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Executive Summary

Particle-Bed Gas-Cooled Fast Reactor (PB-GCFR) Design

PI: Temitope A. Taiwo, Argonne National Laboratory

Collaborators: Brookhaven National Laboratory; Commissariat a 'Energie Atomique
(CEA), France; University of Rome, Italy

Project Start Date: September 2001
Projected End Date:  August 2003

Project Number: 01-022

Research Objectives

The objective of this project is to develop a conceptual design of a particle-bed, gas-cooled fast
reactor (PB-GCFR) core that meets the advanced reactor concept and enhanced proliferation-
resistant goals of the U.S. Department of Energy's NERI program. The key innovation of this project is
the application of a fast neutron spectrum environment to enhance both the passive safety and
fransmutation characteristics of the advanced particle-bed and pebble-bed reactor designs. The
PB-GCFR design is expected to produce a high-efficiency system with a low unit cost. It is
anticipated that the fast neutron spectrum would permit small-sized units (~ 150 MWe) that can be
built quickly and packaged into modular units, and whose production can be readily expanded as
the demand grows. Such a system could be deployed globally. The goals of this two-year project
are as follows:

(1) Design a reactor core that meets the future needs of the nuclear industry, by being passively
safe with reduced need for engineered safety systems. This will entail an innovative core design
incorporating new fuel form and type;

(2) Employ a proliferation-resistant fuel design and fuel cycle. This will be supported by a long-life
core design that is refueled infrequently, and hence, reduces the potential for fuel diversion;

(3) Incorporate design features that permit use of the system as an efficient transmuter that could
be employed for burning separated plutonium fuel or recycled LWR transuranic fuel, should the
need arise; and

(4) Evaluate the fuel cycle for waste minimization and for the possibility of direct fuel disposal. The
application of particle-bed fuel provides the promise of extremely high burnup and fission-product
protection barriers that may permit direct disposal.

Research Progress

In the first year of the project, physics calculations in support of a reference compact fast-spectrum
core based on the pebble-bed design were performed. The results provided indications that mixed
uranium and fransuranics (TRU) carbide and nitride fuel forms are affractive for meeting the goals of
a long-life core and high temperature operation. Potential matrix materials (titanium nitride (TiN),
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zirconium carbide (ZrC), and silicon carbide (SiC)) were identified for these fuel forms. The physics
studies also showed that the goal of a long-life core (with conversion ratio greater than one)
requires a fuel volume fraction greater than employed in current High Temperature Reactor (HTR)
designs. A high core fuel-volume fraction (~30%) or large core size (power density less than 25
Wjcc) is required o reach the desired sustainable design with a high conversion ratfio. It was
indicated that achieving a high fuel volume fraction would require a redesign of the typical coated
fuel particles, as it implies the minimization of the volume occupied by the non-fuel components of
the matrix. Using this design knowledge, core physics studies were done in the earlier part of the
second year in support of a core design using the promising cold finger device for passive safety.
Additionally, a study investigating waste amounts in the PB-GCFR fuel cycle was performed. The
impact of the fuel management scheme on transuranics (TRU) waste minimization was evaluated,
using the lifetime TRU material processed as the figure of merit, A thirty-year period was used in the
study. Because of the requirement that all the cores have the same power density (50 W/cc) and
the constraint on the maximum TRU enrichment (20%). the long-life core was found to be the
preferable design; it resulted in the lowest amount of radiotoxic tfransuranics to be processed and
hence sent to the repository.

Those earlier studies were for TRU breakeven cores, which are consistent with Generation IV nuclear
system sustainability goals. It is however conceivable that Generation IV reactor systems might be
deployed early in their lifetimes for the burning of the TRU contained in spent nuclear fuel that are
currently accumulating in spent fuel pools and dry storage af power plants. For this reason, the
feasibility of configuring the PB-GCFR as a TRU burner was evaluated during the second year. The
performance of a non-fertile fuel core was also investigated. The findings of this study formed the
basis of a deliverable report.

It is known that the safety case for fast spectrum reactors employing gas as coolant is complicated
by the poor heat transfer properties and low thermal inertia of the gas coolant. The ability of this
reactor type to survive a scrammed depressurization accident with a concurrent loss of electrical
power, without undue hazard to the public, is clearly an attractive feature of an advanced GCFR of
the Generation IV class. This NERI project has explored a number of concepts that could potentially
provide this safety feature through passive means. A fundamental assessment of heat transfer
modes and the implications of the decay heat curve was first performed. Scoping thermal
cdalculations were carried out. The study revealed that natural convection at one atmosphere
cannot be relied upon for the available selection of primary coolant gases, and that radiation
through the core would dominate above 1,000°C. Below this femperature, providing conduction
pathways may be the better alternative. For the period immediately following scram, however,
substantial core thermal inertia is needed, as heat transfer on this timescale is not adequate for the
core materials of the near future. In addition, the results indicated that to improve the feasibility of
the passive core concept, it would be prudent 1o reduce the reactor power envelope to below 300
MWt Three types of basic core elements were investigated which could possibly provide core
configurations with the desired passive core safety feature: (1) block/plate, (2) pin/tube, and (3)
pebble/particle. After the initial investigation, it was decided that the major focus of the work would
be on the pebble/particle fuel element and, in particular, on the pebble-bed core configuration.

In the first year, various concepts to promote passive safety in a 300 MWt PB-GCFR core were
investigated. A unique concept to increase the heat storage capacity of the fuel pebble was
infroduced. This concept uses fuel spheres in which the center is filled with a material that does not
contain fuel and which can melt and absorb heat as latent heat of fusion. While workable
temperatures (maximum fuel temperature less than 1630°C) during normal operation and fransient
(severe depressurization accident) conditions were obtained, the permissible core power density of
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23 W/cc was deemed low and uneconomical for a fast reactor. Other concepts for passive decay
heat removal in the event of a severe depressurization were therefore investigated. These included:
(1) prompt unloading of the pebble fuel, (2) extended flow coastdown, and (3) tube reactor with a
tfank. These approaches were primarily using heat removal by passive conduction or radiation heat
fransfer. It was found that these individual approaches could not adequately remove the heat for
the relatively high power density of interest in the project. Consequently, the cold finger concept,
that combined two heat removal approaches, was conceived and developed.

The cold fingers served dual purposes, both as reactivity-control devices as well as passive decay-
heat removal mechanism during severe depressurization. In addition to core physics, thermal-
hydraulic and safety assessments, mechanical design issues (flow instability and flow induced
vibration) were investigated. The results for core designs using cold fingers indicated that they
provide a potential solution to passive decay heat removal. Their application will however require
that a significant portion of the core volume be occupied by them, thus, leading to core designs
with relatively low power density (~25 W/cc). Additionally, the mechanical design and structural
integrity of the cold fingers could be a maijor issue. Finding materials that could withstand the
fluence, temperatures, temperature gradients, and pressure-induced stresses that the cold finger
could be subjected to is a serious challenge. Alternatives to these devices were therefore
investigated. The idea is that if a low power density is the maximum that can be tolerated from a
passive safety viewpoint, then it might e possible 10 come up with a design that is less
demanding.

The alternate designs explored two new approaches for decay heat removal. These are
autonomous systems and natural convection in a pebble bed core. For direct-cycle plants, both
concepfts require one or more additional primary flow loops. These loops would contain heat
exchangers that either power the autonomous systems or merely dump decay heat, in the case of
natural convection. These extra loops require check valves to help prevent reverse flow that could
cause a significant portion of the main coolant flow to bypass the reactor core. It was found that
using natural convection at the low power density as the primary means for decay heat removal
might work in a helium-cooled PB-GCFR, provided a coolant pressure greater than 10 atm is
maintained following severe depressurization. Approaches for ensuring this pressure level were
investigated. A leading approach is to provide a pressurized guard containment around the
reactor vessel. The aforementioned semi-passive autonomous approach for passive decay heat
removal was also investigated.  Such systems use the decay heat from the shutdown reactor core
o provide the pumping power that forces the flow for decay heat removal. Results using these two
devices were positive. However, additional investigations are required before conclusive statements
about them can be made. It is conceivable that a combination of two systems might be needed.
The resolution of these items would require more refined models (than used for these
conceptualization studies) and balance of plant considerations that were beyond the scope of this
work.

A literature review was performed to identify candidate fuels and materials for the development of
a GCFR that meets Generation IV system criteria. Much of the effort was devoted to identifying
sources of pertinent information, collecting material properties and reviewing current gas-cooled
reactor fuel designs, as well as evaluating space-reactor development efforts of the 1960s. The
review evaluated fuel and material compatibility issues, high-temperature mechanical and thermal
properties, and performance issues expected by operation in a fast neutron spectrum
(E >0.1 MeV). The study recommended mixed carbide and nitride fuels as preferred fuels for the
PB-GCFR. Titanium nitride (TiN), silicon carbide (SiC), and zirconium carbide (ZrC) were identified as
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possible matrix materials. More conclusive selection of the PB-GCFR materials requires additional
investigation.

In a similar manner, property data for industrially available structural materials with well-established
manufacturing technologies were collected and assessed 1o identify candidate materials for
various key components of the PB-GCFR. Since detailed design information about these
components do not presently exist, materials and materials production systems that were
evaluated in other reactor development projects were considered first, Based on this evaluation,
recommendations for structural materials have been made for structures in the vicinity of the fuel
zone (ceramics such as SiC, SiC/SIC composites, ZrC, TiC, MgO, Zr(Y)O,, TiN, SizN,); for the pressure
vessel (2 Va Cr-1Mo and 9-12Cr steel); cooling systemn components (Inconel 718, Inconel 800 and
Hastelloy X); shielding and thermal barriers (borated Type 304 and 316 stainless steel, ferritic HT9
and various vanadium alloys); and the reflector zone (uranium, tungsten, iron, stainless steel, Nb-
1Zr, Zr5Si,).

The project has also remained cognizant of fuel and material activities under the GFR INERI project
led by ANL and French CEA, and pertinent activities under the Generation IV and AFCI programs.

Planned Activities

This two-year project was completed in August 2003. The project has accomplished its objectives
by investigating fuel cycle and safety issues for a pebble-bed gas-cooled fast reactor core:

e Core designs with passive/semi-passive safety features have been conceived and analyzed

e Preliminary literature review of materials for use in high femperature and fluence
environment has been performed

e Considerations have been given to proliferation resistant fuel/core designs (systems with no
blanket and long-life core designs)

e Assessment of systems for waste minimization and for TRU buming has been done, by
considering long-life core designs, feasibility of non-fertile fuel, and utilization of coated fuel
particles.

The project has also developed a core group of experts in gas-cooled fast reactor issues and has
incorporated a post-graduate student and a fresh Ph.D. holder in the efforts. In addition, the project
has been able to leverage its activities with those of the USDOE-CEA INERI project on the gas-
cooled fast reactor (GFR). The expertise developed in both the NERI and INERI activities has also
contributed significantly to the progress of the Generation IV GFR system design, including
development of intemnational and U.S. program plans. Finally, the GFR being considered in the
project or its variant could be utilized for the Advanced Fuel Cycle Initiative (AFCI) mission of buring
fransuranics and providing benefits 1o the geologic repaository.
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Task 1: Neutronics Analyses

The following are highlights of activities conducted in the physics areq, during the two years of the
project.

1.1 Fuel Pebble Design and Dimensions (T. A. Taiwo, G. Palmiotti)

The pebble fuel type typically consists of a spherical container (pebble) made of matrix material
that contains a central zone of coated or particulate fuel dispersed in the matrix material. Since the
graphite used as matrix material in the PBMR design might not be appropriate for the fast concept,
because of its strong neutron moderating properties, alternative matrix materials were used for
most of our study. The requirements for high operating temperatures that give a high thermal
efficiency (45-50%) necessitated the use of refractory metals and high melting point materials
having favorable fast neutron properties (e.Q., low absorption cross section). Matrix materials that
have been considered in this study include vanadium (V), titanium (Ti), titanium-nitride (TiN) enriched
10 99.9% in N-15, silicon carbide (SiC), niobium-1% zirconium (Nb-12r), and zirconium carbide (ZrC).

Physics studies have been performed for two different particulate fuel designs. The first design uses
coated fuel particles dispersed in a matrix. This design has a central fuel kermel and two coating
layers typical of one of the fuel types employed in gas-cooled thermal systems. The first layer,
called the buffer, is made of low-density graphite, and performs two vital functions. This layer
protects the outer layer against fission product recoil bombardment effects. It also provides a free
volume through its intfernal porosity and, by iradiation-induced shrinkage, permits kernel swelling
and minimizes fission gas pressure. The outer layer is made of SiC. This layer functions as the
pressure vessel and acts as barrier for solid fission product diffusion. Most of the physics calculations
in the first year were done with a fuel kernel diameter of 800 um, a buffer thickness of 30 wum and a
SiC layer thickness of 70 um. These low layer thicknesses were used to obtain a higher fuel kernel
volume fraction in the particle, compared to PBMR designs. For this case, the fuel volume fraction
in a given particle is ~0.5. Optimization of the coated particle dimensions will depend on fuel
performance and should be investigated. The other design is for a fuel particle with same matrix
and coating material (or uncoated). This design permits a core fuel volume fraction of up to ~30%,
which ensures a sustained critical mode operation for a 15-30 years fuel iradiation cycle. Currently
we have used potentially compatible fuel and matrix forms for this fuel type, e.g., carbide fuelin a
zirconium carbide matrix and nitride fuel in a titanium nitride mMatrix. Additional fuels material work is
however required 1o ensure that these are feasible fuel-matrix forms in the irradiation and
temperature fields of the PB-GCFR.

The pebble employed in most of the physics study has an outer radius of 6 cm. A dispersion fuel
zone diameter of 5.5 cm was used in the study (compare 1o 5 cm for PBMR), in order to increase
the fuel loading in the pebble. The pebbles are packed into a cylindrical core and are assumed to
occupy 61% of the volume. Helium gas flows through the pebble-bed to remove the heat
generated by the fission process. The helium coolant, being neutronically benign (i.e., low neutron
absorption), does not adversely affect the fraction of neutrons available for converting fertile
nuclides to fissile nuclides. Thus, reactivity losses can be effectively compensated by the inclusion
of fertile material, which tends to reduce the enrichment and excess reactivity requirements of
long-lived systems. Other pebble designs and dimensions are emerging, based on core passive
safety considerations. These dimensions are discussed in the presentations on the cold finger
concept for passive decay heat removal (under Task 2).
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The requirement of a long life design necessitates a fuel converter core in which sufficient fissile
material is charged and produced for the duration of the long cycle, in order to reduce the cycle
excess reactivity requirements. A uranium-transuranics (U-TRU) based fissile fuel system was
considered in the current study. Depleted or natural uranium fertile constituent is also employed. In
this fuel form, the fertile U-238 is converted to fissile material that is used to sustain the long life core.
Additionally, for comparison, uranium-plutonium (U-Pu) fuel was also considered with the Pu being
reactor-grade or weapons-grade. Because of the fast spectrum, it is anficipated that the discharge
isofopic vector would be similar to the charge vector, and so the iradiated fuel could be
reprocessed to recover the TRU that could additionally be used in other fuel irradiation cycles,
hence sustaining the nuclear fuel cycle.

The fuel forms considered in our study included mixed transuranics (TRU) and uranium oxide
[(U,.TRU)O1.7], carbide [(U,TRU)C, UC, TRUC, PuC] and nitride [(U,TRU)N, (U,Pu)N] fuels, with different
TRU isotopics (LWR-discharge and weapons-grade). The weapons-grade constituents and carbide
or nitride fuel forms were employed 1o boost the core neutron multiplication factor (K«). Previous
work has shown that carbide fuels offer significant economic and doubling time advantages over
oxide fuel, because of its better neutron economy. The carbide fuel also has a superior thermall
conductivity than oxide fuel and hence allows operation af a higher linear power. The fuel also has
a significant economic advantage over nitride fuel because of its better neutron economy. The
behavior of carbides under fast neutron fluence can be problematic, however. Nitride fuels have
several advantages such as heavy metal density (larger than oxides) and a better thermal
conductivity. However, there is only a limited knowledge about their properties, in particular
regarding their stability at high temperatures. Moreover, the production of the radioactive isotope
C-14 (unless enrichment in N-15 is performed) is another negative feature. The advantages of oxide
fuel are that they are very well known and have a good folerance to radiation and fission, and also
a good capacity for relatively high bumup and temperature.

1.2 Reactor Physics Analysis Methodology (T. A. Taiwo, M. Fatone, G. Palmiotti,
E. A. Hoffman)

The bulk of the reactor physics calculations performed in the first year were done with the ERANOS
(European Reactor Analysis and Operation System) code. The ECCO module is used for generating
33-broad group cross-section data for actual material composition and temperature. The
multigroup cross-section library contained in the ECCO code is based on the JEF2.2 nuclear data
library. The 33-group cross sections are used in a finite-difference fransport and diffusion theory
module (BISTRO) for core calculations.

Traditionally, the REBUS-3 code has been used for fuel cycle analysis of fast reactor systems at
Argonne. A REBUS-3 model for a 300 MWt PB-GCFR was created in the lafter part of FY2002. (This
and other similar models have been used for the balance of the project.) The core ks values
calculated with the model were compared with those from ERANOS calculations. The 50 W/cc
PB-GCFR core that was used in the study utilizes (15% TRU, U)C fuel, a ZrC matrix, and a SS-316
reflector. The core consists of a single fuel batch that was depleted for 10,000 days. For the
purpose of the preliminary comparisons, the REBUS-3 and ERANOS codes used the same core
calculation methodology (diffusion theory).

The BOC kg predicted by REBUS-3/DIF3D with 33 neutron energy groups was 0.5% lower than the
ERANQOS value. The time dependence was somewhat different with REBUS-3 predicting a larger
peak ks and a longer core lifetime. The kg at 10,000 days predicted by REBUS-3 was 1.2% higher
than ERANQOS. The instantaneous conversion rate showed a similar time behavior with REBUS-3

10
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predicting a 0.5% lower conversion rate at BOC and the difference increased slowly over the cycle.
The difference was 2.6% at the EOC. The cause of the differences has not yet been explored, but
overall REBUS-3 will give similar conclusion for the PB-GCFR using the same input.

kew @S A function of time was compared for the neutronics calculations performed using the
TWODANT (transport theory) and DIF3D (diffusion theory) modules of REBUS-3. A 33-group Cross
section liorary and a 230-group cross section library were generated using MC?-2 for the BOC fuel.
The fuel zone was divided into 5 radial regions of equal fuel volume and § axial regions of uniform
height above the symmetric core midplane for a total of 50 (5r x 10z) depletion zones in the core.
The calculations were performed using TWODANT (33-group library) and DIF3D (33 & 230 group
libraries). The three calculations showed the same time dependence with a maximum difference in
ke Of 0.46%. Figure 1 shows the results.

The calculations were repeated with one large fuel or depletion zone and 160 (10r x 16z) fuel zones
and compared with the 50-fuel zone case. The calculations were performed with the DIF3D/ 33-
group neutronics model. The one fuel zone model was found 1o overpredict significantly the core
lifetime. The 160-fuel zone case predicts very similar values to the 50-fuel zone case.
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Figure 1. Comparison of Neutronics Methods for Depletion of PB-GCFR.

The current model for the coated fuel particles in a maitrix assumes that the fuel pebble can be
homogenized info a single region. Previous calculations performed for the thermal PBMR and GT-
MHR systems suggest that a rigorous and explicit freatment of the double heterogeneity be
performed to get an accurate multiplication factor (k-inf) for each of the systems. Those
calculations indicated that simply homogenizing pebble regions results in an underprediction of the
k-inf by as much as 8-14%. These mispredictions arise because the smeared models inadequately
represent the resonance self-shielding of the fuel kermnel, and result in higher resonance cross
sections (primarily U-238) compared to explicit models. From physics considerations, it is expected
that such simple homogenization models should be able to freat adequately the double

11
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heterogeneity effect in the fast system that is of interest in this project. This is because the
resonance region’s (4 to 9000 eV) contribution to the k-inf is small in such systems. Preliminary
evaluation of this effect seems to confirm this frend. MCNP calculations performed by the BNL
project participant (M. Todosow) show that the homogeneous model is quite accurate for this
phase of the project The code results have been obtained using explicit representation of the
coated fuel particles in pebbles and the pebbles in a core, and using the homogeneous smeared
model (see next section).

1.3  Investigation of Heterogeneous Core Model (M. Todosow, BNL)

BNL's role in support of this NERI project on gas-cooled fast reactors is 10 develop detailed
MCNP/MONTEBURNS (MCNP + ORIGEN) models of selected core configurations to validate core
performance predictions from more approximate computational models.

The key concern was that the neglect of the multiple heterogeneous nature of a pebble-bed core,
which is not reflected in standard reactor design codes, would infroduce a significant error in the
core eigenvalue. For example, earlier studies for an HTGR had observed differences of up to
14%Ak depending on whether the discrete structure of the particle fuel was accounted for. For the
configurations considered here, a considerably smaller effect was expected due to the fast
neutron spectrum versus the thermal spectrum in an HTGR. Consequently, there were two MCNP
models for each configuration considered as shown in Figs. 1 and 2: one where the core is
homogenized and one where the discrete character of the particles and pebbles was represented
explicitly. The heterogeneous model utilized the lattice feature available in MCNP assuming that
the particles and pebbles are arranged in a “body-centered cubic” array; this is the representation
used by General Atomics in their detailed modeling of HTGR fuel. The lattice dimensions were
determined so as to match the desired particle fraction in the pebbles, and pebble fraction in the
core. The core k4 was determined based on room temperature ENDF/B-VI cross sections. Results for
different PB-GCFR cores are summarized in Table 1.

These results demonstrate that there is a reduction in k. when the detailed heterogeneous pebble-
particle geometry is included. However, since these are fast spectrum systems, the effect is
relatively modest. It should be noted that the approach selected for the heterogeneous
representation may also be a contributor to the observed differences. As noted above, the
assumption of a “oody-centered cubic” array for the particles and pebbles was based on previous
work by General Atomics. As aresult, streaming paths are infroduced which would not be present
in the true random arrays of particles/pebbles.

Table 1. Core K.

Case Homogeneous Heterogeneous
Compact Carbide Core 1.0361+0.0013 1.0299+0.0014
Annular Carbide Core 0.9994+0.0015 0.9989+0.0012
Compact Nitride Core 1.0904+0.0014 1.0827+0.0014

12
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Fig. 1. MCNP Geometry for Homogeneous and Heterogeneous Representations.
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Fig. 2. Axial MCNP Geometry.

14 Results of Unit Pebble and Preliminary Whole-Core Parametric Studies (M. Faione,
T. A. Taiwo, G. Palmiotti)

Preliminary calculations have been performed to provide an indication of the impact of pebble
packing fraction on the multiplication factor (k-inf). This issue is considered important because in the
thermal PBMR system, the k-inf does not vary linearly with fuel particle packing fraction in the
nominal range. Two core depletion cases using pebble packing fractions of 0.70 and 0.61,
respectively, have been performed for the PB-GCFR design. Typically, observed values for the
packing fraction of fuel pebbles in a pebble-bed reactor are about 0.60-0.65. A decrease in the
pebble packing fraction from 0.7 to 0.61 results in a decrease of 2%Ak in the multiplication factor
of the initial state. Additional calculations utilizing lower pebble packing fractions similarly show
monotonically lower multiplication factors. Parametric studies on material temperature indicated
that the PB-GCFR would have a negative temperature coefficient. Material tfemperatures of 800
and 1000 K were used in the study. The temperature value of 1000 K is used 1o represent the
average fuel and matrix temperature being proposed for the PBMR (~ 1040 K for fuel and ~970 K
for graphite).

The impact of power density on the core physics performance was also evaluated. Passive safety is
usually enhanced by low power density, since a large surface area is available for heat removal.
The low power density of the PBMR core is one of its advantages in achieving a passively safe
system. However, the anticipated “exotic” materials and high heavy-metal loading required for fast-
spectrum designs necessitate a reduced core volume. A reduced core volume would also give

14
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economic benefits, provided it does not adversely affect the system pumping requirements and
the passive safety in design that could result in the need for expensive backup/redundant systems.
For these reasons, the targeted power density of the PB-GCRF is about 50 W/cc, which would be
about one order of magnitude greater than that in thermal gas cooled-systems and a factor of
two lower than that for thermal LWRs. For an ortho-cylindrical core and total power of 300 MWH, this
power density implies an active core height and diameter of ~2 meters. If system-cooling
costs/penalties become prohibitive, this power density would be reduced. As would be expected
however, for a given irradiation time, a higher power density implies a higher flux level and material
depletion (burnup). This results in a lower k-inf value at the end of iradiation, compared to a lower
power density case that gives a longer cycle length af a sustained critical core operation.
Additionally, a low power density results in a large core size (which reduces the core neutron
leakage), a high total material loading, and a flat reactivity letdown with burmup. The system cost,
which increases with core size, could limit the core size. The tfrade-off of rated power density on
system passive safety, feasibility of a long-lived core, and system cost, is yet 1o be evaluated.

