13.6. GAS-COOLED REACTOR RELIABILITY BANK

There was no activity on this subtask during this quarter.
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14. GCFR SAFETY TEST PROGRAM (189a No. 00588)

Two large-scale experimental test programs are being established to 
support the development and verification of GCFR accident analysis 
methods. The GRIST-2 facility is an in-pile transient helium test 
facility to be installed in the TREAT Upgrade reactor for testing of 
GCFR fuel under rapid, high-power transient conditions predicted to 
occur during unprotected LOF and reactivity insertion transients (TOP).
The DMFT program is an out-of-pile test program to investigate the 
behavior of cladding and assembly duct walls during PLOF accident 
sequences. Its major objective is to characterize postmelt cladding 
and duct motion within an assembly and between assemblies.

14.1. GRIST-2 PROGRAM

Concerns have been raised over the proj ected cost of the total 
GRIST-2 test program, and more cost-effective alternatives may have to 
be considered. GRIST-2 is a test program for verifying methods of analy­
sis of beyond design basis accidents. It consists of two basic elements, 
test fuel procurement and the GRIST-2 transient test program. Since the 
test program requirements have not been defined to the point where the 
quantity of test fuel and the test fuel requirements have been fully 
established, it is not meaningful to examine options for varying these 
requirements. However, the two most fundamental options can be considered 
(1) a GRIST-2 program without a test fuel preirradiation program or (2) 
no GRIST-2 program at all.

The GRIST-2 code verification program will enable the degree of 
conservatism in the accident consequences to be justifiably minimized.
A lack of such code verification is thus likely to increase the contain­
ment requirements, and the savings associated with a reduced GRIST-2 or
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no GRIST-2 approach must be evaluated against these increased requirements. 
In addition, licensing feasibility and the prospects of public acceptance 
of a reactor system that cannot eliminate large core vaporization frac­
tions and energy releases, even though the consequences are contained, 
must also be considered.

Option 1 would eliminate the requirement for prototypical GCFR fuel 
preirradiation. All important test transient phenomena must be preserved 
for option 1 to be viable. A program has been outlined that could accom­
plish this objective. It considers simultaneous preirradiation in EBR-II 
of fuel rods under typical GCFR and LMFBR conditions as well as fabrica­
tion of fresh fuel with, out-of-pile preconditioning. All three types of 
fuel and cladding would be subjected to microscopic analysis, cladding 
pressurization tests, direct electric heating transient tests, and TREAT 
tests in stagnant helium to investigate differences in fuel behavior. The 
technical feasibility of such a program still needs to be assessed in 
detail. It is not certain that the fuel preirradiation requirement for 
GRIST-2 can indeed be waived on the basis of such a test program, and a 
2- to 3-yr delay in the GRIST-2 program could result if selection of a 
preirradiation facility and conceptual design did not proceed in parallel. 
However, a significant increase in the preconstruction permit experimental 
data base for fuel behavior would be accomplished and could have a signi­
ficant licensing payoff for a demonstration plant.

Option 2 would entirely eliminate the GRIST-2 program for the 
demonstration plant. The bounding core disruptive accidents would have 
to be accepted and adequate containment capability demonstrated in order 
for option 2 to be viable. It is likely that a GRIST-2 type program 
would be required for licensing commercial plants. Furthermore, the cost 
of a substitute program for demonstrating containment ability may be very 
high, and even if containment could be demonstrated, concern of the 
acceptability of a reactor which cannot eliminate large amounts of fuel 
aerosols still remains.
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14.2. GRIST-2 PRELIMINARY TEST PLAN FUEL FABRICATION AND PREIRRADIATION 
REQUIREMENTS

Documentation of the preliminary GRIST-2 test plan and fuel fabri­
cation and preirradiation requirements was completed (Ref. 14-1). This 
work was undertaken by GA under the old GRIST-2 program organization.
ANL has been assigned the responsibility for GRIST-2 test planning and 
will be responsible for completing the test fuel requirements for 
GRIST-2, which will constitute the basis for the fuel fabrication and 
preirradiation task for which GA has responsibility.