Parametric studies have been done tfo investigate the impacts of fuel, matrix and reflector
materials on the potential for obtaining a sustainable critical core for a long life design. The results
have provided indications that titanium is desirable as matrix material because of its low albsorption
of neutrons. The lower melting temperature of titanium, compared 1o TiIN and ZrC might negate this
advantage however. The performance behaviors with vanadium and zirconium-carbide as matrix
materials are fairly similar. Application of TiN-15 results in the highest matrix absorption; when
compared to Ti, TiN-15 has a higher material density. The desirable fuel material is [TRU,U]N because
it results in the highest multiplication factor and gives a slightly befter conversion ratio than carbide
fuel. Enrichment considerations might however make carbide fuel the preferred choice. The
application of both enriched uranium and weapons grade constituents of the fuel has been
discarded in our current outlook, because of the potential proliferation issues that could arise by the
use of these fuel forms and because they generally result in a higher reactivity swing than TRU fuel.
Reflector studies indicated that for the same reflector thickness, graphite reflector competes
favorably with berylium and berylium-oxide, nickel, and stainless steel (5S-316). Additionally it
appears that graphite is also acceptable because the resulting core-average neutron spectrum is
stil a fast spectrum (median energy greater than 125 KeV). Graphite however has the
disadvantage that it results in undesirable power peaking at the core reflector interface, and has a
negative impact on the conversion ratio when compared to SS-316 and other reflector materials.

The preliminary assessment of a PB-GCFR core indicated that the goal of a long-life core (with
conversion ratio greater than one) requires a fuel volume fraction higher than employed in present
High Temperature Reactor (HTR) designs. The original coated fuel particle in pebble design usedin
this study results in a core fuel volume fraction of 15%. Preliminary investigations indicated that a
higher core fuel volume fraction (~30%) or core size (power density less than 25 W/cc) is required to
get the desired sustainable design with a high conversion factor. Achieving a high fuel volume
fraction would require a redesign of the coated fuel particles, as it implies that the low-density
carbon buffer and SiC zones be replaced with fuel to get the higher fuel volume fraction.
Calculations made under this assumption, using [TRU,UIN in TiN-15 matrix or [TRU,U]C in ZrC mairix,
indicated that a high conversion ratio (greater than 1.2) can be obtained with low reactivity losses
over the 15 fo 30 years of iradiation with a capacity factor of 0.91. These findings therefore suggest
that the development of materials in layers, or possibly in compacts, must frend toward a
minimization of their volume without losing their ability for high temperature confinement.
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1.5  Evaluation of Graphite as Matrix Material (M. Fatone, T. A. Taiwo)

Matrix materials like ZrC and TiN have been used in previous studies for the PB-GCFR core because
of their high melting points and their attractive neutron cross sections (not high in the spectrum of
interest.) These studies have generally precluded the use of graphite, because of the expected
degradation of the neutron flux. Because large database is available on graphite performance by
virtue of its use in gas-cooled thermal systems, an evaluation of its applicability o the PB-GCFR core
design has been done. Calculations were performed to assess the spectra, the multiplication
factor (Ks), and the conversion ratio, for different matrix volume fractions. Additionally, the graphite
case has been compared with earlier cases, which use different materials for the matrix. The
reference core system used in the study has the following features:

Core fuel and matrix volume fraction, 61%; coolant volume fraction, 39%.
Fuel type, (TRU, U)C or (TRU, U)N; TRU fraction, 15%; depleted uranium.
Reflector material, SS-316.

Power density, 50 W/cc; power level, 300 MWH,

The results for the cases using graphite matrix volume fractions of 30.5%, 22%, and 15%, indicated
a fast neutron spectrum for the three cases. The volume fraction of the fuel is quite high in all the
cases, compared to typical gas-cooled thermal reactors in which it is less than 1%. A case was
also analyzed using a fuel volume fraction of 0.5% and increasing the graphite matrix volume
fraction in the core to 60.5%. The spectrum for this lafter case was found to be much softer than
those for the three cases above. The calculations were performed using the deterministic ERANOS
code (ECCO and BISTRO modules). As a consequence, a verification of the results was done by
comparing the results to those obtained using the MCNP code. Results of the comparison show
that the two codes give very similar spectra for the PB-GCFR core (Figure 1).

Average Spectrum in Fuel
((TRU,U)C fuel; C matrix; TRUfr. 0.15; depleted Uranium; vol. pack. fr. 0.61: 0.305 fuel and 0.305
matrix; ss-316 reflector; 50 W/cc; 300 MWt)
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Figure 1. Comparison of Core Average Spectra Calculated by MCNP and ERANOS.
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The multiplication factors at time zero for the thermal spectrum and fast spectrum cases are
presented in Table 1. ERANOS results using both fransport and diffusion theory approximations are
provided in the Table, in addition to MCNP results.

There is a difference of about 1% in the k. results obtained with MCNP and ERANCOS for the fast
spectrum case. The difference is quite large for the thermal case. While additional analysis of the
1% difference (fast spectrum case) might be worthwhile, it is however within the range that has
been observed between calculations using ENDF/B-VI (MCNP) and JEF2.2 (ERANOS) for this fuel form
containing minor actinides. The results presented in Table 1 were obtained from 33-group ERANOS
calculations. The ERANOS code system was however developed primarily for fast reactor analysis.
Refinement of the number of groups from 33 groups to 172 groups results in more accurate
evaluation of the ky for the thermal spectrum case. With 172 groups, the difference in kg between
ERANOS and MCNP calculations for the thermal case is about 0.4%. The ERANOS results for the fast
spectrum case are however insensitive 1o the variation in the number of groups (33 to 172 groups),
since the 172-energy group structure has relatively more group size refinement in the epithermal
and thermal energy zones than in the fast one.

Depletion calculations were done for the core with a fuel volume fraction of 30.5%. The results for
this case were compared to earlier ones using TiN, ZrC, and SiC. Figure 2 contains a comparison of
the ko as a function of depletion time for the cases. It is observed that the case using graphite
matrix gives the lowest k. values over the iradiation period. This is due to the softer spectrum for this
case, compared to those for the others.

The results presented in this section indicate that the use of graphite as matrix material for the

PB-GCFR is neutronically feasible. The high fluence (irradiation damage) and temperature in the
system might however preclude its use.

Table 1. Comparison of k. Values frorn MCNP and ERANOS Calculations.

ER.ANQS' ERANOS- ERANOS- ERANOS-
MCNP Diffusion e
Case (294 K) (293.2 K) Transport Diffusion Transport
' (293.2 K) (1000 K) (1000 K)

Therma 1,026 1,060 1,065 0.992 0.997
Spectrum
Fast Spectrum
(PB-GCFR) 1.047 1.038 1.038 1.010 1.010
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Multiplication factor versus Depletion Time
(TRU fr. 0.15; depleted Uranium; vol. pack. fr. 0.61: 0.305 fuel and 0.305 matrix; SS-
316reflector; 1000 K fuel temperature; 500 K reflector temperature; 50 W/cc; 300MWt)
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—o— C-fuel, C matrix
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Figure 2. Time-Dependent Multiplication Factors for PB-GCFR Cores with Different Matrix
Materials.

1.6 Physics Study of PB-GCFR Core with Cold Finger Design for Passive Safety (M. Fatone)

To achieve passive safety goals, a new concept for the decay heat removal system, called "Cold
Finger.” has been proposed and its safety implications have been analyzed. (See Task 2 below for
more information on cold fingers.) A certain number of these cold fingers are required in the core.
For a power rating of 300 MWH, the required number of cold fingers was initially estimated as 12.
The cold fingers have an additional function besides serving as passive decay heat removal
devices. They also provide core locations for control rods used for reactivity control.

Physics calculations have been done to evaluate the ks and conversion ratio for the Pebble-Bed
Gas Cooled Fast Reactor (PB-GCFR) design using the cold finger concept as passive decay heat
removal system. Sensitivity calculations have been performed using two different pebble designs
and different materials for a reactor with a power rating of 300 MWt and a power density of 50
Wicc.

For the given power requirements, a core diameter of 2,119 m and a height of 2.00 m have been
used to accommodate the 12 cold fingers recommended from safety/T-H considerations. The 12
cold fingers occupy 15% of the core volume and are symmetrically distributed in the core. Eight of
the fingers are equally spaced with their centers on an imaginary circle of 1.507 m diameter. The
other four fingers are equidistant from the center of the core and centered on the edges of an
imaginary square with a side length of 0.424 m. Each cold finger has a diameter of 0.236 m and @
height of 2 m, in the core region.

In these physics studies, two different materials were considered for the finger walls. These are
INCONEL-625 CLF, commercial grade and INCONEL-690, nuclear grade.
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To meet thermal constraints, pebbles with a smaller diameter than the 6 cm that has been used in
previous studies have been considered. Two different concepts for the PB-GCFER fuel pebble have
been proposed, and their impacts on core physics performance have been evaluated. The
designs are:

1. Hollow Spherical (HS) pebble fuel, with a diameter of 5 cm;

2. Solid Spherical (SS) pebble fuel, with a diameter of 4 cm.

The HS design (see Figure 1) has a hollow (non-fuel) zone af the center of the pebble, surrounded
by the fuel zone and an outer cladding zone. Based on the requirement for a high fuel fraction in
the pebble (~ 50%) and assuming a cladding thickness of 0.15 cm, a hollow zone diameter of
3.46 cm is obtained.

The materials used for the HS pebble are;

e Porous graphite or SiC (80% theoretical density) as “hollow” zone material; besides
thermal issues, the non-fuel zone is designed to also provide a space for the fission
gases;

e (Pu, U)C for the solid fuel; 90% theoretical density, in order to contain the fission gases;
e different materials have been considered for the fuel cladding:

¢ Ti6A6V2E: aTitanium alloy containing 6% of Al, 6% of V. and 2% of Sn; this alloy has
a high melting point, but unforfunately a low thermal conductivity (see Table 1);

¢ Nb-1%Zr; this would be the best material based on thermal and physical
characteristics only (high melting point and high thermal conductivity). However,
Niobium has a high capture cross-section;

¢+ Vanadium (V) is a material with properties in between the two listed above; it has a
good thermal conductivity and relatively high melting point.

The SS pebble has a fuel zone of 3.6 cm diameter and an outer non-fuel zone that has a thickness
of 0.2 cm. The materials considered for the SS design are:

e (Pu, U)C fuel kernels dispersed in a graphite matrix (80% theoretical density);
( g

e Graphite as material for the non-fuel outer zone.

The core performance of the PB-GCFR with the cold fingers has been analyzed with the ERANOS
core model. The ECCO module of the code was used for generating 33-group neutron Ccross
sections for all core regions, including the SS-316 reflector (60 cm thick) and the surrounding B,C
shield region (thickness of 14 cm). The cross sections were used in the BISTRO transport/diffusion
theory module of the code. The R-Z geometry option of BISTRO is utilized. This core model has five
homogeneous zones (as shown in Figure 2).

The zones correspond to:;

e Zone 1. all fuel;
Zone 2: 4 fingers plus fuel;
Zone 3: all fuel;
Zone 4. 8 fingers plus fuel;
Zone 5; all fuel.
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Hollow Spherical - Pebble

 Solid Spherical - Pebble

A4

«—— 36cm —»

«— 4cm ——

[0 Hollow @ Fuel — Matrix
E Fuel [0 Exclusion Zone
[ Cladding
Figure 1. Pebble designs.
Table 1. Cladding Materidls.
Density | Tensile Strength, Ultimate Thermal Conductivity | Melting Point
Materials °
(g/cc) (MPQ) (W/m-K) (°C)
TiI6A6V2E 4,54 1100 6.6 Min 1627
Nb-1Zr 8.59 241 41.9 Max 2407
Vanadium 6.11 911- 472" 31 1735

! Depends on the manufacturing technique.
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B4C - Shielding

SS-316 - Reflector

Core — 5 zones

Zone 1: all fuel
Zone 2: 4 fingers
Zone 3: all fuel
Zone 4: 8 fingers
Zone 5: all fuel

| 156 cm ]
H 170 cm

Figure 2. Core homogeneous zones; 300 MWt; 50 W/cc.

In each zone, the fuel pebbles and finger regions are homogenized by calculating the fuel and
finger volume fractions and considering that a fraction (39%) of the fueled-zone is coolant. Based
on these smeared zone models and the fuel designs, the average tofal fuel volume fraction in the
core using the HS pebble design is about 26.2%, and that in the core using the SS pebble design is
about 24.5%. In the three zones containing only fuel, the temperature assumed for the neutron
cross-section calculation (ECCO code)is 1000 K. In the two zones with fingers, it has been assumed
that during normal operation aimost 1% of the heat is removed by the fingers. Therefore, a material
temperature of 990 K has been used for generating the cross sections for these zones.

In Figure 3 is displayed the kg versus depletion time for four different cases using INCONEL 625 as
material for the cold fingers. Three cases are for the HS pebble designs using the different cladding
materials mentioned above. The last one considers the SS fuel pebble design. The results show that
using Nb—1%Zr as cladding for the HS design is unacceptable, since its high capture cross-section
results in a low core k. It was found that the best result is olbtained for the HS fuel when Titanium
alloy is used as the cladding material. The Vanadium case lies in the middle of the results for
Titanium and Niobium as cladding materials, out is closer to the Titanium case.

Using the SS pebble configuration, a k. value comparable 1o that of the HS-Titanium cladding case
has been obtained. Though the average total volume fraction of the fuel in the core for the SS
design (24.5%) is smaller than the fraction used in the HS configuration (26.2%), the kg values are
similar because of the lower absorption cross-section of graphite, relative to Titanium.

21



Project Final Technical Report September 24, 2003
NERI Project 01-022

Multiplication Factor versus Depletion Time
((Pu, U)C fuel; Pu vol fr. 0.15; depleted U; Fingers material: INCONELG625; fuel temp. ~1000 K;
refl temp. 500 K; 50 W/cc; 300 MWt)

—o— Hollow Fuel - Nb-1Zr Cladding
—o— Hollow Fuel - Vanadium Cladding] |
—a— Hollow Fuel - Ti6A6V2E Cladding

—e— Solid Fuel - C matrix
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Figure 3. ko as Function of Irradiation Time.

It is evident in Figure 3 that a kg value of one or higher is not sustained for the entire life of the core
(6,000 days at full power). The targeted long-life core can be obtained by reducing the power
density. It is also possible to reduce the reactivity swing (AK,4) between the beginning and end of
cycle by increasing the U-238 content to increase the conversion ratio.

In Figure 4 is displayed the preliminary result obtained using the SS pebble configuration and
INCONEL 690 (reactor grade) as material for the cold finger tubes, in a reduced power density
core. Reducing the power density to a value of about 22 W/cc and the Pu content to a value of
14.2%, it has been possible to obtain a sustained cycle length of 5,000 days at full power. The
burnup reactivity swing is relatively high (~5%) with this design and should be optimized in the
future. (The primary purpose of the current study is to evaluate the feasibility of a sustained ke
value.) Therefore, a low reactivity swing could therefore be obtained by reducing the Pu weight
fraction and by reducing the power density (bigger core minimizes leakage and improves the
conversion ratio).

Multiplication Factor versus Depletion Time
((Pu, U)C fuel; Pu vol fr. 0.142; depleted U: Fingers material: INCONEL690; fuel temp. ~1000 K;
refl temp. 500 K; 22 W/cc; 300 MWt)
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Figure 4. k; for the Reduced Power Density Core with Cold Fingers.
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1.7  Parametric Studies for TRU Breakeven Cores (E. A. Hoffman, T. A. Taiwo, W. S. Yang)

Because the long-life core appears to be affractive from the waste minimization viewpoint, we
have additionally performed parametric studies of this fuel management scheme for TRU
breakeven cores, using different uranium feed, TRU feed, fuel form, and matrix and reflector
materials. The description for each case is provided in Table 1. The maximum cycle length that
achieves TRU breakeven for each design option was determined for a fixed fuel volume fraction
(30.5%). Two different uranium feeds were considered. These are natural uranium (NU) and
depleted uranium (DU). The TRU feed options include that coming from the LWR spent nuclear fuel
and another coming from recycled fuel. The (U, TRU)C and (U,TRU)N fuel forms were included in the
study. For the nitride fuel, it is assumed that the nitride is enriched 1o 99.9% '°N. When the nitride fuel
is used, only the TiN (enriched in '°N) matrix type is considered. With the carbide fuel, cases using
zirconium carbide (ZrC), titanium (Ti), vanadium (V), and graphite (C) as matrix were evaluated. The
reflectors considered are SS-316, graphite, beryllium (Be) and its oxide (BeO), nickel (Ni), lead (Pb),
tungsten (W).

From a waste management point of view, it might be desirable to have initially a net TRU
destruction rate to reduce the legacy (accumulated) TRU inventory. Eventually, the equilibrium
system would need to operate on a TRU breakeven system or slightly positive TRU production o
feed a growing nuclear fleet. To first order, the relative TRU waste merits of a TRU breakeven fuel
cycle are proportional to the TRU processing rate on a per unit electrical energy basis. Assuming the
same processing systems, the amount of TRU lost to the waste stream is proportional 1o the rate of
processing. For fuel cycles that either produce or consume TRU, other figures of merit need to be
evaluated to account for the net change in the TRU inventory.

As can be seen in Table 2, the TRU breakeven cores range from 20 years (W reflector) o 30 years
(Pb reflector) with the reference (§S-316 reflector) design being in the middle of this range. The
thermalization of neutrons in the light element reflectors (C, Be, BeO) resulted in very large power
peaking factors near the periphery of the core. This seems 10 be sufficiently problematic to
preclude the use of the very light elements in the reflector. In addition, the light element reflectors
give slightly larger reactivity swings than SS-316 reflector. Along with the Plo results, it appears that
the reflector material should be made of the heaviest elements possible to obtain a low reactivity
swing. Lead (Pb) has a low melting point and may not be acceptable, however, as reflector for the
PB-GCFR. Other heavy elements with higher melting points will be evaluated.

The reactivity swing for all of these designs is very large, with the lowest having a BOC k. of 1.064;
for all the cases the end of cycle k is 1.0.

The rate of TRU discharge and consequently recycle is proportional to the TRU charge enrichment
and inversely proportional to the cycle length. The long cycle length of the Pb reflector leads to the
lowest TRU recycle rate of 0.44 MT per GW,,-yr of energy generation.

The recycle of TRU, instead of using LWR spent nuclear TRU feed, has a small effect on the
performance of the reactor as shown by the equilibrium cycle results.
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Table 1. Case Descriptions.

Case U Feed TRU Feed Fuel Form Matrix Reflector
Reference DU LWR C ZrC SS-316
NU Feed NU LWR C ZrC SS-316
Ti Matrix DU LWR C Ti SS-316
V Matrix DU LWR C V SS-316
Graphite Matrix DU LWR C C SS-316
Nitride Fuel DU LWR N Ti"N SS-316
Graphite Reflector DU LWR C ZC C
Be Reflector DU LWR C ZrC Be
BeO Reflector DU LWR C ZrC BeO
Ni Reflector DU LWR C ZrC Ni
Pb Reflector DU LWR C ZrC Pb
V Reflector DU LWR C ZrC V
W Reflector NU LWR C ZrC W
Equilibrium (DU) DU Recycle C ZoC SS-316
Equilibrium (NU) NU Recycle C ZoC SS-316

Table 2. TRU Breakeven Cycle Behavior.
Cycle Discharge TRU Discharge

Case Le?lwg’rh BZC ngé{;ﬂgﬁ Burnug Rate J

(FPY) ft (GW,,d/MTHM) | (MT/GW,,-yr)

Reference 24.9 1.082 17.1% 115 0.54
NU Feed 25.1 1.091 16.8% 116 0.53
Ti Matrix 23.8 1.064 15.3% 110 0.51
V Martrix 23.2 1.069 16.1% 108 0.55
Graphite Matrix 22.7 1.100 17.8% 105 0.62
Nitride Fuel 21.9 1.082 17.3% 97 0.65
Sielhie 258 |1.090| 15.9% 119 0.49
Reflector

Be Reflector 23.8 1.096 15.7% 110 0.52
BeO Reflector 26.1 1.104 15.8% 121 0.48
Ni Reflector 24.1 1.075 16.8% 111 0.55
Pb Reflector 29.7 1.084 16.8% 138 0.44
V Reflector 22.2 1.069 16.8% 103 0.60
W Reflector 20.3 1.069 17.0% 94 0.66
Equilibrium (DU) 23.7 1.057 16.9% 119 0.52
Equilibrium (NU) 23.7 1.061 16.9% 120 0.51
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1.8 Investigation of Long-Life Transuranics Breakeven and Burner Cores for PB-GCFR
(E. A. Hoffman, T. A. Taiwo, W. S. Yang)

Abstract — Transuranics (TRU) breakeven and burner core designs have been sfudied for the
Parficle-Bed Gas-Cooled Fast Reactor (PB-GCFR) being developed under the U.S. Department of
Energy Nuclear Energy Research Initiative (USDOE NERI) Program. The issues of minimizing wasfe
proguction, fuel cost, and burnup reactivity swing, and maximizing TRU burning have been
investigated.

For TRU breakeven cores, it was found that for the given core power (300 MW1) and power density
(60 Wjcc), the lowest amount of radiotoxic fransuranics fo be processed is obtained for a long-life
(single-batch) core. Minimizing the TRU processed results in a minimization of the TRU losses that
ultimately will have to be enfombed in a geologic repository. The long-life core has a higher
upfront fuel cost than multi-bafch cores. However, the overall fuel cost could be lower for the long-
life core because of additional fuel costs incurred during the operational lifetime of a mulfi-batch
core.

The results confirmed that the PB-GCFR could be designed fo operate over a wide range of cycle
lengths and fuel loadings. By modifying the TRU feed fo have a higher minor actinides (MA) fraction
than contained in LWR spent fuel, the burnup reactivity swing for the long-life core can be
reduced significantly. With this approach, it is also possible to configure the long-life PB-GCFR core
as a TRU burner using non-fertile fuel. A non-fertile fuel PB-GCFR with 24% plutonium and 76% MA
can operate for 17 full power years and achieve 25% burnup with a reactivity swing of 3%4Kk.
Detailed considerations have not been given fo fuel fabrication and handling issues in the fuel
cycle. It is however noted that remote handling will be required for the manufacturing of such a
fuel.

[ INTRODUCTION

A solution must be found for LWR spent nuclear fuel (SNF) that is accumulating in spent-fuel ponds
and dry-storage sites, if nuclear is o play a prominent role in future energy generation in the U.S.
Indeed, nuclear waste minimization is a key attribute for advanced nuclear fuel cycles. An
approach to accomplish this is 1o recycle and incinerate the radiotoxic transuranics (TRU) in nuclear
power reactor systems.

The issue of nuclear waste minimization is being investigated under a USDOE-sponsored NERI
project on the Particle-Bed Gas-Cooled Fast Reactor (PB-GCFR) design that is evaluating the
impact of different fuel forms and types on core performance. In addition, the other advanced
nuclear systems goals of improved safety, enhanced proliferation resistance, and reduced system
cost are being pursued in the study. The key requirement for the project is the application of a fast
neutron spectrum environment to enhance both the passive safety and transmutation
characteristics of advanced pebble-bed reactor designs.

A healthy future nuclear enterprise in a sustainable environment requires that fuel material be
effectively utilized. In this regard, the PB-GCFR study has focused on reactor designs with a high TRU
conversion ratio. The intent is to design a TRU self-sufficient core in which for a given initial core load,
the continuous recycle and application of the fuel would e obtained without need for external TRU
makeup material. As a basis for trade-off studies, a reference compact fast-spectrum core based
on the pebble-bed system has been developed. This core is designed for a power rating of 300
MW (with about 50 W/cc power density) and has no blanket zone, to preclude the production of
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high-purity fissile material. It was additionally imposed on this design that the TRU component of SNF
extracted by a separation process be used as fuel, in order to minimize the TRU sent 1o the
repository. This fuel type would enhance proliferation resistance because the TRU would be
unavailable in a repository that could become a plutonium mine.

The relatively low power and power density of the PB-GCFR design are due to the requirements that
the system e passively safe and be optionally exportable fo international markets having little or no
nuclear infrastructure. On this basis, the TRU content of the heavy metal in the fuel has been limited
to 20%, in support of non-proliferation goals of the U.S. government. Additionally, intrinsic
proliferation protection is provided by the pebble fuel form. Because the system is for foreign
expor, it is currently planned that the core would be loaded offshore and following long-life
iradiation (10 to 30 years), the core would be removed and discharged offshore. If fuel
reprocessing is required, this too would be done offshore.

The inventory of TRU may initially far exceed that needed to produce nuclear fuel to maintain the
fleet of nuclear reactors in a sustainable manner. Therefore, it may be desirable for the PB-GCFR to
destroy a large fraction of the TRU. The fertile fuel PB-GCFR, particularly if constrained to low TRU
enrichment for non-proliferation reasons, will not be capable of significant TRU destruction. To
maximize TRU destruction, a non-fertile (no uranium) system will be desirable. A PB-GCFR design that
utilizes non-fertile fuel for deep TRU burning has therefore been evaluated. This design might not be
suitable for export because of proliferation concerns. If the non-fertile fuel has a relatively high
confent of minor-actinides (MA), however, this proliferation concern may be diminished because
material theft (handling) is made difficult by the inherently high radiation intensity. In this case, fuel
manufacturing would probably have 1o be done remotely and fuel fransport would require heavy
shielding, both resulting in added cost.

With TRU recycle, reprocessing losses only would be sent to the repository. In this case, the amount
of TRU lost to the repository is determined by the amount of TRU to be processed and the recovery
factor in recycle. Therefore, in order to minimize the TRU sent to the repository in a sustainable
system, it is desirable to design a reactor fueled with TRU in such a way that the total amount of TRU
fuel required to operate the reactor for its lifetime is minimized. This implies that the initial TRU
inventory and TRU mass flow for the core lifetime should be minimized. On the contrary, for the non-
sustainable TRU burner systems, the TRU lost in reprocessing is minimized when the fractional TRU
burnup in each pass through the reactor is maximized. Various trade-studies have been performed
o investigate the impact of typical fuel management schemes on fuel waste minimization. Based
on the finding of this work, additional studies have been done to optimize the long-life core, by
investigating the impact of fuel materials on the core physics performance.

In Section Il, the reference core design and analysis approach used for the study are discussed.
This design is for a long-life (single-batch) core, which intuitively should result in the minimum
amount of TRU being sent 1o the repository, compared to multi-batch cores, for a given core size.
The results of the sensitivity study on various fuel management schemes are presented in Section Il
Typical schemes such as three-batch schemes with various cycle lengths (1, 3, 10 years), and semi-
confinuous schemes were evaluated, along with the single-batch scheme. Preliminary estimates of
the relative fuel cost for the various schemes are also provided. In Section IV, the design envelop for
a PB-GCFR using carbide fuel, SiC matrix and Zr,Si, reflector is presented. The capability for deep
TRU burning using non-fertile fuel in the PB-GCFR is reported in Section V. The conclusions from the
work are presented in Section V.
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Il.  DESCRIPTION OF METHODS AND MODELS
I.A. Reference Design

A reference compact fast-spectrum core' based on the pebble-bed system has been developed.
This core is designed for a power rating of ~300 MWt (60 W/cc power density) and uses the pebble
fuel type. Each spherical pebble consists of a central zone of coated or particulate fuel dispersed
in a matrix material and an outer zone of matrix material only. Since the graphite used as matrix
material in the Pebble-Bed Modular Reactor (PBMR) design might not be appropriate for the fast-
spectrum concept, because of its strong neutron moderating properties, other matrix materials
have been evaluated. The requirements for high operating temperatures that give a high thermal
efficiency (45-50%) necessitated the use of refractory metals and high melting point materials
having favorable fast neutron properties (e.g.. low absorption cross section).

The pebble employed in this study has an outer radius of 6 cm. A dispersion fuel-zone diaometer of
5.5 cm was used in the study, in order to increase the fuel loading in the pebble. The pebbles are
packed into a cylindrical core and are assumed to occupy 61% of the volume. The use of
dispersion (or coated) fuel particles in a pebble imposes a physical limit on the maximum fuel
volume fraction (~31%). The practical limit could be less due to material performance
considerations.

Helium gas flows through the pebble-bed 1o remove the heat generated by the fission process. The
helium coolant, being neutronically benign (i.e., low macroscopic absorption cross section), does
not adversely affect the fraction of neutrons available for converting fertile nuclides to fissile
nuclides. Thus, reactivity losses can be effectively compensated by the inclusion of fertile material,
which tends to reduce the enrichment and excess reactivity requirements of long-life systems. For
the reference design, depleted uranium is employed as the fertile material.

In order to limit the solution search space for this study, the core geometry was fixed with a height-
to-diameter ratio of one. The fuel volume fraction and enrichment were searched to satisfy the
design requirements and the criticality condition during the cycle. The core power density for all the
cases is 50 W/cc, which is much lower than that employed for typical fast reactor systems, but
higher by a factor of ~8 than the value for the PBMR. Passive safety requirements might change
the final value of this core parameter.,

The fuel pebble design used for this study utilizes the same matrix and coating material (or
uncoated). This design permits a core-fuel volume fraction of up to ~30% that ensures a sustained
critical mode operation for a 15-30 years fuel iradiation cycle. Currently, we have used potentially
compatible fuel and matrix forms for this fuel type. Specifically, mixed uranium-transuranics carbide
[(U.TRU)C] fuel dispersed in a zirconium carbide (ZrC) or silicon carbide (SIC) matrix. The reference
core volume fractions are 30.5% fuel, 30.5% matrix, and 39% helium (He) coolant. A 50-cm
reflector (20% He coolant) of either SS-316 or Zr;Si, is assumed. Additional fuels material study is
required, however, to ascertain that these are applicable fuel-matrix forms in the iradiation and
temperature fields of the PB-GCFR.

II.B. Analysis Method

Full-core equilibrium and non-equilibrium cycle calculations have been performed using the REBUS-
3 fuel-cycle analysis code.? Region-dependent 33-group cross sections were generated with the
MC?-2 code® based on ENDF/B-V nuclear data. Beginning of cycle material compositions and
temperatures were used in the MC?-2 calculations. An R-Z computational model with homogenized
pebbles has been developed for the PB-GCFR core. The flux distributions were obtained using the
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finite-difference diffusion theory option of the DIF3D code,* based on the observation that it gives
similar results as S, transport calculations for the homogenized core model.

Physics considerations suggest that such simple homogenization models should be able to treat
adequately the double heterogeneity effect of fuel particles in pebbles, in the fast-spectrum
system of interest in this study. This is because the low-energy resonance region confribution to the
multiplication factor is small in such systems. Preliminary evaluations of this effect, using higher
fidelity (deterministic transport and Monte Carlo) codes, confirm this trend. However, it is additionally
planned to perform a more rigorous investigation of this issue in the future using an MCNP model as
reference.

For the fertile fuel systems, equilibrium-cycle enrichment searches were performed using the REBUS-
3 code. Here, the enrichment is defined as the TRU fraction of heavy metal. TRU from LWR SNF and
depleted uranium were used as the feed materials. For the multi-batch cores, a scatter loading
was also assumed. The equilibrium fuel-cycle calculation assumed the fuel is not recycled in
determining the initial core loading of the long-life (single-lbatch) core. Equiliorium calculations with
recycle give quite similar results. For the non-fertile system, a non-equilibrium fuel-cycle calculation
was performed. This is a simple core depletion calculation in which the core model employs radial
and axial fuel depletion zones to account for non-uniform fuel depletion.

. IMPACT OF FUEL MANAGEMENT SCHEME ON TRU WASTE MINIMIZATION

The advanced nuclear systems goals of waste minimization and effective fuel utilization
(sustainability) can be met by designing a TRU breakeven core. For such a core, the total amount
of TRU required to operate a reactor for its lifetime was estimated for various fuel management
schemes, in order to determine the favorable approach for waste minimization. A thirty-year core
lifetime was used as basis for comparison of the various cases. This implies that the core would be
initially loaded, periodically reloaded (depending on the fuel management scheme), and
ultimately offloaded at the end of the thirty years.

Multi-batch fuel management requires fuel batches to startup the initial core and at least one
additional fuel batch manufactured from outside sources of TRU in order to operate the reactor
until reprocessed TRU is available. The PB-GCFR fuel will be homogenously recycled (uranium and
TRU together), with depleted uranium (DU) used as external feed to makeup the material
consumed. For the TRU breakeven cycle, the only external TRU needed is for the initial fuel batches
prior to recycle. In this regard, it is assumed that there is an interval of five years between fuel
discharge and recycle back info the core following fuel separation and fabrication. In order 1o
operate the reactor until reprocessed fuel is available, the initial core and one additional batch of
fuel manufactured from external sources of TRU will be required if the fuel-cycle length is greater
than 2.5 years. For cycles less the 2.5 years, multiple additional batches will be required to operate
the reactor until reprocessed fuel is available.

For the inifial fuel batches, it is assumed that LWR SNF can be separated to (1) obtain high purity
uranium, (2) recover the TRU, and (3) partition the fission products. The TRU will be blended with DU
o produce the inifial fuel batches. The uranium would be stored for future use (preferred) or buried
in a low-level disposal site, PB-GCFR fuel is assumed 1o be reprocessed and the uranium and TRU
recycled with DU used as the makeup material for subsequent batches of fuel. Fission products and
TRU losses from the separation stages would be packaged into waste forms and buried at the
repository after cooling and packaging.
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The results for the single-batch and multi-batch cases are summarized in Table |. The lifetime TRU
processed is the figure of merit used to evaluate the relative TRU losses. The amount of TRU
ultimately reaching the repository has an effect on the amount of nuclear waste that can be
contfained in the repository, as this material constitutes the primary long-term hazard. The TRU losses
will be proportional to the TRU processed. In this study, the loss rates for the processing of LWR SNF
and PB-GCFR SNF are assumed the same. Waste minimization and the ability to package the
material info effective waste forms is dependent on the lifetime TRU processed.

In Table |1, it is seen that the TRU discharge rate (in MT/GWt-yr) is dependent on the burnup.
Maximizing the burnup reduces the TRU discharge rate and hence the required processing. For a
fixed fuel residence time (30 years), the initial TRU inventory increases slightly with the cycle length
and hence the TRU discharge burnup decreases slightly. As a result, longer cycle length increases
the TRU processing per cycle. However, because of less frequent recycling, the lifetime TRU
processed decreases considerably with the cycle length.

TABLE I.
Impact of Fuel Management Scheme on Lifetime TRU Processing.
1-batch; 3-batch; 3-batch; 3-batch; 30-batch; | 60-batch;
Fuel Management Scheme
30-yrcycle | 10-yr cycle | 3-yrcycle | 1-yrcycle 1-yrcycle | Ye-yrcycle

Fuel Volume Fraction (%) 32.0 28.1 23.5 22.5 26.9 26.9
Core TRU Inventory (MT) 4.09 3.69 3.46 3.44 3.58 3.58

[H,v'\l/'T]MOSS/CVC'e 24.82 7.26 6.08 5.82 0.70 0.35
Charge MRy Envichment

(%) 16.5 17.0 19.0 19.7 17.2 17.2

Max. HM Burnup

(GWA/MT) 132.4 150.9 54.0 18.8 157.6 157.7

. Ave, HM Burnup

Discharge (GWa/MT) 132.4 0.6 451 17.7 79.6 79.6

TRU Rate

(MT/GW-y) 0.45 0.41 1.28 3.83 0.40 0.40

I[_'a%ocy LWRTRU 4.09 4.93 4,61 9.18 4.18 417
Litetime R ecycled TRU
TRU [l\/lT)y 0.00 1.23 9.23 27.55 2.87 2.92
Processed Tolal TRU

() 4.09 6.16 13.84 36.73 7.04 7.10

NOTES:

(1) HM means heavy metal.
(2) Legacy LWR TRU is the amount of LWR TRU required to startup the system, including initial reloads.
(3) ZrC matrix and SS-316 reflector are used in the calculations.

For a fixed number of batches, the discharge burnup can be increased by maximizing the cycle
length or the specific power under the material iradiafion and safety constraints. As discussed
above, the passive safety requirements limit the specific power significantly, in the PB-GCFR design.
Therefore, in order to increase the discharge burmup and hence to reduce the amount of TRU 1o be
processed, it is desirable o increase the cycle length. This can be confirmed by comparing the
results for 3-batch fuel management schemes with different cycle lengths shown in Table I. Finally,
the single-batch core results in the lowest TRU procurement requirement and lowest lifetime TRU
processed.

29



Project Final Technical Report September 24, 2003
NERI Project 01-022

These results indicate that the fuel management scheme will have an impact on fuel cost. An
evaluation of this impact has been done by assuming that the fuel cost is proportional to the TRU
content of the fuel. If partially burned fuel can be used in subsequent reactors, the equilibrium
cycle fuel cost will be determined primarily by the TRU discharge rate. The current analysis is for the
first reactor and therefore accounts for the fact the entire first core must be manufactured.
Additionally, the residual partially burned fuel is assumed to be of no value at the end of the first
reactor life. This assumption would be frue for a scenario in which the fuel would be discharged
and reprocessed into new fuel form, prior to insertion into a subbsequent second reactor. The thirty-
year or so lifetime of the core makes this a possibility, since new advancements in reactor design
might eliminate the option of direct utilization of partially burned assembly in the second reactor.
Finally, in the calculation, the entire fuel cost for a batch was assumed to be incurred at the
beginning of the year the fuel is loaded into the reactor, without considering the lead-fime.

The fuel cost will be an expense that can be deducted from revenue to reduce the tax liability. The
accounting rules may be paricularly important for treatment of the fuel cost. If the fuel is
considered a capital cost, which seems likely for the long-life core, it will be subject to depreciation
rules. Therefore, the cost will have to be deducted over time, which reduces the value of the
deduction. A fuel-costing scenario that is adverse to the long-life core is utilized. The scenario
assumes a uniform depreciation over the useful life of the fuel. The useful lifetime corresponds to
the time of fuel discharge from the core or the end of plant life, whichever is shorter. For evaluating
the value of the deductions, a high marginal tax rate of 50% was assumed. The net cost is then
given by the present value of the fuel cost minus the present value of the reduced tax liability.

The net fuel cost for each fuel management scheme is shown in Fig. 1. The results indicate that
adverse tax treatment of the long-life core could negate the advantage of smaller fuel
requirements over the life of the plant. Adverse tax freatment would significantly increase the
likelihood that smaller upfront capital costs will dominate the decision making process.

For a low rate of return and immediate deduction of the fuel costs, the long-life core has a distinct
fuel cost advantage. For high rates of retumn, long depreciation times, and high marginal tax rates,
there is a significant advantage to pushing costs into the future. The reduced cost of the initial core
load for the multi-batch cores may offset the higher fuel costs in the future under these conditions.
To accommodate a multi-batch core, a more complex design that incorporates on-site fuel
handling equipment would be required, however. This should be more expensive than the long-life
core that is fueled once and only unloaded after the plant is shutdown. Even though scenarios
may exist that could result in lower fuel cost for the multi-batch cores, these seem to be rather
extremne conditions and the long-life core still seems a better choice than the multi-batch core for
these low power density systems.

The long-life core will also have a significant proliferation resistance advantage over the mulfi-batch
cores. The primary advantage of the long-life core is that at no point is nuclear fuel outside of the
reactor after startup of the plant. For the multi-batch core, fresh fuel will be on-site prior to reload
and irradiated fuel will be stored at the site until it has cooled sufficiently for shipment to the
reprocessing facility, which might be co-located or off-site. The first batch of iradiated fuel will have
a very low bumup, particularly for the short cycle length designs. In addition, far more fuel will need
1o be processed for the multi-batch core. This not only increases fuel costs and TRU in the waste
stream, but also increases the opportunity for diversion.
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Fig. 1. Present-Value Net Fuel Costs for a Long Depreciation and a High Marginal Tax Rate.

IV. DESIGN ENVELOP FOR CARBIDE-FUEL, SIC-MATRIX, ZR3SI2-REFLECTED PB-GCFR

More detailed analysis of the PB-GCFR core has been done to determine the applicable design
envelop based on an initial set of design criteria. The results for a core using carbide fuel, SiC matrix
and Zr,Si, reflector is presented in this section. These material choices have been found to be
favorable neutronically from sensitivity studies that have been performed for the long-life PB-GCFR
core. The combination results in the longest TRU breakeven cycle length and lowest TRU discharge
rate, but has nearly the highest burnup reactivity swing because of the long cycle length. These
materials appear superior to the ZrC matrix and SS-316 reflector, respectively, and do not have
melting or power peaking concerns arising from the use of other materials having similarly good
neutronic performance.' The ZrC matrix, however, might be able to withstand higher operating
temperatures, which could prove to be a significant safety advantage.

Five different constraints were imposed on the PB-GCFR. A constraint on the maximum fuel volume
fraction has not been imposed on the design, but could prove to be limiting, depending on the
core power rating. The constraints are:

1. Design for a long-life (single-batch) core with a core life greater than 10 full-power years of
operation. This makes the PB-GCFR attractive for export 1o countries with less developed
nuclear infrastructure.

2. Ensure fuel integrity during operation by limiting the maximum fluence (lburnup) to which the
fuel can be exposed. This limit is undetermined at this time and will most likely be a function
of the fuel volume fraction. An optimistic limit of 15% burnup is imposed for this analysis.

3. The reactor must be critical af all times during the cycle.

4, Limit the TRU enrichment to 20 w/o for non-proliferation reasons.
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5. Constrain the PB-GCFR to be a TRU breakeven or burner core.

The region of interest meeting these criteria has been evaluated for the PB-GCFR using TRU from
LWR spent fuel (90% Pu, 10% MA; Pu-239 is 52% of TRU). This was done by performing enrichment
searches for specific cycle lengths and fuel/matrix volume ratios.

The five criteria are met by the region enclosed by the solid line in Fig. 2. We note that the
beginning of life (BOL) critical curve (line 3) corresponds to a breeder design for which the
unpoisoned BOL and end of life (EOL) ks are equal to 1.0. Above this curve, the breeder design
would have an unpoisoned k. less than 1.0, for a fixed EOL k. of 1.0. This curve is well above the
TRU breakeven line (line 5) and therefore is not limiting. The analysis revealed that over this region,
the BOL ks ranges from approximately 1.05 to 1.15 (~$15 to $50) with the lowest value
corresponding to the case with the shortest cycle length. This signifies relatively large excess
reactivity. The permissible excess reactivity is however set by the control requirements, which is
intfimately connected to reactor safety. While a limit has not been set for the excess reactivity, lower
values are desirable.

The PB-GCFR could burn nearly 10% of the initial TRU inventory, but this would result in a design with
a high burnup reactivity swing. Achieving a low reactivity swing with the current fuel form would
require a TRU breeder design. A degraded TRU vector could be used to reduce the reactivity swing
without the core being a TRU breeder. An appropriately chosen vector would allow internal TRU
“breeding” (e.g., conversion of Np-237 to Pu-238) without net TRU production. In one concept, the
PB-GCFR could be operated as a Tier 2 reactor in a multi-tier ransmutation concept®, in order to
obtain the appropriate MA content from a Tier 1 system that burns the plutonium from LWR SNF. For
the current evaluation, a vector utilizing half the plutonium and all of the minor actinides from LWR
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Fig. 2. Design envelop for long-lived PB-GCFR using LWR TRU Feed. 1) Cycle length < 10 FPY;
2)Burmnup > 15%; 3) BOL kg < 1 (Nof Limiting); 4) TRU Enrichment > 20%; 5) Ay >0.
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SNF was chosen as the TRU feed for the long-life PB-GCFR. The remaining plutonium could be
recycled as either MOX fuel in advanced LWRs or in multi-batch fast reactors. The main purpose of
the evaluation is to determine if a long-life PB-GCFR with relatively low reactivity swing could be
designed. How this reactor fits info an integrated system would need further consideration.

A higher TRU enrichment is required for the degraded TRU because of its lower fissile content. The
fissile and plutonium fractions of this TRU form would increase over the cycle. The degraded TRU
vector gives a large decrease in the Np-237 concentration over the cycle, which results in a
significant reactivity addition. The peak k. for the degraded TRU feed is 5 to 6%Ak lower for the
same fuel loading and cycle length than for the LWR TRU feed. This suggests there may be an
advantage to using a high MA feed material, but other considerations such as reduced B (impact
on reqactor safety) and difficulty of manufacturing the fuel need to be considered.

Figure 3 displays the region that meets the design criteria for the degraded TRU feed. The BOL
critical curve (ks = 1.0) has been shifted, and has become constraining, in contrast to LWR TRU
case, Also, the reactor using degraded TRU fuel will not be critical at BOL with 20% TRU enrichment
and a fuel volume fraction of less than 23.2%.

By degrading the TRU vector, the reactivity of the fuel is reduced to the point where initial breeding
will increase the reactivity of the core. Therefore, the reactivity swing will be the maximum
unpoisoned ky Of the system (no longer at BOL) minus the minimum unpoisoned kg (1.0 at EOL). It
seems possible to design a PB-GCFR with a cycle length of 15 FPY and a reactivity swing of
approximately 2%Ak or nearly 30 FPY and a reactivity swing of approximately 5%Ak. Further design
optimization could probably reduce these values.

W
-

— Area of Interest

@

Fuel Volume Fraction (%)
)
D

[\
-

0 1OCycle: Lelzlgrth (FPY)30

Fig. 3. Reactivity swing for PB-GCFR with degraded TRU feed stream. 1) Cycle length < 10
FPY (Not Limiting); 2) Burnup > 15%; 3) BOL k¢ < 1; 4) TRU Enrichment > 20% (Noft critical at
BOL for FVF <23.2); 5) Ay >0 (Not Limiting).
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The PB-GCFR fueled with the degraded TRU vector will be a slight TRU burner. The maximum TRU
destruction is slightly over 5%. With the degraded TRU vector, the PB-GCFR will be capable of
destroying (fission and capture) over 45% of the MA content. The plutonium inventory will increase
by 5% to 15%. The increased plutonium inventory will complicate homogeneous recycle of fuel
since the recycled feed will be more reactive even if only minor actinides are used as makeup.

The results presented in this section indicate that a long-life (single-batch) PB-GCFR core can be
designed. The long-life core will have a high reactivity swing if all of the transuranics from LWR SNF
are used. To reduce the reactivity swing, a degraded (high MA content) TRU vector must be utilized.
As a result, the long-life PB-GCFR can only be a component of a strategy designed for destroying
all fransuranics, since the plutonium fraction of the fuel has to be reduced (burned elsewhere). For
a small long-life PB-GCFR, the 20% TRU enrichment limit infended to reduce proliferation risks will
limit the TRU burning capability of the PB-GCEFR. It is noted, however, that if a high TRU enrichment
fuel with a high MA fraction is loaded info a long-life nuclear battery (e.g., PB-GCFR), the
proliferation risk might not necessarily increase. The radiation field resulting from the use of the
material might make it unatiractive for theft and effective weapons utilization.

V. NON-FERTILE FUEL PB-GCFR DESIGN

In the previous section, the TRU enrichment was limited 1o 20%. This limit will allow the design of TRU
breakeven cores and possibly slight TRU burners. To achieve more effective burner designs, a higher
TRU content is needed. Assuming a non-fertile fuel could be utilized, the performance of a non-
fertile PB-GCFR design using the same carbide fuel, SiC matrix and Zr;Si, reflector employed for the
TRU breakeven core has been evaluated.

The non-fertile PB-GCFR fueled with TRU feed from LWR SNF would have a very large reactivity swing
(>40%Ak for a 10 FPY cycle), which is unacceptable. To reduce the reactivity swing, the approach
utilized for the fertile fuel design was used. The TRU vector must be degraded by reducing the
fraction of plutonium in the fuel. This yields a non-fertile fuel with a relatively high content of minor
actinides for the single-batch long-life core of interest in this work. Practically, the plutonium that is
not being used in the PB-GCFR could be utilized either in advanced LWRs using MOX fuel or in other
fast spectrum systems, but this would require Pu separation and raise the associated proliferation
concerns. A sensitivity study investigating the impact of the initial Pu fraction on the core reactivity
swing has been done.

The time evolution of the mulfiplication factor (k) for four different non-fertile feed streams with
relatively high MA contents are displayed in Fig. 4. All designs were for a fuel loading of 9.1 MT-TRU.
Lowering the plutonium fraction will reduce the reactivity of the fuel to the point where TRU breeding
will initially increase the k. The reduction of the plutonium fraction will also lower the multiplication
factor; large reduction of the plutonium content can result in a sub-critical state at BOL. BOL
criticality will therefore determine the smallest TRU loading (i.e.. fuel volume fraction) for a given TRU
vector.

More representative calculations have been done for core loadings that ensure a critical state for
the duration of the core life. Figure 5 is a comparison of the time-dependent kg for different
degraded TRU vectors. A lower plutonium fraction in the TRU vector requires a larger TRU loading for
the system 1o be critical. This shortens the cycle length, but indicates there is an optimum TRU
vector for a given cycle length. The non-fertile PB-GCFR has not been optimized and many issues
relating to the use of fuel containing high MA content have not been evaluated. Nevertheless, it
appears that it is possible to design a long-life, non-fertile fuel PB-GCFR with a relatively small
reactivity swing.
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Fig. 4. Non-fertile PB-GCFR with a 12% fuel volume fraction

A PB-GCFR core using MA-only fuel would need approximately 14 MT of fuel. This would necessitate
the processing of 14,000 MTU of LWR SNF to recover the required minor actinides. The MA fueled
PB-GCFR would be capable of operating in excess of 40 FPY. With this cycle length, more than 30%
of the original minor actinides would be fissioned. About 20% of the original minor actinides would
be transmuted to plutonium (~70% **Pu). The peak ke will be slightly higher than 1.15.

The TRU vector containing 14% plutonium and 86% MA will remain critical in excess of 30 FPY.
Approximately 10 MT of TRU will be required for the PB-GCFR to be critical. The peak k. is still high at
1.077 and only a small fraction of the plutonium is being recycled in the PB-GCFR. Nearly 35% of
the original TRU will be fissioned with over 60% of the minor actinides being destroyed and the total
plutonium content is more than doubled because of a large increase in the 2**Pu inventory.

With a Pu/MA ratio of 24/76 in the non-fertile TRU fuel, the PB-GCFR would remain critical for
approximately 17 FPY. Less than 8 MT-TRU would be required. The peak k. would be 1.031. A large
quantity of LWR SNF (~ 6,000 MTU) would sfill be required because only a small fraction of the
plutonium (~3%) is being recycled in the PB-GCFR. Approximately 25% of the original TRU will be
fissioned, with over 45% of the minor actinides being destroyed. This is accompanied with a 36%
increase in the total plutonium content, because of an increase in the 2*®Pu inventory.

These results indicate that a single-batch long-life core (> 10 FPY) can be designed with non-
fertile fuel. To reduce the reactivity swing, a low concentration of plutonium and high concentration
of minor actinides will be required. The fuel volume fraction in the core could be as low as 10%,
which is less demanding on the fuel design than the 25-30% required for a TRU breakeven core.
Other issues associated with the use of non-fertile and high MA content fuel (e.g., low B, fuel

35



Project Final Technical Report September 24, 2003
NERI Project 01-022

1.20 ---MA Only, HM Loading (MT) = 14.1
118 +— 7 e Pu Fraction = 14%, HM Loading (MT) = 10.1
1.16 ----Pu Fraction = 24%, HM Loading (MT) = 7.8
1.14 T T
s Tl
1.12 o~ S~
5110 - S
1.08 e
1.06 "
1.04 /-
1.02 4" e
1.00 £ T T T At T T \ T
0 5 10 15 20 25 30 35 40
Time (FPY)

Fig. 5. Non-fertile PB-GCFR fueled with degraded TRU vector (BOL kg = 1.0).

handling and manufacturing difficulties, and increased helium production in the fuel) are yet fo be
evaluated.