The test plan is designed for a 5-yr testing period prior to the 
operating license for a GCFR demonstration plant and includes 16 tests.
The major parameters varied in the tests are

Type of transient: LOF, TOP
Type of fuel: UO^, mixed oxide
Fuel preconditioning: fresh fuel, short preirradiation (1 month

nominal), long preirradiation (1 yr nominal)
Preirradiation power: high, low
LOF fuel failure state: melted, vaporized
TOP ramp rate: $0.10/s, $l/s
Bundle size: 3, 7, 19 rods

The test plan outline for the 5-yr test period is shown in Table 14-1.
A description of each test, its purpose, and a priority ranking are shown.

The proposed GRIST-2 test schedule is shown on Fig. 14-1. Because 
of tight schedule requirements, grouping of three to five tests into a 
test package is proposed whereby one test approval package (experiment 
plan, safety analysis report, request for approval in principle) and 
one test report would be prepared. This restriction would be lifted if 
the test schedule could be expanded. Based on the test plan and test 
schedule, the test fuel preirradiation schedule shown in Fig. 14-2 was
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TABLE 14-1
GRIST-2 PRELIMINARY TEST PLAN OUTLINE (FIRST 5 YEARS)

Test
Designation Type

Bundle
Size Test Fuel Condition Fuel Type

Pin
Power
Type

LOF Fuel 
Failure 
State

TOP
Ramp
Rate Priority

Phase I. Fresl Fuel Tests
GL1 LOF 7 No preconditioning UO N. A. Molten 1
GL2 LOF 7 No preconditioning uo N. A. Vapor 1
GT1 TOP 7 No preconditioning U°2 N. A. 1 $/sec 1

Phase II. Preconditioned BO L Fuel Tests
GT2 TOP 7 1 mo. preirradiation Mixed-oxide LPP 1 $/sec 2
GT3 TOP 7 1 mo. preirradiation. Mixed-oxide HPP 1 $/sec 1

restructured
GL3 LOF 7 1 mo. preirradiation Mixed-oxide LPP Molten 1
GL4 LOF 7 1 mo. preirradiation, Mixed-oxide HPP Vapor 1

restructured
Phase III. Preirradiated Fuel Tests

GL5 LOF 7 9 mo. preirradiation Mixed-oxide HPP Molten 2
GL6 LOF 7 9 mo. preirradiation Mixed-oxide HPP Vapor 1
GL7 LOF 3 15 mo. preirradiation Mixed-oxide LPP Just melting 1
GL8 LOF 7 15 mo. preirradiation Mixed-oxide LPP Molten 1
GT4 TOP 3 9 mo. preirradiation Mixed-oxide HPP Pin failure 1 $/sec 1
GTS TOP 7 9 mo. preirradiation Mixed-oxide HPP 1 $/sec 1
GT6 TOP 7 15 mo. preirradiation Mixed-oxide LPP 1 $/sec 2
GT7 TOP 7 9 mo. preirradiation Mixed-oxide HPP 10 d/sec 1
GTS TOP 7 15 mo. preirradiation Mixed-oxide LPP 10 d/sec 2

Phase IV. Sca^ ing Tests
GL9 LOF 19 No preconditioning UO N. A. Molten 2
GT9 TOP 19 No preconditioning uo^ N.A. 1 $/sec 2
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Fig. 14-1 Proposed GRIST-2 testing schedule to meet needs of tests outlined in preliminary test plan
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IRRADIATION PARAMETERS " 1 1984 | 1985 | 1986 | 1987 | 1988
PREIRRADIATED RODS

BURNUP POWER FUEL TYPE BUNDLE
SIZE

TEST
RODS

SIBLING
RODS

L0 HI (Pu,U)02 19 14 5 | (GT-3, GL-4)

L0 L0 (Pu,U)02 19 14 5 1 (GT-2, GL-3)

HI HI (Pu,U)02 19 17 2 mmi (GL-3, GL-6, GT-4)

HI L0 (Pu,U)02 27 24 3 (GL-7, GL-8, GT-6, GT-8)

HI HI (Pu,U)02 19 14 5 (GT-5, GT-7)

TOTAL IRRADIATED RODS 103 83 20

Fig. 14-2 Fuel preirradiation program to support tests outlined in preliminary GRIST-2 test plan



developed. To meet these fuel needs on a time scale compatible with the 
test plan, a break in an preirradiation bundle size of 27 rods is needed. 
If a specific GCFR preirradiation facility is required, it will be 
necessary to commence test reactor selection in FY-79 and conceptual 
design in FY-80 to meet the GRIST-2 base schedule shown in Fig. 14-3.
The new plant acceptance date has eased the schedule pressure on the 
GRIST program.