VI. CONCLUSIONS

Transuranics (TRU) breakeven and burmer core designs have been studied for the PB-GCFR, focusing
on the issues of minimizing waste production, fuel cost, and burnup reactivity swing, and
maximizing TRU burming. For TRU breakeven cores, the impact of fuel management scheme on TRU
waste minimization was evaluated, using the lifetime TRU material to be processed as the figure of
merit. A thirty-year period was used in the study. Because of the requirement that all the cores have
the same power (300 MW1) and power density (50 W/cc), the long-life (single-batch) core was found
to be the preferable design compared to multi-batch cores because of its low lifetime TRU
requirements.

A carbide-fuel, SIC-matrix, Zr;Si,-reflector PB-GCFR design was investigated and found workable over
a wide range of cycle lengths and fuel loadings. With a typical LWR SNF TRU vector, this design
results in a high reactivity swing, however. The study found that modifying the TRU feed to have a
higher MA fraction than contained in LWR spent fuel, would reduce significantly the burnup
reactivity swing for the long-life core design. The higher MA feed could be obtained in a multi-tier
fransmutation approach in which the plutonium is preferentially burned in the first tier. Without
extensive optimization of the feed, the reactivity swing was reduced 1o less than 2%Ak. The higher
MA content feed results in a total TRU destruction rate of less than 10%, but more than 30% of the
minor actinides inventory is destroyed in a single pass. The 20% TRU enrichment limit imposed for
non-proliferation reasons also limits the TRU burning.
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The potential for a high TRU burning level in the PB-GCFR was investigated. Unacceptably high
reactivity swings would occur unless the TRU contains a high fraction of minor actinides. The results
indicated that a non-fertile-fuel, long-life PB-GCFR using a relatively high MA content could be
designed to destroy a large fraction of the TRU, possibly 30%, if a high MA content can be used in
the fuel. Such a design with 24% plutonium and 76% MA can operate for 17 full power years and
achieve 25% burnup with a reactivity swing of 3%Ak. The utilization of this fuel type would increase
fuel cycle cost because of the difficulties associated with using it in the fuel cycle (e.g., handling
problems due to high radiation field, manufacturing difficulties, low B value, and production of
helium gas in the fuel matrix).

At this point, only limited safety calculations have been performed and other design questions
remain, but the design of a long-life PB-GCFR seems feasible neutronically.
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1.9 Core Physics Design Alternatives (E. A. Hoffman, T. A. Taiwo)

Long-lived PB-GCFR Neutronics Design Optimization

The 300 MWt GFR based on the helium-cooled pebble-bed system was evaluated to determine
the potential for developing a long-life core with a low burnup reactivity swing and a more uniform
power distribution. As part of a nuclear park, the PB-GCFR may not be constrained to a TRU
breakeven design, and fuel breeding could be used to reduce the reactivity swing. Based of this
assumption, slightly breeding designs have been evaluated. The core is divided into 10 axial zones,
each of which is loaded with fuel pebbles having different fuel enrichments. The fuel volume
fraction is restricted to 30.5%. Radial enrichment zones were not permitted initially because it was
assumed difficult to maintain the proper radial loading of the pebbles without adding radial
barriers, which would significantly reduce the number of pebbles that would fit into the core.

Two separate fuel loading schemes were analyzed. The first has uniform fuel loading, with all
pebbles identical, and the fuel volume fraction was adjusted until the core was just critical af the
beginning of life (BOL) and end of life (EOL) or the maximum fuel volume fraction was reached. The
second scheme adjusts the relative enrichment of each axial fuel zone to achieve a flat axial
power distribution at BOL. The results are given in Table 1.
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Table 1. Long-life PB-GCFR Design Optimization.

Power Fuel TRU Pfoo(gg? Peak Average
Density H/D Profile Volume Average Discharge
. . BOL/ECL Kest
(W/ce) Fraction Enrichment Max Burmnup
Uniform Max o o
50 0.6 Fuel (30.5%) 16.8% 2.07/1.92/2.10 1.036 8.4%
. Max o o
50 0.6 Flat Axial (30.5%) 17.1% 1.81/1.87/1.95 1.026 8.4%
25 10 | UMM | 9989 14.7% | 2.23/2.08/2.47 | 1.011 8.6%
25 1.0 Flat Axial 29.2% 15.5% 1.76/2.01/2.17 1.007 8.7%
Uniform Max o o
25 0.5 Fuel (30.5%) 14.8% 2.22/2.09/2.46 1.010 8.4%
25 0.5 Flat Axial 30.0% 15.6% 1.87/2.04/2.24 1.008 8.5%

The 50 W/cc core has a relatively large reactivity swing because of the limit on fuel volume fraction.
A larger inventory of fuel is needed 1o increase breeding and reduce the reactivity swing. The 25
Wj/cc core is twice as large as the 50 W/cc core. This reduces neutron leakage, which allows for
substantially more breeding. The burnup reactivity swing of the 25 W/cc PB-GCFR can be reduced
to less than 1% Ak.

Only marginal improvements were made in reducing the power density peaking factor. For the
single-batch, long-life core, there is a significant redistrioution of power over the core life. Even fora
completely flat power distribution at the BOL, the power would shift to the center of the core and
result in significant peaking by the EOL. An unrealistic RZ fuel zoning (5Rx10Z), which is not included
in the table, was used for a 25 W/cc design. The power peaking factor was reducedto 1.37 at BOL,
which by the EOL had shifted to a power distribution with a peaking factor of 1.86. The 1.37 peak at
BOL was located on the centerline at 25% and 75% of the core height. By EOL, the power peak
had increased 1o 1.86 and shifted to the center of the core.

Additional evaluation of the peaking factor has been done. In order 10 reduce the maximum
peaking factor for the long-lived core, the ideal TRU enrichment zoning would peak the power
distribution near the periphery of the core at the BOL. Overtime, the power distribution would flatten
and then peak in the center of the core. The minimum peaking is speculated to occur if the BOL
peaking factor (near the periphery) and end of life (EOL) peaking factor (in the center) are equal.
This leads to the largest power redistribufion. This will also produce a more uniform fuel burnup,
since each area of the core will operate at above or below average power densities over the life of
the core.

This hypothesis was investigated for a 50 W/cc, 15 FPY design by allowing for an RZ TRU enrichment
zoning using 10 axial region and 5 radial regions, which leads to 50 enrichment zones and 25
different enrichments because of symmetry. Figure 1 shows the peaking factor over the life of the
core. If radial and axial fuel zoning are possible, the peaking factor can be kept below 1.5 for this
design. The peak to average fuel bumup for this design was 1.3, whereas for the same design
without TRU enrichment zones the peak to average fuel burmup was 2.1. Figure 2 shows the power
density distribution at BOL, MOC, and EOL.
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Figure 1. Time Dependent Peaking Factor for 3-D Fuel Zoning.

50 MWt Long-life PB-GCFR (Neutronics Study)

The potential for using a small (60 MW1) PB-GCFR for remote military heat and electrical needs was
also evaluated during the second year. The smallest core size that could achieve a reasonable
cycle length was determined. The performance at various cycle lengths and power densities was
also evaluated. The core design for this evaluation was 39% He, 30.5% SiIC matrix, and 30.5%
carbide fuel. Core performance with enriched uranium and reactor-grade plutonium/depleted
uranium was evaluated. Both fuel types gave similar core sizes and cycle lengths, with the
plutonium-fueled reactor having a larger reactivity swing. The results are summarized in Table 2. If
the fuel were not bumup limited (i.e., high bumup is not a problem), a very small core could be
utilized. Depending on the desired operation fime and reactivity control, it seems reasonable that a
core volume of less than 1 m?® in size could operate for a decade or more using the PB-GCFR
technology. Slightly larger cores would allow for reduced reactivity swing.

70 70

60 60

50 50 N

40 40

30 30

Heigny & Heigp, <@

MOL (7.5 FPY) EOL

Figure 2. Evolution of Power Density Distribution.
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Table 2. Long-life 50 MWt PB-GCFR Fueled with Enriched Uranium.

Cycle Power Height & Hea
Le?/wg’rh Enrichment | Density Bk(: L Diorgne’rer V(?'rira?e I\/IeT\cltY (I\EIB\L/J\;?;I\F/I)TJ
(FPY) (W/ca) f (M) (M)
5 100% 717 | 1.254 0.45 007| 028 330,634
10 100% 459 | 1.382 0.52 011 043 423,036
15 100% 343 | 1.460 0.57 015| 058 470,943
30 100% 274 | 1.511 0.61 018 0.6 826,075
22 100% 250 | 1.539 0.63 020| 079 512,823
15 75% 250 | 1.397 0.63 020| 079 346,293
10 59% 250 | 1.282 0.63 020| 079 230,862
5 45% 250 | 1.143 0.63 020| 079 115,431
30 27% 50 | 1.216 1.08 1.00|  3.96 138,517
15 22% 50 | 1.093 1.08 1.00|  3.96 69,258
10 20% 50 | 1.054 1.08 1.00|  3.96 46,172
5 18% 50 | 1.014 1.08 1.00| 3.96 23,086
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Task 2: Thermal-Hydraulic (T-H) and Safety Evaluations

The following are highlights of activities conducted in the safety and thermal-hydraulic area of the
project.

2.1 Point Design Concepts for a Gas-Cooled Fast Reactor (E. E. Feldman, T. Y. C. Wei)

Twenty five years ago, when fast spectrum reactors employing gas-cooling were proposed and
were being developed, it was evident that the safety case for this reactor type would be
complicated by the poor heat transfer properties and low thermal inerfia of the gas coolant. To
survive a scrammed depressurization accident, without undue hazard to the public, when there is
concurrent loss of electrical power, would clearly be an affractive safety case feature of an
advanced GCFR of the Gen IV class. Initial efforts focused on exploring a number of point design
concepts that could potentially provide this safety feature through passive means. A fundamental
assessment of heat fransfer modes and the implications of the decay heat curve was first
performed. Scoping type thermal calculations were then carried out. The conclusions are that:

(Q) Natural convection cannot be relied upon for the available selection of primary
coolant gases, and that radiation through the coolant would dominate above
10° °C. Below this temperature, providing conduction pathways may be the better
dlternative.

(b) However, for the period immediately following scram, substantial core thermal
inertia is needed, as heat fransfer on this timescale is not adequate for the core
materials of the foreseeable future.

In addition, the results indicated that to improve the possibility of producing a truly passive core
concept, it would be prudent to reduce the reactor power envelope to below 300 MWi. With these
two fundamental tenets (a) and (b), three types of basic core elements were investigated which
could possibly provide core configurations with the desired passive core safety feature:

(i) block/plate
(ii) pin/tube
(iii) pebble/particle

The major focus of our work was devoted to the study of pebble/particle fuel element and, in
particular, on the pebble-bed core configuration. However, some preliminary work was also
performed on the two other basic fuel elements.

In the case of the plate/block element, the proposed core concept configuration was a small
pancake core (0.3 meters height x 3 meters diameter) with radiation heat fransfer from the top and
bottom surfaces as the primary means of removing a decay heat of 1%. The radiation heat sink
would be the top and bottom axial shielding. However, the peak core temperature for this
concept is estimated to be ~2000°C and no provisions have been made to address the issue of
core thermal inertia. Additional work will be required on this core concept to determine what the
showstoppers could be,

In the case of the pin/tube element, a small spaghetti core (long and thin) composed of ~ 3 or 4
tubes (0.3 meter diameter x 4 meters length) arranged in an array around the control rods was
proposed (see Figure 1). The tubes would be filled with fuel pebbles and intemnally cooled with
high-pressure helium (~7 MPa) while the tank (calandria) surrounding the tubes would contain low-
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pressure carbon dioxide (1 MPa) to remove decay heat at natural convection conditions. This may
decrease the need for substantial thermal inertia but follow-on calculations are required. Both of
these designs are at a much earlier stage than the pebble-bed design. The issue of provision of
thermal inertia to ride out the early decay heat period is a crucial one. The work reported here on
the pebble-bed design addresses this issue for the pebble-bed concept. Future work is required on
this design uncertainty for the two other designs.

VESSEL

CARBON DIOXIDE

SHIELDING

Figure 1. Tube Reactor Concept.

Most of the effort has been concentrated on the pebble-bed core design. Correlations for a
pebble-bed equivalent thermal conductivity and pressure drop, and Nusselt numiber, were
obtained from the published literature and were evaluated. A unigue concept to increase the
heat storage capacity of the fuel pebble was introduced. This concept uses fuel spheres in which
the center is filled with a material that does not contain fuel and which can melt and absorb heat
as latent heat of fusion. This concept also substantially lowered the temperature rise within each
fueled pebble.

The scoping studies and the new pebble concept led 1o a conceptual design for a pebble-bed
fast reactor. A one-dimensional CFD model of the conceptual design was used to study various
thermal design opfions and parameters. This enabled more optimal values for the reactor
dimensions to be found. A two-dimensional CFD model was developed to study the current
annular core design choice believed to be among the closest to the thermally optimum. A severe
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depressurization accident was simulated for this design choice. A plot from this study is displayed in
Figure 2. The analysis predicted a maximum fuel temperature of 1627°C that is only 27°C above
the current limit, which is arbitrarily based on the limit for graphite fuel. The reactor vessel
femperature was observed to drop sharply af the initiation of the transient (which includes a scram)
and then recover 1o a local maximum before the final decline, which lasted until the end of the
accident. The local maximum, 489°C, is safely below the assumed allowed value of 537° C.
However, the active core power density is limited to 23 W/cc.
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Figure 2. Fuel Temperature History at Location of Peak (2-D Calculation).

Future work could include an additional analysis with the two-dimensional CFD model to determine
if the current inner core radius of 1.46 m actually does produces a lower peak temperature than
would a somewhat smaller one. A study performed with a one-dimensional CFD model showed
that the latent heat of fusion of the fuel pebbles reduces the peak temperature by 53°C. Other
thermal studies will be deferred until the neutronics and materials studies can be incorporated into
a more comprehensive design concept.
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2.2 Thermal-Hydraulic and Safety Evaluation of the PB-GCFR Core Design (E. E. Feldman,
T.Y.C. Wei)

ABSTRACT - This report documents the thermal hydraulic and safety analyses that have been
completed for the pebble-bed design opfion in the past year and is a follow-on fo the report of
the prior year (Reference 1). During the past year, parametric studies corresponding to rafed
reactor operating conditions have been performed to determine the core diameter and height,
and fo investigate the design of the fuel pebbles. A parametric study was used fo evaluate three
candidate designs for a 50 W/cc core. Designs for a 25 W/cc cores were Qlso considered. The
model used fo calculate natural convection in a closed-loop, infroduced in Reference 1, has
been improved and used to perform a parametric study for the tube reactor concept. The
analytical results provide parametric curves of temperature versus system pressure for 0.5, 1.0, and
2.0% power and for no chimney and a 12.2 m (40 feet) one. Although it was anticipated that
compressed carbon dioxide will be used for the nafural convection-cooling mode, resulfs are
provided for both carbon dioxide and helium. These resulfs show that, as expected, carbon
dioxide provides much more natural convective cooling than helium under the same conditions.

The one-dimensional finite-element heat fransfer model, which employs the FIDAP computational
fluid dynamics, CFD, software package,? that was used in Reference 1 to simulate decay heat
removal from a pebble bed reactor, has been used to analyze additional cases. The purpose of
this study was fo evaluate the performance of a gas-cooled reactor that did nof have any special
in-core decay heat removal devices, such as cold fingers, and also did not have any core coolant
flow during the accident. The new cases considered new choices of pebble designs and
materials from those of a year ago. The earlier toofsie pop pebble design was evaluated, but this
time the latent heat of fusion due to the melting of the pebble core was set to zero. This enabled
the effect of the latent heat fo be quantified and shown to be relatively small. None of the new
cases employed lafent heat in the pebble. Several carbide, nifride, and oxide candidate fuel
materials were considered along with graphite and fungsten for the pebble. The FIDAP resulfs for
silicon carbide and zirconium carbide approximate the results to be obtained for all the carbide
and nifride material choices. In addifion, a case was analyzed with both fungsten pebbles and a
tungsten reflector. All of the new cases produced pebble temperatures higher than 1600° C, but
offen far below the melting or dissociation femperature of the pebble matrix material.

A new analyfical model consisting of a set of simultaneous ordinary differential equations is
presented and used fo investigate the beneficial effects of flow and pressure coastdowns during @
severe depressurization accident. A time constant of 1 minute was assumed for the compressor
coasfdown and a time constant of 10 minutes was assumed for the system depressurization. The
analytical results show that it fakes about 20 minutes for the relative flow rate fo become less than
the relative power, where the relafive power and flow rate are both defined fo be 1.0 at rated
reactor conditions. Affer 20 minutes the flow rate continues fo decrease rapidly foward zero while
the decay power decreases slowly and the resultant high power-to-flow rafio causes the fuel
temperatures to rise rapidly.

Two new concepts for decay heat removal are proposed and analyzed. In the first, the fuel
pebbles are rapidly dumped into a series of lower sforage fanks thar are cooled externally by
borated water. The fransfer of the decay heat from the borated water fo atmosphere is
extensively analyzed. This heat fransfer is accomplished by using the decay heat to boil the
borated water and a natural-adraft cooling tower to cool the steam and condense it back to
liquid. The analysis indicates that this part of the decay heat removal scheme is feasible. Getting
the fuel pebble to the storage tanks in a fimely manner without overheating any of the structures
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along the way and the heat fransfer from the fuel pebbles fo the borated water need further
investigation.

The second new concept is the cold finger concept for decay heat removal. Both sfeaay state
and fransient models were developed and used fo evaluate the perforrmance of these bayonet-
type heat exchangers. The sfeady-state model is effective for scoping studies and provides the
flow rates and heat transfer coefficients used in the fransient model. For the steady-stafe model, a
decay power level must be assumed, while the fransient model uses the decay heat curve fo
represent local volumetric heat generation rate as a function of time. The fransient model, which
is a finite-element heat conduction model that employs the FIDAP software package,? considers
heat storage effects in the fuel and in the cold finger. Thus, the fransient model is essential in
assessing the performance of the cold fingers and in defermining the peak fuel temperature.
Preliminary analyfical results for the 4-cm and the 5-cm pebble core design choice for the 50
Wjcc cores indicate that 15 cold fingers that occupy 15% of the fotal core volume are not
enough fo keep the fransient peak fuel temperature below 1600° C. Hence, more cold fingers
will be needed and/or a greater portion of the core volume must be occupied by cold fingers.

1.0 INTRODUCTION

The purpose of this report is to document the thermal hydraulic and safety analyses that have been
completed for the pebble-bed design option in the past year. This report is a follow-on to the
report of the prior year (Reference 1). During the past year, parametric studies corresponding to
rated reactor operating conditions have been performed to determine the core diameter and
height and to investigate the design of the fuel pebbles. These studies are described in Chapter 2.
The model used to calculate natural convection in a closed-loop, introduced in Reference 1, has
been improved and used to perform a parametric study for the tube reactor concept. These
results can be found in Chapter 3 and the equations for the model can be found in Appendix C.

Reference 1 used a one-dimensional finite-element heat transfer model, which employs the FIDAP
computational fluid dynamics, CFD, software package,? to simulate decay heat removal from a
pebble bed reactor and to study a series of parametric one-dimensional dynamic cases.
Additional cases are provided in Chapter 4.0. In all of these FIDAP cases and in the two-
dimensional one reported in Reference 1, the fransient was initiated from the full-power rated
steady-state condition and it was assumed that at time=0 the reactor flow rate instantaneously
decreased in a step 1o zero and the system pressure decreased in a step to atmospheric pressure.
The current report investigates these assumptions by considering the effects of flow and pressure
coastdowns. The analytical models for the coastdown analysis can e found in Appendix A and
the results can be found in Chapter 5.

Two new concepts for decay heat removal are proposed. Chapters 6 and 7 describe these
concepts and provide analytical results based on the models provided in Appendices B, C, and D.
Finally, Chapter 8 provides a discussion and conclusions.

2.0 REFERENCE DESIGN STEADY STATE PARAMETRICS
2.1 Core Parameters

A set of design parameters were established for steady-state operation and are as follows:
e core rated power of 300 MWt
e core inlet temperature of 480° C
e core outlet temperature of 850° C
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e system pressure of 7.0 MPa

e helium coolant

e core pressure drop of no more than 0.31 MPa (45 psi)
e core length-to-diameter ratio in the vicinity of 1.0

e average core power density in the fuel region (including only the pebble-bed areq) of 50
W/cc (This was later lowered to 25 W/cc.)

The basic geometric shape chosen for the core is a vertical right circular cylinder and the coolant
flow is parallel to the axis of the cylinder. Special devices for decay heat removal, which are
described Chapter 7, are part of the starting requirements. These special devices are cylindrical
bayonet-style heat exchangers, called “cold fingers”, which are oriented vertically and are
distributed throughout the core. Because of neutronic design considerations, the combined cross
sectional areas of all of the cold fingers is limited 1015% of the circular area of the core and the
core aspect ratio is 1o be as close to 1.0 as is practical.

One of the first tasks was to establish design options for the pebbles. As described in Section 2.2,
this required determining pebble sizes that resulted in acceptable fuel temperatures and core
pressure drops. Then extensive analysis was performed, based on the assumption that the average
core power density was fo be 50 W/cc. It was decided that in the determination of core power
density, the core volume includes only the regions occupied by pebbles, but not the volumes
occupied by cold fingers. Neutronic analysis, performed by others, demonstrated that criticality
could not be maintained over the desired core life for a 50 W/cc design that included the required
number of cold fingers. The problem was that the fuel volume fraction was too small. Therefore, a
25 W/cc design that included cold fingers was proposed. Section 2.3 describes the 50 W/cc
design, Section 2.4 describes the incorporation of cold fingers in this design, and Section 2.5
provides results for the 25 W/cc core.

2.2 Pebble Design Considerations

One of the first parameters to be determined is the pebble diameter. It is desirable to make this as
large as possible for the following reasons:

e O minimize the core pressure drop
e to maximize the effective thermal conductivity of the pebble bed
e o minimize the total number of pebbles that must be manufactured

When smaller pebbles are used, more of them are needed 1o fill the same volume. Thus, the flow
must travel across more pebbles and heat that is fransferred across the core must pass through
and around more pebbles. Hence, smaller pebbles result in a larger core pressure drop and a
lower effective thermal conductivity. Unfortunately, as the pebble diameter increases, both the
temperature rise from the coolant free stream to the pebble surface and the temperature rise from
the pebble surface to the pebble centerincrease. These temperature rises are important because
as they increase, the peak pebble temperature gets closer to its limit, which is currently assumed to
be 1600° C.

For steady-state reactor operation af rated conditions, it is highly desirable to keep the maximum
fuel temperature considerable below the 1600° C limit. This is necessary to provide a margin of
safety so that the reactor can safely withstand an upset condition. Currently, a value of 1200° C is
taken as a nominal value for the peak fuel temperature at operating conditions. There are several
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incompletely known items that directly affect the peak fuel temperature, including the radial power
peaking factor for the pebble bed, the axial power shape in the core, and the pebble design. All
three of these items will become better defined as the design progresses. For now, only estimates
of these quantities are available,

The peak temperature of each pebble is the sum of the local free stream coolant temperature
and the tfemperature rise from the local free stream to the hottest location in the pebble. The latter
quantity is directly proportional to the local power peaking factor, which is currently assumed to be
about 2.0. The axial power shape is expected to resemble a chopped cosine. This implies that the
peak pebble temperature will not occur at the core exit where the free-stream coolant
temperature is the greatest. The coolant enters the core at 480° C and rise 370° C to reach the
exit temperature of 850° C. For lack of better information af the time the analysis was performed, a
reasonable estimate was made — namely that the hottest pebble is located where the coolant
has risen 270° C from the exit and therefore is 750° C. This leaves 450° C to the arbitrarily set 1200°
C limit. Since a peaking factor of 2.0 is assumed, the allowed nominal steady-state temperature
rise from the local coolant free stream 1o the hottest point in the hottest pebble must be half this
value, or 225° C.

Currently, the following three options are being considered for the pebble design: 1) a solid sphere
in which fueled particles are evenly distributed throughout a graphite matrix, 2) a solid sphere in
which the fuel metallurgically is a solid solution, and 3) a shell of metallurgically solid solution fuel
with an unfueled core of the same or another material. The graphite option is assumed fo yield a
pebble thermal conductivity of 30 W/m-K. The solid solution material is assumed to be a metal that
has a thermal conductivity of half of this value, or 15 W/m-K. The solid solution allows a greater fuel
density and hence all of the fuel can be packed into half of the volume of the sphere. Thus, the
third option has all of the fuel concentrated in an outer shell, which occupies half of the pebble
volume and surrounds an unfueled core of the same volume. In the analysis of this pebble, the
shell and core are assumed 1o be metallurgically bonded together and to have the same thermal
properties. In these evaluations, the need for an exterior clad has not been fully addressed in any
of the three options. The presence of the clad will certainly affect the thermal perforrmance of the
pebble, but if properly designed, should not have an overwhelming effect. The first option should
be able to accommodate the fission gases by holding them within the fueled particles and an
exterior thin layer of unfueled graphite potentially could be used in place of a clad. In the second
option, the containment of the fission gases needs further consideration and in the third option, it
may be possible to contain the fission gases in the unfueled core if it is porous.

2.3 50 W/cc Core

Published correlations for the pressure drop, effective thermal conductivity, and Nusselt number,
which are needed to determine the film coefficient of the surface of the pebble, are provided in
Reference 1. The reference also provides relationships for the femperature rise in heat generating
spheres and shells. These correlations were evaluated with the aid of a computer spreadsheet and
the results are provided in Table 1 for a series of design options. In the table the header "50/50" is
used over three columns to indicate the pebble option where an outer heat-generating shell of half
of the pebble volume surrounds a non-heatf-generating core of the other half of the pebble
volume. Pebble diameters of 2, 3, 4, 5, and 6 cm and two types of pebble — solid graphite (30
W/m-K) and 50/50 — are considered in the table and shading is used to identify the three design
choices selected. The solid solution metal pebble design (15 W/m-K) is not in the table because its
performance is always worse than the solid graphite pebble design (30 W/m-K). This is because the
latter has twice the thermal conductivity of the former and hence half the pebble internal
temperature rise.
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The core length and the pebble diameter together determine the core pressure drop. Since core
power density is assumed to be constant at 50 W/cc, increasing reactor power without changing
core length or pebble diameter merely causes a proportionate increase in pebble-bed cross
sectional areq, with no increase in coolant flow velocity. Thus, if the power density is kept constant,
for a given core length and pebble diameter, both the core pressure drop and the temperature
rise through the pebble boundary layer and within the pebble are independent of reactor power.
Increasing core power merely proportionately increases the number of pebbles without changing
the thermal behavior of the individual pebbles. Changing the core length does not affect the total
volume of pebbles. It just changes the core cross sectional area. Hence, changing the core
length affects the film coefficient, since the velocity of the coolant is affected, but does not affect
the temperature rise within the pebble.

Table 1. Parametric Study of Core Design Options (50 W/cc).
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Solid | 50/50 | Solid | 50/50 Solid 50/50
2.0 0.252 139.5 547.3 319.1
1.5 6 0.108 171.2 30 15 1407.8 | 179.6 579.0 350.8
1.0 0.033 227.5 635.3 407.1
2.0 0.303 110.4 393.6 235.1
5
1.5 0.132 135.2 30 15 12832 | 15,5 418.4 259.9
1.0 0.041 179.2 462.4 303.9
2.0 0.388 82.7 264.0
1.85 4 0.310 87.4 268.7
30 181.3
1.5 0.169 101.1 282.4
1.0 0.052 133.6 314.9
2.0 0.533 56.9 260.8
1.65 0.305 65.0 268.9
3 15 203.9
1.5 0.232 69.4 273.3
1.0 0.072 91.2 295.1
2.0 0.834 33.4 124.0
1.5 2 0.363 40.5 15 90.6 131.1
1.0 0.112 53.0 143.6

48



Project Final Technical Report September 24, 2003
NERI Project 01-022

In examining the table to find candidate design options, one looks for instances where the core
pressure rise is no greater than 0.31 MPa (45 psi) and the total temperature rise (i.e., fim plus
pebble) is no greater than about 225° C. These criteria clearly eliminate all of the 6-cm pebble
choices and the "“solid” 5-cm choices, which are the ones with the fuel evenly distributed
throughout a solid graphite sphere. The length-to-diameter ratio is an important consideration that
is not considered in Table 1. Since the fueled region, i.e., the pebble bed, is to occupy 85% of the
core cross sectional area and the cold fingers are to occupy the other 15%, the core outer
diameter can be determined and from that the core length-to-diameter ratio can be deduced.
Alternatively, a simple formula can be derived for the core length-to-diameter ratio as follows:

length'®

4 power
0.85 & (power density)

length — to —diameter ratio =

Table 2, which provides the core length-to-diameter ratio for all of the core lengths considered in
Table 1, shows that cores longer than 2.00 m would be needed to achieve a core length-to-
diameter ratio of 1.0. Unforfunately, if the core pressure drop is not to exceed 45 psi, then a longer
core would require a larger pebble diameter and this would result in excessive pebble
temperatures. Thus, for each pebble type, the best choice is the greatest core length that does
not exceed the 0.310-MPa limit,

Table 2. Core Length-to-Diameter Ratio (50 W/cc).

Length, m | Diameter, m | Length-to-Diameter Ratio
2.00 2.12 0.943
1.85 2.20 0.839
1.65 2.33 0.707
1.50 2.45 0.613
1.00 3.00 0.334

An equation analogous o the one given above can be used to determine the core diameter for
each core length or it can be deduced from the core length and the core length-to-diameter
ratio. The resultant core diometers are provided in Table 2. Making the core diameter smaller
reduces both the required reactor vessel diameter and the required number of cold fingers. A
longer core requires a longer vessel and longer cold fingers, but both of these are easier and less
costly to achieve than a greater vessel diameter or more cold fingers.

Thus, close examination of Table 1 produced the following three design choices:
1. 2.0 m core length, 5 cm 50/50 metallic pebble
2. 1.85 m core length, 4 cm solid graphite mattrix pebble
3. 1.65m core length, 3 cm solid metallic pebble

These three are designated in Table 1 by a light shading. The 2.0-cm pebble diameter option was
eliminated because it would require a very small length-to-diameter ratio, which implies a large
reactor vessel diameter and many cold fingers, and it would require considerably more pebbles
than any of the other choices. The total temperatures rises for the three selected pebble choices
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are higher than the 225° C goal, with the highest being 268.9° C. Table 1 shows that for a given
pebble design, lengthening the core has no effect on the pebble temperature rise, but does
produce only a relatively small reduction in film temperature rise, and, of course, the same
reduction in total pebble tfemperature rise. This however comes at the cost of a relatively large
increase in core pressure drop. Since the fuel pebble has not been designed yet, its thermal
properties and limits are just educated guesses. In addition, the maximum core peaking factor is
not well known. Therefore, it was decided to accept the somewhat higher pebble temperature
rises for now.

2.4 Incorporation of Cold Fingers in the 50 W/cc Core

The above three pebble design choices were selected essentially based on the operation of the
reactor at its steady-state rated conditions. The only influence that upset conditions had on these
designs is that the peak steady-state fuel temperature must be considerably below the assumed
1600° C temperature limit and that up to 15% of the core circular cross sectional area is to be
reserved for cold fingers. The design of the cold finger system and the analytical process for
determining the quantity and the dimensions of the cold fingers are provided in Chapter 7 and
Appendices C and D. Table 3 summarizes key cold finger design results for the three design
options listed above. As the table indicates, the first two design choices each require 12 cold
fingers and the third requires 19. The maximum fuel temperature during a severe depressurization
accident, as indicated at the bottom of the table, varies between 1551.5 and 1599.1° C among
the three design choice. If the maximum fuel temperature for the third choice with 19 cold fingers
had been several degrees higher, a 20th cold finger would have been needed and it would have
caused the peak fuel temperature to be significantly below the 1600° C limit.

The table also lists the dimensions of the cold finger fubes for each design choice. The insulator
and pressure tube inner diameters were selected in even increments of 0.5 cm. The insulator tube
wall thickness was assumed o be 0.5 cm and the pressure tube wall thickness was assumed to
increase linearly with the tube’s inner diameter because the stress across the wall thickness of the
pressure tube increases linearly with fube diameter. Thus, the pressure tube diameter selected may
be slightly less than the one that results in exactly15% of the core cross sectional area being
occupied by cold fingers. Hence, it is likely that the mathematically exact core diameters of Table
2 will differ slightly from those actually used and indicated in Table 3. This difference would be
obvious if the diameters were shown to more than two decimal places.

It should be noted that the cold finger analysis is based on the assumption that the cold fingers
must remove 1% of rated power while operating in steady-state. As observed in Chapter 7, the
decay power is above this level until about 2.5 hours after reactor shutdown. During this time
period it is expected that the fuel temperature will rise as the core absorbs some of the excess
decay power. Results for this fransient behavior are provided in Section 7.4, which provides the fuel
temperatures during this time interval. Also, the external heat exchanger that fransfers the energy
removed by the cold fingers to the atmosphere needs to be analyzed. This shortcoming is
overcome by specifying a fixed value for the coolant temperature exiting the heat exchanger.

2.5 25 W/cc Core

After the three core design choices for a power density of 50 W/cc were provided, neutronic
considerations required an increase in core volume and a corresponding decrease in power
density. Therefore, the steady-state core design for rated conditions was evaluated for a 25 W/cc
core. The lower power density allowed the core to be taller without exceeded the 0.31 MPa (45 psi)
constraint on core pressure drop. Thus, the core choice with 5 cm metallic pebbles with the center
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of each pebble unfueled, i.e., the 50/50 pebble design, could now be 3.1 m tall instead of 2.0 m
and the choice with 4 cm graphite matrix pebbles could now be 2.9 m tall instead of 1.85. For
these 25-W/cc cases, a preliminary judgment is that18 cold fingers would be needed. Modeling
with the dynamic cold finger model, describe in Chapter 7, is needed to determine the required

numMiber more accurately.

Table 3. Key Core and Cold Finger Parameters for the Three 50 W/cc Design Choices.

Quantity Parameter
design choice 1 2 3
pebble diameter, cm 5.0 4.0 3.0
pebble material/design 50/50 metallic | solid graph. | solid metallic
core length, m 2.00 1.85 1.65
actual core diameter, m 2,12 2.20 2.33
rated reactor power, MWt 300
decay power level, % 1.00
elevation difference (chimney height), m 10
fuel region heat generation rate, W/cc 50
control rod thimble O. D., cm 50
carbon dioxide coolant inlet temperature, C 50
pressure tube thermal conductivity, W/m-K 15.0
number of cold fingers 12 12 19
insulator tube I. D., cm 18.5 20.0 16.0
insulator tube O. D., cm 19.5 21.0 17.0
pressure tube, |, D., cm 22.0 23.0 19.0
pressure tube O. D., cm 23.6 24.7 20.4
effective fuel region O. D., cm 61.2 63.6 53.4
fuel region thermal conductivity, W/m-K 10.9 11.9 7.8
cold finger carbon-dioxide flow rate, kg/s 3.58 3.10 2.38
carbon-dioxide coolant outlet temp., C 127.0 138.5 123.1
pressure tube |, D. temperature, C 336.5 340.7 309.8
pressure tube O. D. temperature, C 430.4 4421 381.7
maximum fuel femperature, C 1560.1 1551.5 1599.1
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3.0  TUBE REACTOR NATURAL CONVECTION MODE

The tube reactor concept is described in Reference 1. In the tube reactor, as shown in Figure 1,
the pebbles are contained in a series of parallel tubes and are cooled by a high-pressure helium
that flows between the pebbles. The tubes are surrounded by high-pressure carbon-dioxide that
flows by natural convection. Figure 2 provides a schematic diagram of the carbon dioxide natural
circulation loop. During normal operation most of the heat is removed by the flowing helium.
However during severe helium depressurization accidents when the helium flow is essentially zero,
the heat would be conducted and radiated from the fuel to the exterior of the tubes where, as
shown in Figure 2, the flowing carbon dioxide would remove it via the external heat exchanger.

The analytical model for the natural circulation loop is presented in Appendix C. The temperature
difference between the flowing carbon dioxide and fuel pebbles in the adjacent tubes should be
small during shutdown decay heat conditions and is ignored in the current analysis. The core is
assumed to extend the entire length of the fueled region, which is assumed to be 4 m and is
shown in Figure 2, and to consist of four tubes that each produces 75 MWt at rated power. The
tubes were assumed to be 0.3048 m (12 inches) in diameter and to be on a square pitch of
0.3302 m (13 inches). Thus, thereis 2.54 cm (1.00 inches) between adjacent tubes. For this initial
analysis, the hydraulic diameter and the flow area of the carbon dioxide regions outside the tubes
were assumed 1o be those of the cusp formed at the center where the four tubes come together.
This hydraulic diameter and flow area are 15.1 cm and 361 cm?, respectively. The inlet and exit
form losses, i.e., k-losses, for this region are assumed to be 0.5 and 1.0, respectively. At this time
the heat exchanger used for heat rejection is not explicitly represented in the model and instead
the carbon dioxide coolant at the heat exchanger exit, which is the same as at the tube reactor
inlet, is taken to be 316° C (600° F).

The purpose of the analysis was to study the relationship between the carbon dioxide system
pressure and the carbon dioxide temperature at the outlet femperature of the fueled region. Since
the temperature rise from the coolant to the hottest fuel temperature should e very small, this
coolant temperature is essentially a surrogate for peak fuel temperature. As show in Figure 2 the
chimney is defined to be the vertical distance between the top of the fueled region and the
bottom of the heat exchanger.

Figure 3 provides temperature predictions for both a 12.2 m (40.0 feet) chimney (solid curves) and
no chimney (dashed curves). For each chimney option, temperature predictions for powers of 0.5,
1.0, and 2.0 % of rated power are provided. The analytical model represents steady-state
conditions and was solved on a computer spreadsheet. In inferpreting the results, one would
choose the maximum allowed outlet temperature along the ordinate of the graph and read the
minimum system pressure one would need from the abscissa. Since the fuel is assumed to be
able to withstand temperatures up to 1600° C, one may be inclined 1o use this temperature.
However, this would probably be non-conservative since the limits of much of the structural material
are probably much lower. These structures may be made of various stainless steels whose melting
point are considerably below 1600° C and have very little strength at tfemperatures approaching
their melting points.
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Figure 1. Tube Reactor Concept.
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Figure 2. Carbon Dioxide Natural circulation Loop for the Tulbbe Reactor Concept.
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Figure 3. Tube Reactor Design Results for Carbbon Dioxide Vessel Coolant.
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Figure 4. Tube Reactor Design Results for Helium Vessel Coolant,
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An analogous set of results to those in Figure 3 are provided in Figure 4, but with the carbon dioxide
coolant replaced by helium. The two sets of results when compared demonstrate that for the
same set of conditions carbon dioxide produces much lower outlet temperatures than does
helium. All of the results show that as the system pressure is lowered, a region is reached in each
individual curve where the outlet temperature starts to increase dramatically. This is due, in part, 1o
the increase in coolant gas viscosity with increasing temperature. As the system pressure
decreases the density of the gas decreases and this decreases the flow rate of the gas. As the gas
flow rate decreases the gas temperatures increase. The increasing gas temperatures increase the
gas viscosity, which further decreases the flow rate and further increases the gas viscosity. Thus, a
point can be reach where a small decrease in system pressure causes a large increase in gas
outlet temperature. Decreasing gas density with decreasing pressure also has an adverse effect.
For a given buoyancy pressure differential, the flow rate (kg/s) decreases as the density decreases.

The critical point for carbon dioxide is at 31.1° C and 7.38 MPa (87.8° F and 1070.6 psia). Thus, in
some instances the carbon dioxide coolant will be close 1o the critical point. However, the steady-
state loop natural convection model provided in Appendix C ignores this aspect of the carbon
dioxide coolant state. The idea gas relationship is assumed to apply for all conditions and the rapid
changes in fluid properties that occur near the critical point have not been properly taken into
account. Therefore, a better representation of the properties of carbon dioxide should be
considered for future analysis. It is possible that such analysis may show better natural convective
performance than is currently predicted. In addition, it may be desirable to avoid operation near
the critical pressure and this could require that higher pressures be considered.

4.0  VESSEL CONDUCTION TRANSIENT DECAY HEAT REMOVAL

Chapter 5 of Reference 1 provides both a two-dimensional and a one-dimensional FIDAP finite-
element heat fransfer model of a 300 MWt gas-cooled reactor. The design dimensions and
parameters used in these models represent an earlier version of the current reactor design.
Because the two-dimensional model required a considerable amount of computational resources,
the fast-running one-dimensional model was used for scoping studies where the effects of
differences among design parameters were to be studied. Table 5-2 of Reference 1 provided the
results of ten one-dimensional parametric case. Three new one-dimensional cases were run 1o
study the effects of various pebble designs and material choices and a fourth case was run to
consider tungsten pebbles combined with a tungsten reflector. Asin Reference 1, all of the cases
assume a 6-cm diameter pebble, which is not one of the current design choices. The results,
however, are valid on a comparative basis.

The standard for comparison is Case 19 of Reference 1. In this case the pebble has the properties
of stainless steel and is of the “tootsie-pop” design. In this design it is assumed that all of the power
is evenly distriouted over the outer shell of the pebble and the volume of this shell is only 25% of the
total spherical pebble volume. It is further assumed that the inner core of the pebble, which is the
other 75%, of the volume, willmelt and all of the latent heat is absorbed between 1540 and 1550°
C. Another assumption is that over the entire temperature range of this pebble and throughout its
volume, the thermal conductivity, density, and heat capacity approximate those of stainless steel
in the solid phase. The thermal conductivity of the pebble is assumed 1o be a constant 15 W/m-K.
This conductivity was used 1o determine the effective thermal conductivity of the pebble bed,
which was freated as a homogeneous region. The effective thermal conductivity of the pebble
bed is a strong function of femperature because radiant heat transfer among the pebbles is a
dominant effect.
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As shown in Table 4, Case 26 is the same as Case 19 except that the latent heat in the core is set
fo zero in Case 26. The lack of latent heat causes the peak fuel temperature to rise by an
additional 53° C and the peak reactor vessel to be 11° C higher. Thus, the benefits of a pebble
whose central core can melt and absorbo heat due to its latent heat of fusion may not justify the
difficulties of designing it and dealing with the potential for molten metal inside the reactor core.

Table 4. Additional Vessel Conduction Decay Heat Removal Cases.

Case Pebble Type Core Maximum | Vessel Moximum
Name Temperature, C Temperature, C
19 Steel (Tooftsie Pop) with Latent Heat 1575 521
26 Steel (Tooftsie Pop) without Latent Heat 1628 532
23 Silicon Carbide 1661 540
24 Zirconium Carbide 1774 564
22 Tungsten (with Tungsten Reflector) 1682 561

A numiber of materials that can withstand much higher temperatures than can stainless steel were
consider for the fuel pebbles, as shown in Table 5. All of the property values in the table are based
on Reference 3 except those for silicon carbide and graphite. The thermal conductivity of graphite
depends on the type of graphite, which can be anisotropic, and it decreases with increasing
temperature. Reference 4 shows the thermal conductivity for a reactor graphite to vary from 33.7
W/m-K at 427° C to 17.3 W/m-K at 1627° C. Densities and specific heat capacities for some
graphites can be found in Reference 5. The values of thermal conductivity, density, and specific
heat capacity for silicon carbide were taken from Reference 6 and are for the unirradiated
material. Reference 7 indicates that iradiated silicon carbide can have a much lower value of
thermal conductivity than does the unirradiated material. Reference 7 states: “In a neutral or
reducing atmosphere, bare SiC can degrade through evaporation of silicon, leaving a porous
carbon layer. The degradation becomes severe in a few hours at 2000° C (2273 K).”

The thermal conductivity for silicon carbide o be used in the current analysis should be much lower
than the 35.7 W/m-K for unirradiated material shown in the table. When this is taken info account
all three new materials can be expected to have a thermal conductivity within a factor of 2 of the
15 W/m-K used for the pebble conductivity of Case 19. The effective thermal conductivity for a
pebble bed is a weak function of the thermal conductivity of the pebbles themselves since radiant
heat transfer among pebbles is very important. Therefore, the effective thermal conductivity of the
pebble bed in each case will be considerably less than a factor of 2 of that used in case 19.
Hence, 1o a reasonable approximation the effective thermal conductivity of all of the carbides and
nitrides in the table while in an irradiated condition will be close enough in value to each other and
to the 15 W/m-K pebble conductivity assumed in Case 19 to warrant keeping the effective thermal
conductivity of the pebble bed unchanged from that used in Case 19. Moreover, the emissivity at
the surface of the pebbles may have a more significant effect than the pebble thermal
conductivity. Thus, the uncertainty in effective thermal conductivity for the pebble bed may be
bigger than the differences among the materials. Therefore, all cases in Table 4 used the same
values of the Case 19 relationship for pebble bed effective thermal conductivity as a function of
temperature.
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Table 5. Thermal Properties of Candidate Pebble Materials.

Material Thermal density, | specific heat | Product of | Melting Point or
Conductivity kg/m? capacity at p X Cp Dissociation
at 1000° C, (p) 1500° C, J/m3-K x Temperature, C
W/m-K JkgK (c) 10°¢
Silicon Carbide 35.7 3160 1336 4.22 ~2000
Titanium Nitride 22 6400 595 3.81 3230
Zirconium 22 6510 250 1.63 3530
Carbide
Uranium Oxide 3.6/3.2 10960/ | 339 3.72/ 2730 (2805)
9660 3.27
Uranium Carbide |20/ 17.5 13630/ | 272 3.71/ 2400 (2525)
12970 3.53
Uranium Nitride 24.6 14320/ | 272 3.90/ 2600 (2850)
13510 3.67
Graphite ~30 1700 ~2000 3.4 3650

Reference 6 provided specific heat capacity for silicon carbide as a function of temperature as
follows:

temperature, C: 20 500 1000 1200 1400 1500
specific heat capacity, J/kg-K: 7151086 1240 1282 1318 1336

A cubic interpolation routine in the Matlab software package® was used to represent specific heat
capacity as a function of temperature and then a Matlab quadrature relation was used to
integrate it. From this one can obtain the average specific heat capacity over a specific
temperature range. The average over 900 to 1500° C is 1280.1 J/kg-K. For 800 to 1500° C the
average is 1269.0, and for 700 to 1500° C the average is 1257.3. This type of average is the best
constant value 1o use because the product of temperature change and average specific heat
capacity is the enthalpy change over the temperafure change. Thus, 1269.0 J/kg-K is
representative and was used in Case 23, shown in Table 4. The corresponding product of density
and specific heat capacity is 4.01 x 106 J/m3-K. This differs sornewhat from the value in Table 5
since specific heat capacity was evaluated at 1500° C there.,

For transient thermal analysis, specific heat capacity and density always appear as a product and
therefore only the product matters. In Table 5 one observes that all of the carbides and nitrides,
except zirconium carbide have a product of specific heat capacity and density of about 4 x 106
J/m3-K. All of the materials that have the same relationship for pebble bed effective thermal
conductivity as a function of temperature and about the same product of specific heat capacity
and density will have about the same thermal performance. Therefore, the FIDAP results provided
in Table 4 for silicon carbide, Case 23, are approximately applicable to all of the other carbides
and nitrides in Table 5, except zirconium carbide, which is Case 24.
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Case 22, in addition to having tungsten pebble in place of stainless steel ones, has a tungsten
reflector. The effective thermal conductivity of the bed of tungsten pebbles was based on a
constant thermal conductivity for tungsten of 100 W/m-K and an emissivity of 0.3. This is much
lower than the 0.8 used in all of the other cases in Table 4 and better represents the behavior of
tungsten. Also, the emissivity of the outer surface of the reflector, which faces the neutron shield,
was reduced from the 0.6 values that was used for the stainless steel reflector (in Case 19) to 0.3 for
the tungsten one.

Latent heat is included only in Case 19. The only difference among Cases 26, 23, and 24 is in the
product of specific heat capacity and density. In Case 26 this product is about 25% larger than in
Case 23 and it is more than twice as large in Case 23 than in Case 24. This explains the
differences in core maximum temperature among these three cases.

5.0 EXTENDED FLOW COASTDOWN OPTION

In the previous thermal analyses provided in Chapter 4 and in Chapter 5 of Reference 1, it was
assumed that the depressurization 1o one atmosphere and the stopping of the flow occurred
instantaneously atf the start of the depressurization accident. Thus, in these analyses, at the instant
that the accident was initiated, the coolant flow rate became zero, the system pressure became 1
atmosphere, and the reactor power, which was full operating power, became the maximum initial
decay power. In practice, the reactor scram does reduce the power level from full operating
power down to decay levels in a fraction of a second and therefore is amost instantaneous.
However, it can take many seconds for the system to depressurize fully and many seconds for the
blowers to coast down and stop. Since the decay power decreases exponentially with time after
scram, the previously ignored convective flow rate in the initial portion of the accident could
potentially remove a substantial amount of decay energy and cause the predicted peak
temperatures to be much lower than those predicted earlier. Thus, a dynamic model was
developed, and is provided in Appendix A, to enable redlistic pressure histories and flow
coastdowns 1o be included in the analysis.

Figure 5 shows a model of the pebble bed core that was use to develop the dynamic model
provided in Appendix A. The pebble bed core height was divided into ten axial slices of equal
height. Each slice consists of a fuel node and a coolant node. Heatf generated in each fuel node
can be either stored or transferred to its adjacent coolant node. All of the heat leaving the fuel is
assumed to be convection by the coolant. Heat is stored in both the fuel and the coolant, but no
heat is assumed to be fransferred through the external boundaries of the model except by
convection by the flowing coolant. This representation can be viewed as that of the entire core or
of an average channel in the core. The equations of this dynamic model were developed to
represent the transient spatially varying coolant temperatures along the length of a representative
coolant channel and the fransient temperatures of its adjacent fuel pebbles. The resultant set of
20 simultaneous ordinary first-order total differential equations, representing the dynamic energy
balance in the core, was numerically solved with the aid of the Matlab software package.” The
Matlab script developed 1o represent the analytical model was written so that the number of axial
slices is an adjustable parameter. Hence, it would be a relatively simple matter to increase the
numiber of axial slices to 20, for example, and to solve 40 simultaneous ordinary first-order total
differential equations to obtain a solution for a finer nodal structure.
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Figure 5. Core Model for Coastdown Analysis.