In order for GA to proceed with the test fuel task, it is neces­
sary to specify the test fuel requirements fully. Under the new GRIST-2 
program organization, ANL is responsible for test planning. The need 
date for the test fuel specification is May 1, 1979. The major test 
fuel preirradiation requirements which need to be resolved are listed 
in Table 14-2. A preliminary list of fuel requirements for each 
GRIST-2 test is shown in Table 14-3 (the specific requirements which 
have not been firmly established but which need to be set by May 1,
1979 are labelled TBD). The GRIST-2 preliminary test plan and require­
ments for fuel fabrication and preirradiation completes GA's responsi­
bilities for GRIST-2 test planning.

14.3. DUCT MELTING AND FALLAWAY TEST PROGRAM

The following were accomplished during this quarter: (1) a major
milestone in the DMFT program was passed with the completion of testing 
of the first full-length subgroup test assembly (FLS-1); (2) the DMFT 
Program Management Plan (Ref. 14-1) was prepared; and (3) fabrication 
was initiated of prototypical ducts, rods, and spacers for the first 
guarded core module test expected in late 1979.

14.3.1. FLS-1 Experiment

Seven scheduled tests using FLS-1 at LASL were completed. The 
electrical fault that aborted the fourth test (FLS 1-4) was repaired by 
replacing the lower electrode. Tests FLS 1-5 and FLS 1-6, which were 
repeats of FLS 1-1 and FLS 1-4, respectively, suggest that some changes
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CONCEPTUAL DESIGN

TITLE I DESIGN

TITLE I I & I I I DESIGN

CONSTRUCTION AND 
INSTALLATION

OPERATION

14-3. Estimated schedule for designing and constructing a preirradiation loop facility for the 
GRIST-2 program
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TABLE 14-2
PREIRRADIATION REQUIREMENTS THAT NEED FURTHER DEFINITION 
PRIOR TO INITIATING PREIRRADIATION FACILITIES SURVEY

Item

Transient Test 
Requirement Needing 

Definition or Clarification

A. Fuel enrichment Range of enrichments needed
to properly conduct LOF and 
TOP tests

B. Enrichment grading 
(matching of 
preirradiation and 
test conditions)

Need and acceptability of 
enrichment grading to main­
tain flat power profile 
across bundle during 
transient testing in 
GRIST-2. Effects on power 
transient with or without 
enrichment grading.

C. Fast vs thermal 
flux preirradia­
tions for TOP 
tests

Define need for fast flux 
irradiation for rods to be 
used in TOP accident studies

Possible Effect on 
Preirradiation Program

If TOP test rods are required to be 
preirradiated in a fast flux facility, 
it may not be possible to obtain highly 
enriched irradiated fuel because of 
excessively high heat generation rates 
produced during preirradiation.

Almost certainly, enrichment grading 
will be necessary during preirradia­
tion to achieve uniform power and 
temperature profiles across bundle.
In this event, a requirement for no 
enrichment grading in GRIST-2 would 
result in need for additional irradi­
ation to obtain sufficient rods for 
single enrichment experiment. Con­
versely, requirements for enrichment 
grading in GRIST-2 need to be con­
sistent with enrichment grading 
requirements for preirradiations.

Comments,
Possible Solutions, and/or 
Alternatives to Consider

1. If fast neutron flux irradiations are required, 
determine possibility of using prototypic 
enrichments in running GRIST-2 TOP tests.