An analysis was performed in which the reactor was initially af the assumed rated conditions of 300
MWt and inlet and outlet tfemperatures of 537 and 900° C, respectively. The pebble diameter was
assumed 1o be 6 cm in diameter and the thermal properties were assumed to be those of stainless
steel in the solid form, i.e., no melfing. These parameters correspond to an earlier design, but the
results demonstrate the important phenomena. The normalized power, shown in the middle graph
of Figure 6, follows the decay curve after a 0.3 s scram and the normalized pressure and blower
speed are of the form 1/(1 + 1/1), where tis fime and 1 is the time constant, which in this instance
are taken to be 600 s for the pressure coastdown and 60 s for the blower coastdown. The pressure,
shown in the top graph of Figure 6, is used to determine the coolant density. The blower speed,
shown normalized in the middle graph of Figure 6, is used to determine the coolant velocity. The
coolant density and velocity together determine the coolant flow rate, shown normalized in the
middle graph of Figure 6. The results, the fuel exit node and exit coolant tfemperatures, are shown
in the bottom graph of Figure 6. In this example the pressure and blower coastdowns are
sufficiently protracted to enable the normalized flow rate to remain greater than the normalized
power for about the first 1000 s. After that time the normalized flow rate drops considerably below
the normalized power and this causes reactor temperatures 1o rise dramatically. Thus, the pressure
and blower coastdowns delay and reduce the peak fuel temperature, but are of marginal value
unless the normalized flow rate can lbbe maintained albbove or reasonably close to normalized power
for a very long period of time.
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Figure 6. Dynamic Behavior Resulting fromn Assumed Flow and Pressure Coastdowns During @
Depressurization Accident with Scram.

6.0 PEBBLE DUMP SYSTEM

This new concept is shown schematically in Figure 7. It is proposed that during a severe
depressurization accident the fuel pebbles of a gas-cooled reactor be dropped into a series of
tanks that are cooled externally. A borated water bath is proposed as a means of cooling the
tfanks. The water boils and the steam rises into an external condenser. A natural draft cooling tower
draws air past the tubes of the condenser and condenses the steam back to water so that it can
flow by gravity back to the water bath. A design concept with initial dimensions is provided in
Reference 9, which has been reformatted to form Appendix B. This reference includes a steady-
state analytical model that is solved on a computer spreadsheet. Mass, momentum, and energy
eqguations and relationships for friction factors, heat tfransfer coefficients, and condenser fin
efficiency are developed and solved for the water side. The assumed design dimensions resultin a
power removal capacity of several megawatts, which is adequate for the current application. The
water-side model was successfully fested with published representative dimensions for a 375-foot
tower that removes several hundred megawatts of power. If this new concept is further pursued
then work will have to be focused on the heat transfer in the tanks from the beds to the walls of the
tanks. This will provide sizing requirements.
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Figure 7. Design Concept for Pebble Dump and Decay Heat Removal .

7.0 IN-CORE DECAY HEAT REMOVAL COLD FINGER
7.1 Cold Finger Concept

As shown in Figure 8, the cold finger concept employs a series of bayonet heat exchangers, i.e.,
cold fingers, that are inserted vertically through the top of the reactor vessel. Each of these cold
fingers, as shown in Figure 9, removes heat from the fuel in its immediate vicinity. In order to
minimize the number of penetrations through the top of the reactor head, each cold finger would
have a control rod along its centerline, as shown in Figure 9. Each cold finger, therefore, performs
the dual functions of decay heat removal and reactivity control. High-pressure carbon dioxide at
the same pressure as the reactor helium coolant, currently assumed to be 7 MPaq, is used as the
cold finger coolant.
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The coolant flow for the cold finger enters af the top of the finger and travels down an annulus
around the outside of the control rod guide thimble. This flow also serves 1o cool the confrol rod. At
the bottom of the cold finger the coolant flow makes a U-turn and travels upward along the outer
annulus.  An insulator tube separates the cold downward flow from the upward flow, which is
heated by the adjacent pebble bed. The hot flow from the cold finger is convected to an external
heat exchanger where the heated carbbon dioxide is cooled by a stream of atmospheric air drawn
through a natural-draft cooling tower. Several or all of the cold fingers would be attached to a
single external heat exchanger or series of heat exchangers.

The bayonet design with the carbbon dioxide flow making a U-turn at the bottom of the cold finger
was chosen so that each cold finger would require only one penetration through the reactor vessel
boundary, instead of one at the top and one at the bottom. The sealing flange, identified in Figure
9, is used fo provide a leak-tight seal between the cold finger and the reactor head. The outer wall
of the outer annulus is referred to as a “pressure tube” because it is a tube that separates the high-
pressure carbon dioxide of the cold finger from the high-pressure helium of the reactor core.
Whenever either gas is fully depressurized and the other is af full pressure, the pressure fube must
withstand the full pressure of the pressurized gas.

There are no pumps in the carbon dioxide coolant circuit and all of the flow is by natural
convection. Thus, the elevation difference between the cold finger and the external carbon-
dioxide-to-air heat exchanger is important. Another observation is that a failure of a pressure tube
would not cause a breach of the helium pressure boundary unless there was a concurrent breach
of the external portion of the carbon-dioxide circuit. A pressure tube failure, however, would enable
the two gases to mix.

The control rods and their drive mechanisms would be totally encased inside the carbon-dioxide
pressure boundary. As is done in pressurized water reactors, all of the control rod latching and
motion is accomplished by electromagnetic induction through the pressure boundary wall. This
avoids the need for moving sedls and the leakage associated with them. The flowing carbon
dioxide will also serve to cool the control rods. The control rod guide thimble walls may need to be
perforated near the top to allow coolant to be displaced easily, but may need to be
nonperforated near the bottom so that compressed gas near the bottom can be used to slow the
inserting rod. A tight clearance between the rod and thimble could be used for damping.

7.2 Cold Finger Models

For modeling purposes, the core fuel volume is assumed to be equally divided among all of the
cold fingers so that if there are 20 fingers, for example, then 1/20th of the fuel volume would
immediately surround each finger. A thermal conduction model representing the fuel volume
associated with a typical cold finger and the pressure tube of the cold finger was developed. In
this model the fuel volume was approximated as a concentric annulus with the pebble bed
approximated as a homogeneous material. The pressure tube was represented as a concentric
annular region that was inside and in perfect contact with the fuel annulus. The model was
assumed to be axially sysmmetric and all variations were limited 1o the axial and radial directions.
The top and bottom surfaces of the model and the exterior vertical surface of the fuel annulus were
assumed to be zero heat-flux boundaries. Hence, the highest steady-state temperatures must
occur along the exterior vertical surface. In the model, the inner annular surface of the pressure
tube is the only place where heat is rejected from the system and hence must have the lowest
steady-state temperatures. The carbon dioxide free stream coolant tfemperature and the film
coefficient must be specified along this surface. These quantities are obtained from a solution of
the cold finger loop hydraulics model, as explained below.
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The height of the annular model is the height of the core. There are both a steady-state model of
the annulus and a transient one. The former is solved on a computer spreadsheet and the latter is
represented and solved via the FIDAP CFD software package.? Both up-flow and down-flow core
designs are currently under consideration. Since the cold finger flow is driven entirely by natural
convection, the hot leg in the cold finger, which is immediately adjacent to the pressure tube, is
always in the upward direction. An up-flow core causes the exit core coolant to be adjacent to the
exit cold finger flow. This is more limiting than a down-flow core, which places the hot core exit
coolant adjacent to the cold finger inlet coolant. Since the coolant temperature rise in the cold
fingers, as the results will show, is only about 100° C, the difference between an up-flow and a
down-flow core is relatively small. However, the more limiting choice, an up-flow core, is assumed
in all of the cold finger analyses.

In the steady-state model the power is assumed not 1o vary over the core volume, but in the
fransient model the core power distribution is allowed to vary axially. In the steady-state model a
constant assumed representative power, typically 1 or 2%, was used, but in the fransient analysis
the decay heat varied with time and was assumed to be the ANS standard decay heat after
shutdown of a uranium fueled LWR operating for infinite time.'® In both models the pebble bed
was represented as a homogeneous region and an effective conductivity that was a function of
temperature was used. For the steady-state model, heat conduction in the annular model was
assumed 1o be one-dimensional — radial only — and the thermal conductivity was evaluated atf the
average of the temperatures on the inner and outer annular surfaces of the fuel. This approach is
amenable to a hand calculation that is evaluated on a spreadsheet. The fransient model was
divided info many axial layers and both fuel and pressure tube annular regions were divided into
many radial subregions, heat transfer was assumed to be both radial and axial, and fuel thermal
conductivity was based on the temperature of each individual fuel node.

Of course, dividing the entire reactor core region into equal volumes that are thermally
independent from one another is only an approximation. Additionally, representing these regions
as symmetric annuliis a further approximation. At this stage of the design and analysis, however,
this is a very reasonable approach 1o take since it provides very useful information without excessive
amounts of modeling and the mathematical models to which it leads are relatively easy to
understand and verify. In much more advanced stages of the design it may be necessary 1o
represent the core geometry more realistically.

The hydraulic model for the cold finger is represented in Figure 10. This figure looks very similar to
Figure 2, which correspond to the hydraulic model for natural convection in the tube reactor. The
cold finger up-flow annulus, on the left side of Figure 10 corresponds to the fueled region on the left
side of Figure 2. The modeling here is identical. The heated length of the reactor tube, labeled
"core (heat source)” in Figure 2, is interchangeable with the heated length of the cold finger. The
only real difference between the two analytical models is the unheated annulus on the right side of
Figure 10, which does not appear in Figure 2. In the cold finger, the cold flow retuming fo the cold
finger must tfravel down an annulus formed between the control rod thimble and the insulator tube,
which are shown in Figure 9. This flow area can be as restrictive to flow as is the up-flow annulus.
Therefore, in the cold finger model this down-flow hydraulic resistance was added and, analogous
to the up-flow annulus (and also the heated region of the tube reactor), includes an entrance
pressure loss, a friction pressure loss, and an exit pressure loss.

In the analysis of the natural convective loop, the up-flow and the down-flow annulus were each
assumed to extend only over the length of the core. This assumption in retrospect is extremely
optimistic since these two annuli must also extend from the reactor vessel cover, where the cold
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fingers are attached, to and though the core. The added distance from the top of the core to the
cover should significantly increase the hydraulic resistance of the loop and thereby decrease the
performance of the cold finger. The analytical model of the hydraulic loop was designed to
include unheated regions above and below the core and can be used, without modification, to
consider this more redlistic case.
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Figure 10. Carbon Dioxide Natural Circulation Loop for the Cold Finger Concept.

The external heat exchanger is currently not explicitly represented. Instead, in the model it is
assumed that the coolant temperature exiting this heat exchanger and entering the cold finger is
at 50° C and is a constant. In the future, a model for this heat exchanger may need to be
developed. This would also need to include the modeling of the natural draft cooling tower and
the air flow it draws through the heat exchanger. Something similar to this in included in the
Appendix B model for the pebble dump concept of Chapter 6.

The steady-state heat transfer model of the annular fuel region was couple together with the
steady-state loop hydraulics model and both were solved simultaneously on a computer
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spreadsheet. Because of the significant heat capacity of the fueled pebble bed annulus and the
pressure fube and the generally slow decrease of decay power with time, the dynamic thermal
behavior of the loop is rather sluggish and therefore the loop hydraulics can be freated as if it were
quasi-steady state. Thus, the dynamic behavior of the loop hydraulics, to a reasonable
approximation, can be obtained via a series of steady-state solutions obtained from the combined
steady-state model run for various power levels,

The boundary condition at the inner surface of the pressure tube needed for the fransient model
was approximated from the combined steady-state model. This model showed that the free
stream coolant femperatures rise inside the pressure tube annulus and the film coefficient on this
inner annular surface exhibit only modest variation over the decay power ranges of interest.
Therefore, a steady-state solution af a single power level was used to represent the boundary
condition at the inner surface for an entire transient solution. For the transient solution, the steady-
state flow rate and power and the axial power distribution were used to calculate the axial
distribution of coolant temperature along the pressure tube inner surface. The film coefficient from
the combined steady-state solution was used in the fransient analysis and was assumed to be
constant over the surface. Hence, the boundary condition for the fransient solution was assumed
1o be independent of time.

A transient solution with an inner surface boundary condition corresponding to a representative
single steady-state power level was obtained and then repeated for a steady-state power level
somewhat higher than the highest decay power possible. The differences in fransient peak fuel
temperature, as will be shown in Section 7.4, were found to be relatively small for the range of
powers of interest. This is because, when a higher steady-state power is assumed the natural
convective flow also increases and mitigates the increase in coolant exit temperature.  This
increase in coolant temperature is partially offset by the increase in fim coefficient that
accompanies the increase in flow rate. The peak fuel temperature typically occurs at about 45
minute to an hour into the transient. For the assumed decay heat curve, between10 minutes and
66.7 minutes the decay power level decreases slowly from 2.11% to 1.28%. The equations for the
cold finger loop hydraulics are provided in Appendix C and the equations for the steady-state cold
finger thermal model are provided in Appendix D.

Since the cold finger coolant is to be carbon dioxide near the critical pressure, the same concermns
with regard to properties around the critical point that were expressed in the last paragraph of
Chapter 3 are also equally applicable to the cold finger modeling. The concern is not only for the
flow rate, which is based on the Appendix C model, but also for the film coefficient used in the
Appendix D model.

7.3 Results of Steady-State Analysis

Results for the steady-state analysis of the cold fingers were provided in Table 3 along with key
parameters for the three design choices infroduced in Section 2.4. For each of these three design
choices, the steady-state cold finger model was used to determine the minimum numlber of cold
fingers needed so that during a depressurization accident the maximum fuel temperature would
not exceed 1600° C. It was assumed that the core rated power was 300 MWt and that on a
steady-state basis, the cold fingers had to remove 1% of this amount during the accident. This
assumed steady-state power level is critical. If this value is double, than the amount of power to be
removed doubles and the number of cold fingers must increase significantly. A 1% heat removall
capability may be adequate if sufficient benefit is realized from heat storage effects in the core.
The fransient analysis should provide a more definitive answer, but the steady-state model is much
better for scoping studies and it includes the flow-loop hydraulics.

67



Project Final Technical Report September 24, 2003
NERI Project 01-022

The core power density in the fueled regions (not including the cold fingers) was 50 W/cc at rated
power conditions. It is possible to use the spreadsheet model to solve for the minimum numlber of
cold fingers to produce a peak fuel temperature of 1600° C. The model does this by determining
the thickness of the fueled annulus that results in a peak fuel temperature of 1600° C. The
maximum number of cold fingers obtained in this manner is typically not an integer. Maximum
non-integer values for the number of cold finger were determined for several values of insulator
tube inner diameter, which were selected in 0.5-cm increments.  Adjusting this diameter caused
the up-flow and down-flow carbon-dioxide pressure drops to change. These solufions enabled an
insulator tube diometer to be obtained that resulted in the minimum non-integer value for the
number of fingers for the required fuel tfemperature limit. This number of cold fingers was rounded
up to the nearest integer and then the model was used fo solve for the maximum fuel
temperature.

The total cross sectional area of all of the cold fingers was constrained to be no more than 15% of
the total core cross sectional area of the core including the fueled region and the cold fingers
within it. This helped to determine a maximum cold finger pressure tube outer diameter. Since the
cold finger pressure tube has to withstand a 7 MPa pressure differential, the tube wall thickness was
increased linearly as the pressure tube diameter was increased. The insulator fubbe was assumed to
have a wall thickness of 0.5 cm and the control rod thimble outer diameter was taken to be 5 cm.

The fuel region is a pebble bed whose effective thermal conductivity is largely due to radiant heat
fransfer and is therefore highly temperature dependent. The effective thermal conductivity was
evaluated af the average of the two boundary temperatures of the assumed annular fuel region.
The effective thermal conductivity was represented in the model as a cubic function of
temperature. This functional relationship was approximated by a curve-fit that was based on an
evaluation of published correlations. A different cubic function was determined for each of the
three design choices shown in Table 3. The pebble surface emissivity was assumed to 0.8 in all
three cases. The representation of the pebble bed effective thermal conductivity is important
because most of the temperature rise is across the fuel. This is o be contfrasted with the
temperature differential across the pressure tubbe, which is much smaller and for which a constant
thermal conductivity of 15 W/m-K was assumed.

7.4 Results of Transient FIDAP Analysis

A steady-state model was used above to estimate the number of cold fingers that are needed for
each of three candidate core designs. This model calculated the natural convective flow and the
coolant exit temperature in the cold finger and assumed that all heat transfer between the cold
finger coolant exit and the fuel was radial and one-dimensional. This conceptually simple model,
which was solved on a computer spreadsheet, could not explicitly consider the nonuniform axial
power shape, the decay power curve, or the heat storage capability of the fuel.

The FIDAP CFD software? was used to develop a model to investigate the dynamic behavior of the
cold finger so that a more accurate estimate of the number of cold fingers could be made. In this
model the decay power is represented as a function of time and the heat capacitances of the
fuel and the cold finger pressure tube wall are explicitly represented. In the analysis it is important
o use the appropriate initial axial fuel temperature distribution, which is considerably greater than
the axial helium coolant temperature distrioution. Because heat storage effects are important in
this analysis, the fuel tfemperature distribution was based on the average temperature of each
pebble rather than on the peak. In a separate steady-state hand calculation it was determined
that for a core power density of 50 W/cc, the steady-state temperature increase from the flowing
helium coolant to the pebble average temperature is 160° C for the 4-cm pebble that is identified
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in Table 3 and 210° C for the 5-cm one. In determining the initial axial average fuel temperature
distribution, the steady-state axial power shape was also included. This power shape was
symmetric about the core mid-height.

As expected, the results of the dynamic modeling show that the fuel temperatures rise until the time
is reached where the decay power has decreased 1o the power removal capability of the cold
fingers. After that time, all of the decay power is removed as it is produced and the fuel
tfemperatures enter a long gradual decline caused by the decreasing decay power.

Table 6. Summary of Transient Cold Finger Model Results

Caose 1 2 3 4 5

Pebble Diameter, cm 4 4 4 4 5

Pebble Material Graphite | Graphite Graphite Graphite Metallic
Core Height, m 1.85 1.85 1.85 1.85 2.00

Axial Power Shape Uniform Non-uniform | Non-uniform | Non-uniform | Non-uniform
Cold Fingers Per Core 12 12 12 15 15
Steady-State Power for 1.0 1.0 7.0 1.25 1.25
Boundary Condition, %

Peak Fuel Temp., C 1680 1863 1867 1743 1807

Time of Peak Temp., min || 65.6 55.7 55.6 45.5 50.7

Five cases were analyzed, as summarized in Table 6. The first four correspond to the 4-cm graphite
pebble core that is 1.85 m tall and the fifth corresponds to the 5 cm metallic pebble core that is
2.0 mtall. In all cases it was assumed that the core helium flow atf rated reactor conditions was
upward, since upward flow is at least as limiting as is downward flow and upward flow is what was
assumed in the steady-state analysis. For both cores the steady-state model predicted that 12
cold fingers would be needed if the peak fuel temperature is to remain below 1600° C. For the first
case a dynamic solution was obtained for a uniform axial power distribution so that this fransient
case would closely correspond to the steady-state solution for the 4-cm pebble core. The transient
results, produced a peak fuel temperature of 1680° C, as is shown in the table, that is 129° C higher
than that for the steady state. In the second case a realistic axial distrioution of core power was
included with a power shape that was symmetric about the core mid-height and the peak power
32% greater than the average. This caused the peak temperature to occur at the core mid-height
and to be 183° C greater than in the previous case. In the first two cases the boundary condition,
i.e., carbon dioxide coolant temperatures and film coefficient, at the inner surface of the pressure
tube was based on results obtained in the steady-state analysis. Therefore, for the third case, the
second case was altered so that this boundary condition was changed to correspond to a steady-
state solution of 7% decay power instead of 1%. The third case produced a fransient peak fuel
temperature that was only 4° C greater than that of the second.

For the fourth case, first the steady-state model was solved for 15 cold fingers and 1.25% power.
The higher power and number of cold fingers are deemed 1o e closer 10 the desired design. It
should be noted that, although the number of cold fingers was increased, the total amount of core
volume occupied by the cold fingers remained unchanged. Thus, the number of cold fingers was
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increased, but the diameter of each was reduced. Then the fourth fransient case was produced
by modifying the third case to correspond to this new situation. For this case the boundary
condition was changed to correspond to a steady-state solution for 1.25% power. The fourth case
showed that for 15 cold fingers a peak fuel temperature of 1743° C occurred at 45.5 minutes into
the transient. The fifth case was the same as the fourth except that it corresponds to the 5 cm
metallic pebble core that is 2.0 m tall. It was analyzed in the same manner as the fourth case.
First, the steady-state model was solved for 15 cold fingers and 1.25% power. Then the transient
model was used to determine the peak fuel temperature, which occurred at 50.7 minutes and was
1807° C.

Clearly, all of the peak fuel temperatures are considerably above the 1600° C limit. It may be
necessary to increase the fraction of core cross sectional area allotted for cold fingers. Before
these issued are considered there are many other aspects of the cold finger modeling and design
that should be addressed. These include the design and analysis of the external heat exchanger
and finding materials that can withstand the high temperatures and temperature gradients and
gas pressures to which the cold fingers will be subjected. In addition, as indicated in Section 7.2,
the portion of the cold fingers annuli above the core should be included in the model. This will
degrade the predicted performance of the cold fingers. It was decided to pursue the current
fransient heat transfer analysis in the next project phase.

8.0 DISCUSSION AND CONCLUSIONS

As innovative reactor designs that can better meet the Generation IV goals were conceived,
analytical means were devised to investigate quickly and efficiently these concepts. Since designs
and the selections of appropriate materials are in a state of flux, it is extremely important 1o obtain
a good fundamental understanding of the behavior of each new design concept and to be able
to reasonable quantify its performance without investing excessive amounts of fime in new
modeling efforts. Moreover, it is expected that along the way some designs concepts will be
discarded and others will be improved and, where appropriate, be accompanied by
improvements in analytical models. A number of new and different concepts were therefore
scoped with thermal-hydraulic performance calculations and safety evaluations.

In Chapter 2 a parametric study was used to determine three candidate designs for a 50 W/cc
core. Cores of 25 W/cc were also considered. In establishing these designs it was necessary to use
pebbles of sufficiently large diameter to minimize core pressure drop and maximize pebble bed
effective thermal conductivity. If these were the only criteria, pebbles much larger than the 3 to 5
cm diameter ones chosen would have been selected. The countervailing requirement is the
constraint on maximum fuel temperature. As the pebble diameter is increased, this temperature
increases toward unacceptable values. Thus, for each pebble type an optimal diameter was
chosen.

Chapter 3 provided analysis for the tube reactor design proposed in the previous year. These
results provide parametric curves of natural circulation coolant temperature versus system pressure
for 0.5, 1.0, and 2.0% decay power and for no chimney and a 12.2 m (40 feet) one. Although it
was anticipated that pressurized carbbon dioxide will be used in the vessel-cooling loop, parametric
results are provided for both carbon dioxide and helium. These results show that, as expected,
carbon dioxide provides much more convective cooling than does helium under the same
conditions. The specific tube reactor geometry is one of many reasonable ones that could have
been chosen. Thus, the results are important mostly because they lead to a better understanding
of the behavior of the concept.
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Chapter 4 provides additional parametric cases to extend a study that was performed in the year
prior to the past year. This earlier study was a fransient analysis of the fransfer of decay heat from
the reactor core 1o the reactor vessel and ultimately to the containment building during a severe
depressurization accident. The purpose of this study was to evaluate the performance of a gas-
cooled fast reactor that did not have any special in-core decay heat removal devices, such as
cold fingers, and also did not have any core coolant flow during the accident. The new cases
considered new choices of pebble designs and materials. First, the earlier tootsie pop pebble
design was evaluated, but this fime the latent heat of fusion due to the melting of the pebble core
was set to zero. This enabled the effect of the latent heat to be quantified and shown to be
relatively small. None of the new cases employed latent heat in the pebble. Several carbide,
nitride, and oxide candidate materials were considered along with graphite and tungsten for the
pebble matrix. The FIDAP results for silicon carbide and zirconium carbide approximate the results
for all the carbide and nitride material choices. In addition, a case was analyzed with both
fungsten pebbles and a fungsten reflector. All of the new cases produced pebble temperatures
higher than 1600° C, but often far below the melting or dissociation temperature of the specific
pebble matrix material.

In all of the cases studied in Chapter 4, it was assumed that instantaneously at the initiation of the
fransient the flow stopped and the system pressure went to atmospheric pressure. Thus, the
beneficial effects of residual flow through the core during the initial portion of the accident, while
the compressors are coasting to a stop, were ignored. Because the depressurization takes place
over time as the coolant escapes through a breach in the pressure boundary, the system pressure
can be many atmospheres for a considerable fime affer the initiation of the accident. A higher
pressure implies a higher density and therefore a greater flow rate. Thus, it is conceivable that
forced convective flow in the initial portion of the fransient could remove a significant amount of
the decay energy and mitigate the peak transient fuel temperature. Therefore, in Chapter 5 the
beneficial effects of this residual flow were investigated. A time constant of 1 minute was assumed
for the compressor coastdown and a fime constant of 10 minutes was assumed for the
depressurization. It takes about 20 minutes for the normalized flow rate 1o become less than the
normalized power. After 20 minutes the flow rate contfinues to decrease rapidly foward zero while
the decay power decreases slowly and the resultant high power-to-flow ratio causes the fuel
temperatures to rise rapidly.