2. Alternatives to fast flux irradiation:
a. Preirradiate only cladding material in fast 

neutron spectrum and assemble pellets into 
rods afterwards.

b. Investigate alternate means of inducing-' 
mechanical property changes to cladding 
which would simulate irradiation effects, 
i.e., extra work-hardening, heat treating 
in He atmosphere, etc.

ANL currently indicates that enrichment grading 
is prohibited because of possible distortion 
of test result interpretations due to maldistri­
bution of primary fissions in fuel having different 
enrichments. Range of permissible variations in 
enrichment needs to be determined to avoid exces­
sive uncertainty in hodoscope detection of fuel 
motion due to variations in primary fission coming 
from fuel having different enrichments.

1. Determine if alternate means are available to
simulate fast flux irradiation damage to cladding 
(see comment 2 for item A).

If fast flux preirradiations are required, 
cost of GRIST-2 preirradiation program 
could possibly double because of need for 
additional preirradiation loop facility. Investigate possibility of using FTR driver fuel 

rods for TOP tests.
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Item

Transient Test 
Requirement Needing 

Definition or Clarification

D. Helium pressure
1. Helium sorption 

effects in fuel
1a. Need for preconditioning 

fresh fuel to build in 
helium, which may be 
rapidly dissolved in 
fuel during first days 
of irradiation.

2. Prototypicality 
of internal and 
external helium 
environment

1b. Need to define proper 
helium and fission gas 
environment during both 
long- and short-term 
preirradiations.

2. Need to establish proto­
typic helium content and 
strain in cladding.

E. Fuel rod length

F. Radial and axial 
temperature pro­
files in rods 
during preirradi- 
ation

Need to define acceptable 
ranges of fuel rod lengths 
for core upper axial blanket 
and lower axial blanket 
regions.

Need to define acceptable 
limits on uniformity of 
restructuring and gas 
distribution in test fuel.

C. Burnup to fast 
fluence ratio

Define acceptable limits 
on burnup as function of 
fast neutron fluence for 
TOP rod irradiation.

TABLE 14-2 (continued)

Possible Effect on 
Preirradiation Program

Comments,
Possible Solutions, and/or
Alternatives to Consider

1a,b. Would require all fresh fuel tests 
to receive short period (M mo) 
preirradiation prior to testing in 
GRIST-2. Requirement has minor 
scheduling impact but significant 
cost impact on preirradiation rod 
procurement effort.

1 a,b. Determine possibility of saturating fuel in 
high-pressure helium to obtain desired quantity 
of dissolved gas within fuel grain structure.

1b. May require simulating PES. lb. Alternatives to be considered after requirement 
is established.

2. Require preirradiations to be run in 
high-pressure helium loop with PES.

2a. Determine possibility of soaking fuel rod in He 
before testing in GRIST-2.

b. Investigate alternate means of embrittling He 
cladding, e.g., giving cladding special fieat 
treatment.

c. Determine acceptability of preirradiation in a 
high-pressure nonhelium environment with high 
helium internal pressure.

d. Determine acceptability of preirradiating fuel 
rods in sodium-bonded capsules, i.e., tests 
having prototypic internal helium rod pressures 
but cooled externally by sodium bond.

Length of rods will influence selection 
of preirradiation reactor as well as 
design of preirradiation loop facility.

For cases where either upper axial blanket or lower 
axial blanket does not meet requirements, determine 
feasibility of reconstituting rods after preirradi­
ation to obtain proper blanket length.

Influences test reactor selection as 
well as design and location of loop 
within test reactor.

Alternatives to be considered after requirement is 
established.

Influences test reactor selection; may 
require fast flux reactor preirradia­
tion.

Investigate alternative means of inducing prototypic 
cladding damage as function of burnup (see items A 
and C).
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TABLE 14-3
LIST OF FUEL REQUIREMENTS NEEDING DEFINITION IN ORDER TO DEFINE 

THE SCOPE OF THE GRIST-2 FUEL FABRICATION AND PREIRRADIATION TASK

Test
Type

No. of Rods Type of Rods Test Fuel Rod 
Condition

Cladding
Preconditioning

Rod
Power

Preirradiation
Burnup Fast
(at. %) Fluence

Conditions
Prototypic Fuel 

Preconditioning'a^ TestsTest Sibling Composition Enrichment

LOF 33 7 uo High Fresh (b) NA NA NA NA GL1, GL2, GL9
TOP 26 4 UO2 TBD Fresh TBD NA NA NA NA GT1, GT9

TOP 7 (c) Mixed-oxide TBD Preirradiated TBD Low «1 TBD TBD GT2
TOP 7 (c) Mixed-oxide TBD Preirradiated TBD High «1 TBD TBD GT3
LOF 7 (c) Mixed-oxide TBD Preirradiated (b) Low «1 TBD TBD GL3
LOF 7 (c) Mixed-oxide TBD Preirradiated (b) High «1 TBD TBD GL4

LOF 14 (c) Mixed-oxide TBD Preirradiated (b) High 0,3 TBD TBD GL5, GL6
LOF 10 (c) Mixed-oxide TBD Preirradiated (b) Low 03 TBD TBD GL7, GL8
TOP 17 (c) Mixed-oxide TBD Preirradiated TBD High %3 TBD TBD GT4, GT5, GT7
TOP 14 (c) Mixed-oxide TBD Preirradiated TBD Low 03 TBD TBD GT6, GTS

Prototypic fuel preconditioning includes requirements on rod helium pressures, radial and axial gradients in power and temperature, 
need for PES, etc./v\v JCondition of cladding is not considered to influence fuel rod behavior during LOF accident since cladding is molten before any 
fuel motion is assumed to occur.

(c)v yNumber of sibling pins available to characterize fuel rod prior to testing will depend upon choice of preirradiation bundle 
size and grouping of rod types to be preirradiated together.



may have occurred in the test assembly. The destructive test FLS 1-7 
used a simplified power transient. The heater rods maintained their 
integrity for a period of time which was longer than predicted. The 
test was terminated with 18 failed heater rods and limited duct melting. 
The precise nature of the original FLS 1-4 electrode failure has been 
discussed along with observed post-FLS 1-4 duct bowing, the evidence 
for reversed FLS 1-7 duct bowing, radiographs of the duct internals, and 
the next steps in post-test examination. Destructive duct wall cutaway 
was accomplished, and the nature of the cladding blockage, the surprising 
elevation of the duct hole (noted previously), and the apparent early 
failure of several heater rods were considered.

14.3.2. FLS-1 Analytical Support

Pretest analysis for all the FLS-1 tests did not accurately predict 
the experimental measurements. Variations in actual execution of the 
low-pressure test require reanalysis. The predictions for the high- 
pressure tests were inadequate because important physical phenomena were 
not adequately modeled. The dominant differences are under investigation; 
however, the major inadequacy in the predictive model appears to be the 
lack of natural-convection-induced heat transport. The azimuthal asym­
metry evident in the post-test examination may be due to experimental 
anomalies not expected in the real GCFR core.

REFERENCES
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Test Plan and Fuel Fabrication and Preirradiation Requirements,"
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14-2. Moore, R. A., "Request for Review of DMFT Program Management
Plan," General Atomic Company, unpublished data, September 18, 1978.
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15. GCFR NUCLEAR ISLAND DESIGN (189a No. 00615)

The purpose of this subtask is to develop preliminary system designs 
and general arrangements of the nuclear island so that the feasibility of 
several nuclear island concepts can be evaluated and the maj or dimensions 
of the buildings established.

During this quarter, the following was accomplished:

1. The feasibility of converting the main helium circulator from a 
vertical to a horizontal position for the up-flow core concept, 
in which the circulators are located at the bottom of the PCRV, 
was investigated.

2. A study was conducted to determine the impact of the in-vessel 
and ex-vessel refueling schemes associated with the up-flow 
core on the nuclear island design. Both schemes are feasible; 
however, adoption of either results in major changes to the 
originally proposed reactor service building arrangement.

3. The proposed criteria to be used for the core cooling system 
design have been discussed, and a possible shutdown cooling 
system and rough estimates of its costs have been examined.