The flow coastdown analysis, however, ignores conduction and radiation from the core and
assumes that all heat fransfer from the fuel is by convection to the coolant. Within albout an hour of
the start of the fransient, the peak fuel temperature has recovered to its initial steady-state value
and is increasing rapidly. Thus, the effect of the convective flow is o delay the start of the fransient.
This effect could be approximately simulated with the Chapter 4 FIDAP model by shifting the decay
heat curve by an hour so that af time =0 the decay power is about 1.3% instead of almost 7%. As
Figure 5-8 of Reference 1 shows, the peak fuel temperature occurs at 2.0 days. As Figure 2-2 of
Reference 1 shows, only a small fraction of the total decay energy produced in 2 days is produced
during the first hour. However, if a significant portion of the total decay energy produced in 2 days
were removed by conduction and radiation from the core to and through the reactor vessel wall,
the amount removed by convection during the first hour would e a bigger fraction of what is left,
Thus, the flow coastdown should reduce the peak fuel temperatures at least a moderate amount,
Future more sophisticated fransient models should include the core convective flow along with
conduction and radiatfion from the fuel. Figure 5-8 of Reference 1 is for a 300 MWt (22.8 W/cc)
core. Based on this figure, it is conceivable that with the appropriate reactor design and a power
density of about 25 W/cc, sufficient decay heat could be removed - by the combination of heat
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transfer through the vessel wall and core convective flow during the initial part of the transient — to
yield an acceptable peak fuel temperature during a severe depressurization accident.

Chapter 6 describes a new concept for dealing with the decay heat. The fuel pebbles are rapidly
dumped into a series of lower storage tanks that are cooled externally by borated water. The
analysis in Appendix B extensively analyzes the removal of the decay heat from the borated water
to the atmosphere. This heat transfer is accomplished by using the decay heat to boil the borated
water and a natural-draft cooling fower to cool the steam and condense it back to liquid.
Appendix B indicates that this part of the decay-heat removal scheme is feasible. A more difficult
part, perhaps, is moving the fuel pebbles to the storage tanks in a timely manner without
overheating any of the structures along the way. This issue and the heat fransfer from the fuel
pebbles to the borated water need further investigation.

Chapter 7 describes the cold finger concept for decay heat removal. Both steady state and
fransient models were developed and used to evaluate the performance of these bayonet-type
heat exchangers. The steady-state model is effective for scoping studies and provides the flow
rates and heat transfer coefficients used in the fransient model. For the steady-state model, a
decay power level must be assumed, while the fransient model uses the decay heat curve to
represent local volumetric heat generation rate as a function of time. The transient model is a
FIDAP model that considers heat storage effects in the fuel and in the cold finger. Thus, the
fransient model is essential in assessing the performance of the cold fingers and in determining the
peak fuel temperature. The analytical results for the 4-cm and the 5-cm pebble core design
choice for the 50 W/cc cores indicate that 15 cold fingers that occupy 15% of the total core
volume are not enough to keep the transient peak fuel temperature below 1600° C. If the total
core volume occupied by cold fingers is not increased and the number of cold fingers is
increased, the diameter of each cold finger must be made proportionately smaller. Cases 4 and
5 in Table 6 indicate that the peak fuel tfemperatures are about 200° C above the limit. Thus, to
keep the transient peak core temperature below 1600° C, several more cold fingers are needed
and/or a greater portion of the core volume must be occupied by cold fingers.

There are additional issues with regard 1o the cold fingers that should be addressed. First, the
analysis of the natural circulation did not include the hydraulic resistance of the cold finger annuli
between the top of the core and the reactor vessel cover, This resistance is included in the
mathematical model capability but its value was effectively set fo zero in the analysis. The effect of
this resistance it 10 increase the numiber of cold fingers needed. Second, the external heat
exchanger was not explicitly analyzed and analysis may show that the required size of the heat
exchanger potentially could make the cold finger concept impractical. Third, the mechanical
design and structural integrity of the cold fingers could be a major issue. Finding material that
could withstand the fluence, temperatures, temperature gradients, and pressure-induced stresses
that the cold finger could be subjected 1o is a serious challenge.

In conclusion, many diverse approaches and concepts have been analytically explored with
regard 1o the thermal aspects of potential Generation IV gas-cooled fast reactor designs. Others,
working in parallel, are exploring the neutronic, structural, and materials aspects of the reactor
designs. When all of this collective knowledge is synthesized 1o produce the best candidate
reactor designs, it should become clear which of the many approaches and concepts explored in
this report deserve further consideration.
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APPENDIX A — FLOW COASTDOWN MODEL

Figure 5 shows a model of the pebble bed core that was use to develop the dynamic model. Although the figure shows
10 axial layers, the computer program that was developed to implement the analytical model does not restrict the
number of layers to 10. Virtually any reasonable number of layers can be used, but all layers must be of the same
thickness and each must be divided into a fuel volume and a gas volume. Thus, there are N layers, where N is an
arbitrary integer. One Nth of the total core volume of pebbles is in each fuel volume and 1/Nth of the total gas volume
in the void spaces among the pebbles is in each gas volume. This type of nodalization scheme is typical of what is
done for pin and block cores. An alternative, perhaps more aesthetically pleasing, approach that leads to the same
model is fo analyze an average coolant channel instead of the entire core. This coolant channel would also be divided
into N layers, or volumes, and each coolant layer would be thermally coupled to the solid fuel pebbles associated with
the layer. A typical pebble associated with the layer would be modeled and appropriately scaled so that the energy
flows between the coolant and all of the pebbles associated with the layer would be properly represented.

In the reactor, heat generated in the pebbles is fransferred to the coolant and convected by the coolant from one
coolant node to the next until the core coolant exit is reached. In the model, heat generated in a fuel node can be
fransferred only to its immediately adjacent coolant node, located in the same axial layer. Axial conduction among fuel
nodes is not allowed, nor is axial conduction allowed among coolant nodes.

A simple energy balance relationship is developed for each fuel node and for each coolant node. Each relationship
results in a ordinary first-order differential equation and the set of 2 N simultaneous ordinary differential equations, ODEs, is
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solved via a solver provide by the Matlab software package.A.1 Each energy balance relationship in mathematical
terms merely states that the rate of energy tfransfer info the node minus the rate of energy fransferred out the node plus
the rate of energy generated in the node equals the rate of energy stored in the node. There is no energy generated in
the coolant nodes and the energy generated in the fuel nodes is due to the decay power generated in the pebbles.
The only heat transfer to or from the fuel nodes is at the interface of the fuel node and its directly adjacent coolant node.

Each coolant node, in addition to its thermal communication with its directly adjacent fuel node, can also fransfer heat
to the node immediately above it, if there is one immediately above it, or receive heat convected from the node
immediately below it, if there is one immediately below it. The core inlet temperature is a boundary condition applied to
the inlet of the first coolant node. The calculated exit temperature of the last coolant temperature provides the core exit
coolant temperature.

The fuel nodal temperature is evaluated af the middle of the layer. In the coolant nodes the temperatures evaluated at
the inlets and outlets of the node are need for the convective terms. The mean of the temperatures at the inlet and
outlet of each coolant node is used to represent the temperature of the coolant volume. This mean temperature is used
in the heat storage term and in accounting for the heat fransfer between the coolant node and its adjacent fuel node.

When the fuel and coolant nodes in a single layer are considered, it is observed that there are five energy terms that
must be considered. Each is listed below followed by its mathematical representation and the nomenclature is provided
in Table A.1.

1) power generation in fuel node i

np, X vpxq’
2) rate of energy storage in fuel node i
dTp,
np, XMp X cpp X ——
dt
3) heat fransfer between fuel node i and its adjacent coolant node, where a positive value corresponds to heat

fransfer from the fuel to the coolant

Tg +Tg,
np, xhp, x ApX (TP, ~Tg ), where Tg , =19 T9:1)
|—E |—E 2
4) power convected into and out of coolant node i by the flowing gas, where a positive value corresponds to heat
addition
mxcpgx(Tg_,-Tg,)
5) rate of energy storage in coolant node i
dTg
Mg xcpgx ——
gxcpg a7

The energy balance relationship for fuel node i is obtained by equating the difference of items 1 and 3 with item 2. An
alternative way of arriving at this relationship is to write an energy balance relationship for a typical pebble in fuel node i.

ltems 1, 2, and 3 would correspond to a single pebble instead of all of the pebbles in the volume if the common factor
npi were omitted from all three of them. The energy balance relationship for gas node i is obtained by equating the sum
of items 3 and 4 with item 5. The resultant two equations, respectively are:

dTp. : .
Fp':—yiprﬁ%ngﬁ%ngH+8i (A1)
% =0, xTp, —a;xTg, —b;xTg, , (A.2)
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where:
_hp,xAp 6 hp,
' Mpxcpp ppxcppxdp
Q"
= dXVP _ 4 __1-wf
' Mpxcpp ppxcpp ppxcpp
ol
1 2 BI
o
b =—i—
1 2 BI
_npixhpixAp_61—vf hp,
' Mgxcpg vf pgxcpgxdp
g
' Mg pgxvixV

In the above relationships, the product of volume and density is equated with mass for both the pebble and the coolant.
The density of the pebble is assumed to be constant and the density of the gas, which is obtained from the ideal gas
relationship for helium, is evaluated at the channel inlet conditions and assumed not to vary with position. Also, the
volumes of the gas and of the pebbles are calculated from the total volume of a layer, V, which includes both the
pebble and gas volumes, and the gas void fraction, vf, which is taken to be 0.387.

The film coefficient effect, i.e., thermal boundary layer effect, on the surface of the pebble and the thermal resistance of
the solid material of the pebble itself together determine the thermal conductance between the interior of the pebble
and the free stream of the helium gas, hpi. Therefore, hpi is obtained from the following:

11 N | _cond
hp, h_surf. k_pebble

(A.3)

where, h_surfiis the film coefficient on the surface of the typical pebble in layer i, |_cond is the conduction length from
the surface to the interior of the pebble, and k_pebble is the thermal conductivity of the pebble. The conduction length,
|_cond, was taken to be the radial distance from the surface of the pebble to the radial location that divides the pebble
into two equal concentric volumes. The film coefficient, h_surf, was obtained from Nusselt number correlations for
forced flow through pebble beds provided in Reference A.2. For Reynolds numibbers greater or equal to 500 equation 17
of Reference A.2 was used. For Reynolds numbers less than 500, equation 1 of Figure 1 of Reference A.2 was used with
atypographical error corrected. As can be verified by Reference A.3, the apparent typographical error in this equation
is that Reh in the second term of the square brackets should be replaced by Re.

Equations A.1 and A.2 are written once for each of the N layers to produce a simultaneous set of 2 N ODEs with 2 N
unknown temperatures. The left side of the 2 N ODEs, of course, is represented by a vector of 2 N first derivatives of
temperature with respect to time. The right sides of the 2 N ODEs can be represented in matrix form by the sum of a
vector of 2 N known values and the product of a 2 N by 2 N array that has five nonzero diagonal bands and a vector of
the 2 N unknown temperatures. Several ODE solvers provided by Reference A.1 were fried and the one called “ode15s”
was found to work best. The initial steady-state condition was obtained by solving the same set of 2 N simultaneous
equations with the left side, i.e., all of the time derivatives, set to zero.
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Table A.1 — Nomenclature

Ap surface area of pebble, m dp?2

cpg specific heat capacity at constant pressure of gas

cpp specific heat capacity at constant pressure of pebble

dp diameter of pebble

hp, thermal conductance of each pebble — including effects of film coefficient on the surface and heat
conduction to the interior of the pebble — of volume node i

Mg mass of gas in a single coolant volume node (or layer)

mp mass of one pebble

m gas flow rate through the coolant channel (same for all layers)

np; number of pebbles in volume node i

Qi average volumetric heat generation rate of volume node i (averaged over entire nodal volume)

V4

o volumetric heat generation rate of each pebble in volume node i

Tg, gas femperature at the exit of gas volume node i (The femperature af the inlet to the first gas volume node is
190.)

To, average temperature of each pebble in volume node i

1 fime

\ combined volume of all of the gas and all of the fuel pebbles in a single layer (combined volume of both the

fuel node and the gas node of a single layer)

vf gas void fraction

vp volume of one pebble, /6 dp®

[ole] density of gas
pp density of pebble

APPENDIX B — COOLING TOWER MODEL FOR PEBBLE DUMP CONCEPT

B.1 Infroduction

One of the most rare, but difficult to accommodate, upsets in a passively-safe gas-cooled pebble-bed reactor is a
severe depressurization accident. It is assumed that for a passively-safe response there are no external power sources or
internal electric generators to provide power to coolant blowers. A novel design idea has been suggested. During the
accident all of the pebbles are to be released and allowed to fall info a set of tanks located below the reactor core.
These tanks would be able to withstand the full operating gas pressure of the reactor and would be located in awater
bath. The decay heat from the fuel pebbles would be transferred through the tank walls and would cause the water to
boil. The steam would rise through a pipe (or pipes) to a condenser located outside the reactor containment building. A
natural-draft cooling tower located over the condenser would draw air through the condenser and condense the steam
back to water. A pipe (or pipes) at the exit of the condenser would allow gravity to carry this water back to the water
bath inside the containment. The boiling and condensing water in this concept behaves very much like the working fluid
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in a heat pipe. Reference B.1, which describes the design of a heat pipe with water as the working fluid, provided the
idea for using boiling/condensing water as the heat fransfer mechanism. This memo explores this concept by
suggesting a design and providing an analytical model for the condenser and the cooling tower. Representative
dimensions are proposed to enable the system to remove about 6 MW of power on a steady-state basis. An additional
advantage of the concept is that if greater amounts of power need 1o be removed in the early phases of the accident,
this could be accomplished by allowing some of the steam to be released through a pressure relief valve. Once the
decay power drops below the capacity of the unit, the steam pressure would drop and the relief valve would close. Of
course, the steady-state power capability can be increased by enlarging the condenser and the cooling tower. The
analytical is demonstrated in a validation test case by employing representative physical size parameters available in
the published literature for cooling fowers designed to remove hundreds of megawatts of power.

B.2 Conceptual Design

There are many ways of arranging tubes to form a condenser. In some designs, for example, the tubes are vertical and
in others they are horizontal or have some other orientation. The boiling fluid can be on either the shell side or the tube
side of the condenser. The tubes of the heat exchanger can be inside the chimney and cover the circular cross
sectional area of the chimney or they can ring the circular perimeter atf the base of the chimney. Handbooks that
provide designs and correlations for cooling towers and steam condensers were consulted. Unfortunately, no design
could be found in which both the cooling fluid and the condensing flow were both driven solely by natural convection.
This is probably not a cost-effective combination. After much thought and analysis it was decided that 1) the tubes
would be vertical, 2) the water would be inside the tubes, and 3) the tubes would ring the perimeter of the chimney at
the base.

Putting the water on the inside of the tubes and the air on outside was an easy choice, since the effective film coefficient
for the condensing water is very high compared to the film coefficient for the air side. This design choice enabled an
extensive use of fins 1o enhance the heat fransfer on the air side. Vertical tubes seemed to lead to a geometrically
simple design and resulted in essentially symmetric water flow pattemns inside the tubes. Horizontal or inclined tubes
would be more complicated, but analytically manageable. The vertical tube could have been placed so that they
cover the circular cross section of the chimney. This would have resulted in the condenser being a counter flow heat
exchanger. However, putting the tubes inside the chimney limits the air flow area through the condenser to the circular
cross section of the chimney minus the cross sectional area taken up by the tubes and the fins. When the base of the
chimney is ringed with vertical tubes a cross flow heat exchanger is formed whose air flow area can be increased by
making the tubes longer.

For structural reasons, natural air draft chimneys tend to be much wider at the base of the chimney than at the throat.
Reference B.2 states: “For most towers, the main structure consists of a large concrete shell, roughly cylindrical in form
with a vertical axis, but tapering inward and outward to form a throat that is located near the top.” They provide typical
proportions for natural draft air cooling towers. They state: “The ratio of the base diameter to the height usually lies in the
range of 0.75-0.85; the ratio of the throat diameter 1o the base diameter is in the range of 0.55-0.65; and the ratio of
vertical depth of air opening to base diameter lies in the range of 0.10-0.12." Thus, rings of tubes could fit inside the
perimeter of the base of the chimney without being in line with the throat of the chimney. In the analytical model the
chimney is assumed to be of uniform diameter and the diameter to be that at the throat.

For simplicity it was assumed that the rings of tubes would be made up of many identical smaller flat rectangular heat
exchangers. These smaller units would be placed inside and along the circular perimeter at the base of the tower and
could be in a jogged repeating pattern or, if desired, as secants of a circle. It was decided the tube fins would be a
series of evenly-spaced rectangular horizontal parallel plate that intersect the vertical tubes to form structurally rigid units.
The fubes in each unit are assumed to be on a square pitch forming an inline (as opposed fo staggered) array. If the
heat exchanger has ten rows of tubes, then its depth along the air-flow path is ten tube-to-tube pitches. In addition, if
the heat exchanger has 20 tubes per row, its width is 20 such pitches. Each tube could be considered as being in the
center of a square that is one pitch on a side and a 10-by-20 tube unit could be considered as being made of 200 such
tubes each at the center of a one-pitch-by-one pitch square fin. This design of the fins and tubes is used below in
modeling the fin efficiency of the units.

Another model is used in modeling the air flow through the heat exchangers. An air flow channel in this model is the
rectangle formed by two adjacent plates and two adjacent (approximately radial) lines of tubes. The dimensions of this
rectangle are, horizontally, the tube-to-tube pitch minus one tube outside diameter and, vertically, the plate spacing
(i.e., plate pitch) minus one plate thickness. This defines the flow area of one flow channel. In determining the hydraulic
diameter, only the plates are consider as part of the wetted perimeter. In this sense they are freated as infinitely wide
parallel plates for which the hydraulic diameter is twice the channel spacing between the plates. In the actual design
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the tube length may not accommodate an infegral number of fin pitches. Therefore, in the analysis the tube length is
divided by the plate-to-plate pitch. This number is truncated to obtain the number of plates. The total vertical air-flow
height for the unit is taken to be the tube length reduced by the combined thickness of all of the plates. Similarly, the
total air-flow width of the unit is the width of its plates, which is assumed to be an infeger number of tube pitches, minus
the combined outside diameters of all of its tubes. The fotal flow area is the product of the fotal air-flow height and
width.

B.3 Analytical Model

The entire model for the condenser, the cooling fower, and the steam/water flow was developed on a computer
spreadsheet. British units, which include feet, inches, and Btu's, were used. One exception is that the condenser power is
represented in Watts because this is the unit commonly used for reactor decay power. The entire mathematical model
is provided in the four sections which immediately follow this one. All of the models are for steady-state operation and
do exclude dynamic behavior. Table B.1 provides the nomenclature and the units employed for the variables of the
energy balance relationships in Section B.3.A., and the air-side momentum equation in Section B.3.B. The ancillary
relationships of Section B.3.C. and the condenser heat transfer relationships of Section B.3.D., have their own
nomenclature, which may conflict with each other and with that of Sections B.3.A. and B.3.B.. The models in Sections
B.3.C. and B.3.D. came directly from published sources and are self-contained. The nomenclature for these two
sections is largely that of the sources and the variable naming tends to follow common practice. However, each
variable used in these four sections is defined the first time it is used.

B.3.A Energy Balance Relationships

The energy balance for the air flowing through the heat exchanger is given by:

Qx3.412/3600 =M, cPag (Tour ar — Tam) (8.1)

where Q is the power in Watts, M ar 18 the air flow rate in lom/s, cp,y is the specific heat of air at constant pressure in

Bfu/llom-F, Toyr ar I8 the temperature of the air af the heat exchanger exit in F, and Ty, is the temperature of the air at
the inlet in F, which is assumed to be the local atmospheric temperature. The factor 3.412/3600 is a conversion
factor from Watts to Btuy/s.

The energy balance for the steam condensing in the condenser is given by:

Qx3.412/3600 =y, Ve, 8.2)

where My,,q is the water/steam flow rate in the condenser and hv, is the heat of vaporization of water in Btu/lom at
the pressure inside the condenser. This pressure is taken 1o be atmospheric pressure in the cases considered below.

The condensing steam on the water side tends to keep the tube wall temperature, T,,,. Within several degrees
Fahrenheit of the water/steam saturation temperature. Therefore, in the model this tfemperature is taken to be an
unknown uniform (i.e., single) value. Since the tubes are typically made of metal that has a high thermal conductivity,
the temperature drop from the outer 1o the inner surface of the tube is ignored. This temperature difference can easily
be shown to be negligible compared to the temperature rise from the wall to the water or from the free steam air fo the
wall. Thus, the air-side model of heat transfer from the wall to the flowing air is that of air flowing through a duct whose
entire surface is at a uniform temperature of T, The air enters the duct at a temperature of T, is heated by the duct
walls, and exits at a temperature of Ty, 4. The relationship can be easily derived and is:

TOUT_AIR _TWALL _ exp(— U'AHX J
3600 My CPAR

(B.3)
TATM - TWALL

where UA,,, is the effective product of the film coefficient of the duct surfaces and the heat transfer area in Btu/hr-F and
3600 is the conversion factor from hours to seconds. A description for UA, is included below along with the models for
air-side film coefficients and the fin efficiency in Section B.3.C.

The relationship for the heat transfer from the tube wall to the saturated liquid, which adheres to the inner surface of
the tube wall, is given by the following well-know definition of film coefficient, hy,o:
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Qx3.412=h,,0 Ao (TSAT _TWALL) (B.4)

where h,,. is in Btu/hr-ft2-F, A, is the fotal fube wall inner surface area in ft?, T, is the water saturation temperature in F,
and 3.412 s the conversion factor for Watts to Btu/hr. The relationships that provide h,,,, are given below in Section B.3.D.
in the special model for the condensing of vapor on the inside of vertical tubes.

B.3.B Air-Side Momentum Equation

The path the air follows from the heat exchanger inlet to the chimney to the atmosphere and back o the heat
exchanger inlet can be modeled as a closed loop in which all of the heat gained from the heat exchanger is lost to the
atmosphere at the chimney exit. The momentum equation for this loop is obtained by equating the combined friction
pressure drops through the heat exchanger and the chimney, )Py e ANA )Py e fESPECTiVElY, With the buoyancy
pressure rise produced by the heated air in the chimney, JPgr.,. Hence: )

APHX_FRIC + APCH_FRIC = APGRAV (B.5)

where all three quantities are in psi.

The relationships for the two friction pressure drops are given by:

L 1 2 1
AP _lk o s | o (V . — (B.6)
HX_FRIC ( HX_AIR T 'FINS_AIR dH_FINS J o PAR ( HX_A'R) 144x32.2

L
TUBES
Hey +

2 1
AP =K +f ——— |5Par |V 144%x32 92 67)
CH_FRIC cH_AR T lcH_AR Aoy o Par ( CH—A'R) 144x32.2

where Ky ar and Ky, 4 are the form-loss (or k-loss) for the heat exchanger and the chimney, respectively, fqyg 4z aNd
fou ar Ore the Moody friction factor for the heat exchanger and the chimney, respectively, L, is the depth of the heat
exchanger (i.e., total length of the heat exchanger air flow path) ininches, d,, ;s is the hydraulic diameter for the air flow
path through the heat exchanger in inches, which can be shown to be twice the air gap spacing between adjacent fin
plates, Ha, is the height of the chimney in ft, d,, is the diameter of the chimney in ft., Ly is the length of the condenser
tubes in ft, pag is the density of air in Ibm/ff?, Vi, 4r AN Vg, ar Qre the air average velocity through the heat exchanger
and the chimney in fi/s, respectively. The 144 factor is to convert ft? fo in? and the 32.2 factor is to convert Ilbm to slugs.
(A slug-ft/s? is a Iiof.)

The buoyancy pressure rise is the differences in the weight per unit area between a vertical column of cold air at T,,,, and
a hot one of the same length af femperature Ty ;; Ar- The length of the column is that of the chimney plus half the length
of the tubes. The chimney is assumed to start at the top of the tubes. Only half the tube length is used because on
average the air fravels only half of the vertical length of the tubes after it exits the condenser. Thus, the buoyancy
pressure rise is given by:

L 1
APgrav = APcy (HCH + —TlgEs Jm (B.8)

where Ap., is the difference in density between the cold column of air and the hot one in lorm/ft®, Ap,, was obtained
from the ideal gas relationship for air. Since a lom weights a Ibf, the acceleration due to gravity, g, does not appear in
the above pressure drop relationship. The factor of 144 is needed to convert ft2 to in?,

Conservation of mass, i.e., the continuity equation, provides that:

IﬂnAIR = pAIR VHXfAIR AHXfFLOW = pAIR VCHfAIR ACHfFLOW [BQ]
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B.3.C  Ancillary Air-Side Correlations

Reference B.3 recommends what they believe to be the most accurate relationships for friction factor and Nusselt
number for turbulent flow inside smnooth circular ducts. They also indicate that these are the ones they recommend for
infinite parallel plates. Their relationships are based on the Fanning friction factor, which is a factor of 4 smaller than the

Moody friction factor used above. Therefore, this factor was added so that the relationships are expressed in terms of the
Moody friction factor. Hence:

f=4(A+—B1 J (.10)
Re’™

where A =0.0054,B =2.3x10%, and m = -2/3 for 2300 < Re < 4000
A=1.28x10%B=0.1143, and m = 3.2154 for 4000 <Re < 10’

L (fg)(Re —11 000)Pr
1+12.7(%)/2(Pr% —1)

(B.11)

where f is the Moody friction factor, Re is the Reynolds number, based on hydraulic diameter, Nu is the Nusselt number,
based on hydraulic diameter, and Pris the Prandtl number. These relationships were used to determine the friction factor
on the air-side of the heat exchanger, which was freated as a series of infinite parallel plates, and in the chimney. The
Nusselt number relationship was used to determine the fim coefficient on the surfaces of the plates in the heat
exchanger.