4. Demonstration plant containment building configurations for 
the reference (down-flow core) plant and the up-flow core 
concepts were analyzed to determine the effects of containment 
back pressure on CACS performance and drive motor horsepower 
requirements.
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5. A meeting was held with an architect-engineering firm to obtain 
its unofficial review of the current BOP design. The reactor 
building configuration (steel containment with a surrounding 
reinforced concrete confinement) was questioned, and the 
reasons for the choice of this particular design were explained, 
specifically the Nuclear Regulatory Commission (NRC) requirement 
for a postulated 1% fuel (plutonium) release to the containment. 
Construction problems associated with a concrete "haunch" and 
refueling penetration at the base of the building were also 
discussed, and it was concluded that the present steel 
containment design is practical and acceptable.
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16. ALTERNATE DESIGN STUDY 0 89a No. 00759)

The objective of this task is to develop and evaluate alternate design 
concepts for the GCFR 300-MW(e) plant NSSS configuration, components, and 
related plant facilities and equipment.

16.1. ALTERNATE RESIDUAL HEAT REMOVAL SYSTEM STUDY

The purpose of this sub task is to study and evaluate alternate RHR 
concepts with the objective of improving the RHR system of the present 
reference design or developing RHR concepts that would be applicable to 
the reference design and larger GCFR plants. Particular emphasis has been 
placed on improving the reliability and availability of the RHR system 
by providing diversity and reducing system complexity.

During this quarter the progress of the first phase of this design 
study was documented (Ref. 16-1). A ground rule for this study was that 
it should principally be directed to the down-flow core design but should 
include a maximum degree of commonality to make it applicable to the up- 
flow core. It was also decided that investigation of natural convection 
cooling should not be included, at least initially, since it is presently 
being investigated in the up-flow core design studies.

16.1.1. Residual Heat Removal Requirements

The RHR capability provides a means of removing residual heat from 
the reactor system (including the core and other internals) for the 
following conditions:

1. Scheduled reactor shutdown (pressurized).
2. Reactor trip (pressurized).
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3. Refueling (unpressurized).
4. DBDA (depressurized).

The RHR systems are specifically required to limit the maximum cladding 
temperature to provide an adequate safety margin for all operating and 
specified accident conditions.

16.1.2. Reference Design

For the GCFR baseline reference design (Ref. 16-2), the primary RHR 
capability is provided by the main loops. The CACS also provides an 
alternate cooling source which is independent of the main loops whenever 
main loop cooling is insufficient or not available. The CACS consists 
of the core auxiliary heat exchanger (CAHE), auxiliary circulators, and 
the core auxiliary cooling water system (CACWS). In the CAHE core, 
residual heat is transported by forced helium circulation on the shell 
side and forced water circulation on the tube side. The heat in the 
CACWS is ultimately rej ected to the atmosphere utilizing air blast 
heat exchangers.

In the previous reference design (Ref. 16-2) the main circulators were 
driven by series steam-driven turbines; electric-motor-driven main circula­
tors are proposed for the present reference design. In both designs, the 
auxiliary circulators are driven by electric motors. In the alternate 
design study, electrically-driven and steam-driven circulators were included 
in some of the concepts to provide added diversity. However, this should 
not be construed as a proposal to use a steam drive in place of the electric 
drive as currently specified for the reference design main circulator.

16.2. ALTERNATE RHR CONCEPTS

A number of alternate RHR system concepts were developed for evalua­
tion (Table 16-1), covering a wide range of configurations for the main 
and auxiliary loops, including independent and combined series and 
parallel flow concepts. Some of these concepts could be incorporated into
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TABLE 16-1
ALTERNATE RHR CONFIGURATIONS

Configuration Description

la Reference design (steam-driven circulators)
1b Modified reference design with parallel flow

steam-driven main circulators
2 Running auxiliary heat removal system (GBR-4 

design)
3 Series heat exchangers/parallel circulators
4 Series heat exchangers/series circulators
5 Parallel heat exchangers/parallel circulators
6 Parallel heat exchangers/series circulators
7 Series heat exchangers/one circulator
8 CACS loop without CAHE
9 Modified backup design with diverse main feed pumps

10 Boiling CAHE with in-house power
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the reference design demonstration plant with relatively minor design 
perturbations, while others, particularly those using the series steam 
generator and CAHE and series or parallel flow circulators, would impose 
considerable NSS configuration changes. Emphasis was placed on the series 
heat exchanger configurations, since they offer the possibility of being 
able to simplify the main to auxiliary loop transfer procedure and are 
also expected to simplify the PCRV design by reducing the number of 
cavities. This is of particular interest for large multiloop plant systems 
where space in the PCRV becomes a critical concern. The reference design 
was also Included in the evaluation as a benchmark.

16.2.1. Screening Evaluation

A preliminary screening evaluation of the alternate RHR concepts was 
performed to limit the number of most promising candidates to two or three 
which could be more fully explored and analyzed in the next phase of the 
design study. Five major categories were identified, and each category 
was subdivided to define important considerations contributing to the 
design. Appropriate weighting factors were assigned to each category in 
terms of importance as given below:

Category Weighting Factor

Safety and licensing 35
Performance 20

Development and commercialization 20

Operation and maintenance 15
Power plant cost 10

Total 100

The highest weighting factor was assigned to safety and licensing. This 
category was subdivided into six subcategories: (1) diversity, (2) relia­
bility, (3) level of redundancy, (4) complexity, (5) plant control, and 
(6) diverse power supply. Each subcategory was assigned a points index 
for the design requirements and associated bases for evaluation. Other
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categories were also divided, with each having appropriate maximum points 
assigned to each subcategory. After assigning appropriate rating points 
to each subcategory, the sum for each category was obtained and combined 
with the appropriate weighting factor to obtain the overall evaluation 
rating.

16.2.2. Candidate Concepts

All RHR concepts were evaluated based on the screening procedure as 
outlined above. The three most promising concepts were selected and are 
proposed for evaluation:

1. A revised reference design in which safety-related components 
are added to provide reactor cooling during pressurized cooldown 
or refueling in the event of main turbine trip and nonavailability 
of the main condenser. This cooling system, identified as the 
shutdown cooling system, is intended to provide core cooling 
during the time interval between main loop coast-down and CACS 
start-up.

2. A configuration which Incorporates series steam generators and 
CAHE with parallel series flow circulators (two per loop). The 
steam generator and CAHE for each loop would be located in the 
same PCRV cavity. The circulators would probably be located
in separate cavities to accommodate the circulator, diffuser, 
and valve geometry.

3. A steaming core auxiliary boiler (CAHE) concept which produces 
steam for in-house turbine generator sets which in turn would 
provide auxiliary power for essential RHR safety backup systems.
A possible option of steam-to-steam reheat for the main turbine 
is also offered by this concept.

A number of other, more radical means of providing additional and more 
diverse methods of RHR have been suggested and are reviewed in the study.
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17. ALTERNATE FUEL CYCLES (189a No. 00761)

The purpose of this task is to determine the characteristics of a GCFR 
fueled with a variety of fissile and fertile materials. These character­
istics will be used to evaluate various reactor fuel strategies which could 
be employed to improve the proliferation resistance and/or energy capability 
of future nuclear power systems. A general outline for the study was 
established previously, and the preliminary analysis and evaluation phase 
has been completed (Ref. 17-1). Preliminary fuel strategy studies indicate 
that the fuel cycles of greatest interest for the GCFR are

1. Pu/U core with U or Th blankets.
2. Pu/Th core with Th blankets.
3. (Low-enriched) U-233/Th core with Th blankets.

Core material and configuration studies are being performed during 
the second phase of the program to identify the optimum states for the various 
parameters for each fuel composition.

During this quarter, approximate parametric studies have continued on 
two of the fuel cycles of interest (Pu and Pu/Th cores). The design charac­
teristics of large core designs for the Nonproliferation Alternate Systems 
Assessment Program (NASAP) have been documented, and fuel strategy studies 
have been initiated to help identify the optimum core characteristics for 
the various roles which a fast breeder reactor may be required to fulfill.

17.1. APPROXIMATE SENSITIVITY ANALYSIS

Earlier parametric studies which provided guidance for the GCFR NASAP 
mass flow submittals indicated several limitations in the core performance 
code CALIOP (Ref. 17-2) used to approximate many core design parameters.

17-1



Modifications have been made to make several improvements in CALIOP, 
including:

1. A method of radially zoning the core to consider the noncylin- 
drical geometry of the zone boundaries.

2. A depletion routine (with fission products) to follow core 
reactivity.

3. A fuel enrichment search which will produce the desired end-of- 
cycle core multiplication.

4. A means of separating net fissile production (and species) in 
the core and blanket.

The improved CALIOP code is being tested to verify the adequacy of the 
revised version.

As part of the effort to verify and calibrate the improved analytical 
techniques, a series of revised sensitivity calculations have been made to 
more precisely determine the appropriate rod diameter for a large-scale GCFR. 
Figure 17-1 presents breeding ratio, specific power, and doubling time as a 
function of fuel rod diameter for a 1200-MW(e) GCFR. As in previous (less 
precise) studies, the breeding ratio increases monotonically with fuel rod 
diameter, reactor rating decreases monotonically with rod size, and doubling 
time passes through a rather flat minimum between a rod diameter of 8 and 
9 mm. Since doubling time does not consider the total amount of power 
being doubled initially, total energy potential is not necessarily maximized 
by minimizing doubling time.

The fuel rod diameter resulting in the maximum GCFR energy availability
from a finite Pu reserve is illustrated in Fig. 17-2. For the case shown,

6a given U^Og resource (2 x 10 tonnes) is assumed to be used to fuel 400 GW(e) 
of LWR, and the resulting Pu is available for use in a fast breeder reactor.
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Figure 17-2 indicates that a fuel rod diameter of 7 to 8 mm will result in 
the maximum energy potential. Based on this analysis, the 8-mm rod selected 
for the GCFR NASA? submittals can be judged to be approximately optimum for 
nonsymbiotic breeder systems.

17.2. DETAILED MASS FLOW INFORMATION

As indicated previously, two GCFR NASAP submittals (Refs. 17-3, 17-4) 
have been made. Both contained complete mass flow information for Pu/U 
and Pu/Th GCFR core designs. Table 17-1 compares the mass flow character­
istics of the two designs. The second submittal was prepared to meet 
revised ground rules and reduced the linear heat rate by approximately 15%. 
Reducing the linear heat rate produces an increase in specific inventory and 
fissile gain. A slight increase in doubling time can also be anticipated.

17.3. ALTERNATE FUEL CYCLE MATERIALS

Little progress has been made on this subtask during the current
quarter. Descrepancies between various sets of thermodynamic data on
actinide carbides are being resolved.
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TABLE 17-1
COMPARISON OF GCFR ROUND 1 AND ROUND 2 PHYSICS 

PARAMETERS IN THE NASAP STUDY

Pu/uo2/uo2/uo2
Case 2

Pu/U02/Th02/Th02 
Case 8

Pu/Th02/Th02/Th02 
Case 12

Round 1 Round 2 Round 1 Round 2 Round 1 Round 2

Breeding ratio 1.51 1.54 1.48 1.51 1 .41 1 .40
Fuel volume fraction 0.27 0.27 0.27 0.27 0.34 0.36

Core height (cm) 110 127 110 127 110 127

Core enrichment 0.137 0.128 0.142 0.132 0.149 0.145

Specific power 
[MW(t)/kg fissile]

0.870 0.767 0.795 0.740 0.501 0.464

Specific inventory 
[kg/MW(e)]

3.30 3.57 3.45 3.70 5.47 5.91

Fissile gain 
[kg/MW(e)-yr]

0.304 0.330 0.272 0.292 0.208 0.230

Fissile gain/specific 
inventory (%)

9.21 9.24 7.88 7.89 3.80 3.89

Peak linear heat rate 
(kW/ft)

17.2 14.1 19.0 15.1 17.2 14.2

Cladding thickness (cm) 0.043 0.043 0.043 0.043 0.043 0.054
Gap between fuel 
elements (cm)

0.99 1.46 0.99 1.46 1.11 1.64
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