The temperature of the fins are coldest where they join the tubes and are warmest at the midpoints between adjacent
tubes. If the fins were of infinite thermal conductivity, then the fin temperature would be uniform and at the coldest tube
temperature everywhere. By definition, the fin efficiency is the ratio of the actual heat transferred by the fin to the ideal,
i.e., infinite thermal-conductivity, case. Thus, in calculating the heat fransfer from the surface of the fin to the flowing air,
the tube temperature is assumed to be representative of all locations on the surface of the fin, but the film coefficient is
multiplied by the fin efficiency, i.e., h A AT is replaced by n h A AT, where n is the fin efficiency, h is the film coefficient, A
is the fin heat fransfer area, and AT is the difference between the surface temperature at the base of the fin (i.e., where it
joins the fube) and the temperature of the flowing air.

Relationships for fin efficiency are a function of fin geometry and material. Reference B.4, p.17.45, provides a relation
for a circular fin of outer diameter d., inner diameter d,, and thickness &. This fin is a flat disc with a hole of diameter d,
in the middle where it joins the tube. The fin efficiency, n, is given by:

" )—0.445

a(ml,)” for®>0.6+2.257(r
M=\ tanh®

* )—0.445

for © <0.6+2.257(r

a=(r )70'246 d=ml,(r )n n=exp(0.13mI —1.3863)

: : 8.12)
.- {0.9107 +0.0893r forr’ <2

10.9706+0.17125Inr" forr >2

1

2h 2 S . d d —-d

m=| — |, =1 +— r="c | =———=
k& 2

where h is the film coefficient on the surface of the fin and k; is the thermal conductivity of the fin. In the current
application, each tube is considered o be at the center of a square fin that is one tube pitch on a side. The square finis
approximate by a circular one of the same horizontal surface area. Thus d, in the above relationship is replaced by
(4/m)” d,. Increasing the outer diameter of the fin in this manner reduces its efficiency, as it should.
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The total heat transfer from the exterior surface of the heat exchanger to the flowing air must also include the heat
fransfer from the surfaces of the tubes. Thus, a film coefficient for the tube surface is also needed and this must be
obtained for the appropriate Nusselt number relationship. This relationship is very much geometry dependent and is
affected by the fin design and arrangement. Reference B.5 provides the Nusselt number, Nu, for heat fransfer in banks
of radial high finned tubes in cross flow for an in-line tube arangement (as opposed o stagger tube arrangement), as
follows:

Nu=0.30 Re**® e ¥ Pr®** = 5<e<12, 5x10° <Re<10°
hd d A, (B.13)

where Nu=—, Re=— e=—L
Kk A% A

o

and d is the tulbe outer diameter, h is the heat transfer coefficient to be applied to total fin and tube exposed surface
areq, A, A, is the surface area of the bare tubes, V is the maximum velocity of the fluid, which occurs at the minimum
free cross-section of the fin-tubed bank, and k and v are the thermal conductivity and kinematic viscosity of the fluid,
respectively. This relationship is intended to provide one overall film coefficient for the entire fin-tubed region of the heat
exchanger. The heat fransfer areais the entire combined exposed fin and tube heat transfer area, A,. The effects of fin
efficiency are included in the area ratio term. Thus, if one chose 1o approximate the heat exchanger as one of banks of
radial high finned tubes, one could ignore equation B.12 and just use equation B.13 for both the fins and the tubes
combined.. Instead, we chose to use equation B.13 with the area ratio € set to 1 to approximate the Nusselt number
(and film coefficient) for the exposed portions of the fubes. This approach is not totally correct, but it is reasonable. Thus,
the UA, needed above is the sum of the n h A for the flat plates, where n is obtained from equation B.12, his based on
Nu from equation B.11, and A is the horizontal surface area of all of the fin plates and the h A for the exposed tubed
surfaces, where the tube h is obtained from the above equation B.13 and the tube A is all of the exposed tube surface
area. Perhaps, in the future UA,, should be set equal fo the product of the fotal exposed tube and plate heat fransfer
area and the film coefficient, h, should be obtained from equation B.13 with € set to the appropriate value. Then the
results from the two modeling approaches could be compared. Although neither approach is totally correct, similar
reasonably accurate results are anticipated.

B.3.D  Condenser Heat Transfer Relationships

Reference B.6 provides the following analytical model for laminar film condensation on a vertical plate:

W
4k (T, - T, )vx
3(x) = ;
(pf_pg)ghfg
-T
h,=h,|1+0.68 p (T = Tu)
fg (B.14)
K - 4
h(x)J=——  h=—h(L
(=557 P=gh®
hx X — h 4 L
Nu(x)=—=——= Nu=—=——-—
(x) k  8(x) k 338(L)

where x is the distance from the tfop of the plate and L is the length of the plate. §(x) is the liquid boundary layer
thickness along the inner surface of the plate, T, is the saturation temperature of the liquid, T,, is the wall temperature, hy,
is the heat of vaporization of the liquid, k is the thermal conductivity of the liquid, v is the kinematic viscosity of the liquid,
and p; and p, are the density of the liquid and the vapor, respectively, and g is the acceleration due fo gravity. Nu(x)

and h(x) are the local Nusselt number and film coefficient, respectively. Nu(x) averaged over the plate length, L, is Nu

and similarly h(x) averaged over the length of the tube is H . This model is valid for condensation inside round tubes

when the maximum boundary layer thickness, 8(L), is small compared with the inner radius of the fube. In the current
analysis, 8(L) is typically several thousandth of an inch, which is much smaller than the tube radius. Since the
water/steam flow is not forced, the flow will tend 1o be in the laminar or transition range. Figure 14.5 on page 14.7 of
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Reference B.4 show that the laminar theory (used above) always produces the same or a lower average film coefficient
than does the turbulent theory. Pages 14.13-14.15 of Reference B.4 shows that the presence of a small amount of non-
condensable gases in the condensing liquid can have a substantial adverse effect on the heat fransfer. Thus, the
presence of such gases, including air, may have to be controlled and included in future analyses.

An analytic model to describe the hydrodynamics of the water flow is not needed. It is assumed that the tubes are of
sufficient diameter that steam can easily enter them from both the top and the bottom and that a very thin film of water
on the inner surface will flow down by gravity and drip out the bottom. The number and the size of the tubes is governed
more by the air side, where the thermal resistance is much greater, than by the water side.

B.4 Representative Results for Decay Heat Removal in a 300 MWt Reactor

The purpose here is to create a physically reasonable cooling tower and condenser design combination and analytically
show that it will adequately remove the decay heat of a 300 MWt reactor. The initial decay power of a uranium-fuel
reactor that has been operating at full power for a long time is about 7% of full power. Within 10 to 15 minutes after
shutdown this power decreases 1o less than 2% and the total decay energy produced during this 10-to-15 minute time
interval is about 20 full power seconds. Thus, a decay heat removal system that can remove about 2% for full power on
a steady-state basis is deemed adequate.

There are many choices to be made in constructing a design. The creation of an optimal design would require a
considerable amount of experience, testing, and development. All that is sought here is a reasonable design that can
remove about 6 MWt on a steady-state basis. For this design it was decided o use 1-inch Schedule 10 stainless steel
tubes that are commercially available. Table B.2 provides the inputs and the results for the proposed design. The
variable names provided immediately 1o the left of each quantity were designed to be descriptive and intuitively
obvious. The units are also included along with the variable names. Most of the input geometric parameters and the air
and water/steam properties tend 1o be on the right half of the first page of the model. The calculated quantities tend to
be on the left half of the first page. The second page contains the model used to calculate fin efficiency as provided by
equation B.12. The fin efficiency equations are solved simultaneously with the rest of the model. The water/steam
pressure is assumed to be atmospheric (14.7 psia). The heat removal capacity of the system decreases with increasing
inlet temperature, which is assumed to be the atmospheric temperature. Since adequate performance must be
guaranteed, even on very hot days, the atmospheric temperature was assumed to be 100° F.

The simultaneous non-linear equation solver that is part of the computer spreadsheet software was used in obtaining a
solution. The first five quantities on the right half of the first page of Table B.2 represent equations B.1, B.2, B.5, B.3, and
B.4, respectively. In the spreadsheet these five equations were recast so that their right-hand sides are equal to 0. The
spreadsheet solver was used to find the correct values of the first five quantities on the left-hand side of the first page of
the table that would simultaneously satisfy all five equations. The spreadsheet reevaluated all of the other derived
quantities on both pages of the table accordingly.

The lower right portion of the first page of the table shows that 2400 6-foot vertical (1-inch Schedule 10) tubes were
arranged in 20 rows on a square pitch of 6 tube outer diameters. The 20 rows and 6-tube pitches defined the length of
the air flow path to be 120 tube diameters, which equals 157.8 inches. When 2400 tubes are arranged into 20 equal
rows, each row must have 120 tubes. When 120 tubes are arranged so that 6 tube diameters are allowed for each of
the 120 tubes, the length of the row is 720 tube diameters, which equals 78.9 ft and when this length is wrapped into a
closed circle, the circle diameter is 25.11 ft. This diameter was also used for the diameter of the chimney. The 70-foot
chimney height was arbitrarily chosen. It can be adjusted, but a lower height results in lower heat removal capability.

The fin thickness was arbitrarily chosen to be a tenth of the tulbbe outer diameter, the fin pitch was assumed to be one
tube outer diameter, and the fin thermal conductivity was assumed to be 200 W/m-K, which approximately corresponds
to aluminum. Some experimenting with these parameters within the spreadsheet was used in arriving at these values.
The air properties on the right-hand side of the table were chosen to correspond to 170° F. Perhaps, this temperature is a
bit foo high and 140° F would have been a better choice for an average air temperature. The effect on the solution
should be small since these properties are only mildly femperature sensitive. The friction form-loss coefficients (k-losses)
for the air-side of the heat exchanger and the chimney were both taken to be 1. These are representative values which
may require closer examination in the future.

The calculated results af the top left-hand side of the table show that the air is heated 75° F to 175° F, the tube wall is

cooled down fo 209° F, which 3° F below the 212° F boiling point of water at 1T atm., and the decay heat removed by
the condenser is 5.66 MW.
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B.5 Results for a 500 MWt Cooling Tower — A Validation Case

Page 3.12.3-2 of Reference B.2 briefly mentions that several power stations in the United Kingdom use a pair of 375-foot
tall natural draft cooling towers to serve one 500-MW turbo-generator. Typical proportions for natural draft cooling towers
are also provided, as quoted in Section B.2, above. No other design details are provided. However, one would expect
that pumps are employed on the water side of the condensers. This small amount of information was used in producing
a scaled-up design of the Table B.2 design. The purpose was to show that the proposed basic design concept and
analytical model could produce results that are reasonably consistent with published data. It was assumed that each of
the two towers would be able to dissipate the full 500-MW load. Perhaps, it would have been better to assume that each
tower dissipated only half of the full load. Based on the proportions provided in Reference B.2, as quoted in Section B.2,
above, it was decided that the 375-foot fower would have a 300-foot diameter base and a 180-foot diameter throat
and that the tubes would be 30-feet long. The tube diameter, tube pitch, and fin pitch were taken to be those used in
the Table B.2 analysis. In addition, 20 rows of tulbbes on a square pitch, as in Table B.2, were assumed. The 300-foot
diameter base corresponds fo an arc length of 300 7t feet. This was used fo determine that there would be 1433 tubes
perrow. The chimney diameter was taken 1o be the180-foot throat diameter. The spreadsheet results, provided in Table
B.3, show that the power removed by this design is 567 MW. An additional case was also done where the number of
fubes was cut in half by reducing the number of tube rows from 20 to 10. For this case the calculated power was
reduced o 319 MW. There are many arbitrary changes to the design assumptions that can significantly change the
calculated power. Any result within a factor of five of 250 MW could be considered reasonable under the current
circumstances.

B.6 Conclusions

A design concept has been proposed for the passive removal of decay heat during a severe depressurization accident
in a pebble-bed gas-cooled fast reactor. The pebbles are to be dropped into tanks that are cooled by a water bath.
The water boils and the steam is condensed back to liquid in a condenser in a natural draft cooling tower. A conceptual
design with specific design dimensions has been proposed for the condenser and the cooling tower. An analytical
model has been developed and solved on a computer spreadsheet. The results show that systems that range in power
removal capability from a few megawatts to a few hundred megawatts are feasible. The spreadsheet model can be
easily adapted and expanded as the design is developed and improved. Published representative dimensions for a
375-foot tall natural draft tower were used to show that the proposed design and analytical model provide reasonable
results. Much more would need to be done, but an important first step has been taken.
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Table B.1. Nomenclature for Sections B.3.A and B.3.B

Ach row flow area of the chimney;, ft?
Aux row total air flow area through the condenser (ignores area shadowed by aligned rows of verfical tubes), ft2
A

Ho0 total combined water-side surface area of all of the condenser fubes, 2
CPar specific heat capacity of air (at 170° F), Btu/llom-F
dey diameter of chimney, ft
Ay s hydraulic diameter of air channels (2 times the air gap between adjacent fins), in
fon ar Mooa friction factor for chimney
fens AR Moody friction factor for air flow between horizontal plates in heat exchanger
Hen height of chimney, ft
Pioo film coefficient on the water-side of the condenser tubes, Btu/hr-ft2-F
Ken ar friction form-loss coefficient for the chimney
Kix ar air-side friction form-loss coefficient for the condenser
Lens length of condenser fins (length of air flow path), ft
Lruses condenser tube length, ft
m AR air flow rate through the condenser and the chimney, lom/s

M,,,o total water flow rate through all of the condenser tubes, lom/s

Q power removed by the condenser, W
Tamm Condenser air inlet temperature (taken to be atmospheric femperature on a hot day), F
Torar  CONdenser air outlet temperature
Tl Condenser fube wall temperature
UA« effective product of conductance and heat fransfer area for the air-side of the condenser, Btu/hr-F
Ven ar velocity of flow through the chimney, fi/s
Vi ar velocity of air flow through the condenser, ft/s
AP, e friction pressure drop through the chimney, psi
APy buoyancy pressure rise through the air-side of the condenser and the chimney combined, psi
AP, e friction pressure drop through the airs-side of the condenser, psi
APy difference in air density between the atmosphere and the chimney interior, llbrmy/ft®
Par density of air (af 170° F), lorm/ft®
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Table B.2.  Condenser and Cooling Tower Design Results for About 6 MWt of Decay Power Removal

power, W 5.66E+06 energy air flow 0
temp_air_out, F 174.687 energy steam flow 0
tfemp_tube_wall, F 208.9679 momen air flow 0
m_dot _air, lbm/s 297.7034 energy, wall to air flow 0
m_dot_water, lom/s 5.627137 energy, water film -3E-08
A _air_flow_hx, ft"~2 355.5924
A air_flow_ch, ft~2 495.3865
rtho_air, lom/ft ~ 3 0.063
air_den_diff, lom/ft ™3 0.008338 cp_air, Btu/lom-F 0.2412
dp_grav_air, psi 0.004227 mu_air, lom/hr-ft 0.0503
nu_air, ft~2/hr 0.798413
dp_fric_hx, psi 0.003588 Pr_air 0.71
dp _fric_ch, psi 0.000638 k_air, Btu/hr-ft-F 0.0172
v_air_hx, ft/s 13.28895
v_air_ch, ft/s 9.538916 latent_heat, Bfu/lbm 970.3
Re_air_flow_hx 11819.05 cp_wat_satl, Btu/llbom-F 1.007
Re _air flow_ch 1080193 k wat_satl, Btu/hr-ft-F 0.3914
fic_fac_air_hx 0.029867 rho_wat_lig, lom/ft~ 3 59.812
fric_fac_air_ ch 0.011197 rho_wat_vap, lom/ft ™3 0.037315
k_loss_hx 1 Tsat_water, F 212
k loss_ch 1 nu_wat satl, ft ™ 2/hr 0.01124
Nu_fin 34.07567 g_grav, fi/s ™2 32.2
h_air_fin, Btu/hr-ft ~ 2-F 2.971364
fin_surf_areq, ft~2 109609.1 temp_atm, F 100
efficiency_fin 0.801393
tube OD, in 1.315
Re_air_tubes (tube OD) 6566.142 fube ID, in 1.097
Nusselt_air (fube OD only) 54.09996 fube_length, ft 6
h_air, Btu/hr-ft ~ 2-F (tube OD) 8.49143 num_tubes 2400
tube area_air, ft "2 4468.506 rows_of tubes 20
fubes_per_row 120
UA hx, Btu/hr-F 298948.6 tube_pitch, diameters 6
UA_over_mdot_cp 1.156466 arc_length_of _row, ft 78.9
diam_row_of tubes, ft 25.11465
latent_heat_prime, Btu/lom 972.3763
water_film_thick, in 0.004067 fin_thickness, in 0.1315
Nusselt_wart 23602.48 fin_pitch, diameters 1
h_wat, Btu/hr-ft ™~ 2-F 1539.668 fins_per tube 54
fot_area_wat, ft ™~ 2 4135.593
plate_spacing, in. 1.1835
depth_hx, in 157.8
diam_chimney, ft 25.11465
height _ch, ft 70
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Table B.2.  Condenser and Cooling Tower Design Results for About 6 MWt of Decay Power Removal (Fin Efficiency

Model) (cont'd)
ID_fin, in. 1.315
r_star_fin 6.770275
delta_fin (thickness), in 0.1315
k_fin, w/m-K 200 aluminum
h_fin, wm ~ 2-K 2.971364
a_fin 0.624699
b_fin 1.298123
m_sqg_fin, in ™ -2 0.01883
m_fin, in -1 0.137222
If_fin, (Ro - Ri), in 3.793956
le fin, in 3.859706
n_fin 0.267818
phi_fin 0.883955
phi_fin_criterion 1.563633
m_If_fin, (M*(Ro — Ri)) 0.520615
etfa_fin (efficiency) 0.801393
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Table B.3.  Condenser and Cooling Tower Design Results for About 500 MWt of Power Removal

power, W 5.67E+08 energy air flow 0
temp_air_out, F 158.8902 energy steam flow 0
tfemp_tube_wall, F 201.6762 momen air flow 0
m_dot _air, lbm/s 37835.98 energy, wall to air flow 0
m_dot_water, lom/s 553.8842 energy, water film 0
A _air_flow_hx, ft"~2 21206.02
A air_flow_ch, ft™2 25446.9
rtho_air, lom/ft ~ 3 0.063
air_den_diff, lom/ft ™~ 3 0.006742 cp_air, Btu/lom-F 0.2412
dp_grav_air, psi 0.018259 mu_air, lom/hr-ft 0.0503
nu_air, ft~2/hr 0.798413
dp_fric_hx, psi 0.014413 Pr_air 0.71
dp _fric_ch, psi 0.003846 k_air, Btu/nr-ft-F 0.0172
v_air_hx, ft/s 28.32078
v_air_ch, ft/s 23.60095 latent_heat, Btu/lbm 970.3
Re_air_flow_hx 25188.21 cp_wat_satl, Btu/lom-F 1.007
Re air flow_ch 19154776 k wat_satl, Btu/hr-ft-F 0.3914
fric_fac_air_hx 0.024678 rho_wat_lig, lorm/ft~ 3 59.812
fric_fac_air_ch 0.007605 tho_wat_vap, lbm/ft~3  0.037315
k_loss_hx 1 Tsat_water, F 212
k loss_ch 1 nu_wat_satl, ft ™ 2/hr 0.01124
Nu_fin 61.88694 g_grav, fifs ™2 32.2
h_air_fin, Btu/hr-ft ™~ 2-F 5.396478
fin_surf_areq, ft~2 6617297 temp_atm, F 100
efficiency_fin 0.692722
fube OD, in 1.315
Re_air_tubes (tube OD) 13993.45 fube ID, in 1.097
Nusselt_air (fube OD only) 88.47007 fube_length, ft 30
h_air, Btu/hr-ft ~ 2-F (tube OD) 13.8861 num_tubes 28660
tube area_air, ft ™2 266482.7 rows_of tubes 20
fubes_per_row 1433
UA hx, Btu/hr-F 28437566 tube_pitch, diameters 6
UA_over_mdot_cp 0.865581 arc_length_of _row, ft 942.1975
diam_row_of tubes, ft 299.9108
latent_heat_prime, Btu/lom 977.3693
water_film_thick, in 0.008251 fin_thickness, in 0.1315
Nusselt_wart 58172.5 fin_pitch, diameters 1
h_wat, Btu/hr-ft ™~ 2-F 758.9572 fins_per tube 273
tfot_area_wat, ft 2 246929.3
plate_spacing, in. 1.1835
depth_hx, in 157.8
diam_chimney, ft 180
height_ch, ft 375
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Table B.3.  Condenser and Cooling Tower Design Results for About 500 MWt of Decay Power Removal (Fin
Efficiency Model) (cont'd)

ID_fin, in. 1.315
r_star_fin 6.770275
delta_fin (thickness), in 0.1315

k_fin, w/m-K 200 aluminum
h_fin, wm ~ 2-K 5.396478
a_fin 0.624699
b_fin 1.2908123
m_sqg_fin, in ™ -2 0.034198
m_fin, in -1 0.184928
If_fin, (Ro —Ri), in 3.793956
le fin, in 3.859706
n_fin 0.274306
phi_fin 1.206136
phi_fin_criterion 1.563633
m_If_fin, (M*(Ro - Ri)) 0.701607
etfa_fin (efficiency) 0.692722

APPENDIX C — STEADY-STATE LOOP NATURAL CONVECTION MODEL

Figure 2 shows a schematic view of the natural convective flow circuit for the vessel carbon dioxide coolant that
removes decay heat from the tubes of fuel in the tube reactor concept. This cooling would always be present while the
reactor is running but would only be needed during accident situations o remove decay heat when other paths of heat
removal were not available or not effective. The same schematic view could also be applicable to the main flow circuit
in a reactor when the flow compressors are not tumning. For example, it could be used 1o analyze the helium flow in a
gas-cooled reactor under shutdown conditions with the compressors notf running. In this case the fueled region could be
the pin-bundie length in a pin core or the lengths of the fuel blocks in a block core. In the model, only the region
labeled “core (heat source)” provides heat to the flowing coolant. All three sections of the fueled region, however,
conftribute to hydraulic resistance, but the core section and the one above it also contribute 1o buoyancy. The bottom
section does not contribute to buoyancy because it is at the same temperature as the cold leg.

In the model all of the coolant between the core exit and the heat exchanger inlet is at the hottest temperature in the
loop. All of the heat produced is produced in the core and is rejected by the heat exchanger, located at the top of the
loop. This heat exchanger is not explicitly included in the model. Its hydraulic resistance is assumed to be zero.
However, other hydraulic resistances, in particular, the enfrance and exit losses of the fueled region, can be increased fo
account for the heat exchanger resistance. The exit coolant temperature of the heat exchanger, which is also the
uniform temperature of the cold leg, is an input quantity to the model.

The fluid flows around the loop because the coolant in the cold (down-flow) leg is on average denser than the coolant in
the hot (up-flow) leg. The differences in density are a direct result of temperature differences around the loop. The
speed at which the coolant flows around the loop is the result of a balance between the buoyancy pressure rise around
the closed loop and the sum of the friction-type pressure drops caused by the fluid flowing around the loop.

The model for the natural convective flow around the cold finger loop, which is shown schematically in Figure 10, is
conceptudlly the same as that shown in Figure 2. As explained in Chapter 7, the hot leg side is the same as in Figure 2,
except that the names of some of the sections have been changed. Also, as explained in Chapter 7, additional
hydraulic resistances have been added to the cold leg in the cold finger model. This added resistance is to account for
the hydraulic resistance of the down-flow annulus in the cold finger.
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The vertical separation between the heat source and the heat sink, label “chimney” in Figures 2 and 10, is very important.

As the length of the chimney increases the buoyancy force increases and causes the flow fo increase. In the current
idealized model there are no hydraulic losses associated with either the chimney or any of the down-flow piping.
However, in some situations these losses may be significant. In such instances, part of the increase in performance
caused by a longer chimney will be diminished by these increased losses.

The mathematical model for the steady-state natural convective flow consists of the continuity, momentum, energy
equations. The continuity equation simply states that the flow rate at all points in the loop is a constant. The momentum
equation just equates the net buoyancy pressure rise with the total pressure drop due to hydraulic resistances. The
energy equation provides the temperature at the exit of the core, or heated section, given the inlet temperature of the
core, the flow rate, and the specific heat capacity of the fluid. Since all of the heat is assumed to be added at a
uniform rate over the length of the core the coolant tfemperature rises linearly over the length of the core. The precise
variation of coolant temperature with length over the core length is not important when core length is short compared to
the height of the loop.

The energy equation can be easily manipulated to provide, T(x), the gas temperature along the heated length, as
follows:

T(X)=Tin+ q X:Tin+(Tout_Tin)L ()

mc L

p core

where T, is the inlet temperature o the core or cold finger, q’ is the power per unit length over the core region, m isthe

coolant flow rate, ¢, is the specific heat capacitance of the coolant, and x is the distance from the inlet, T, is the outlet
coolant temperature, and L, is the core length. The last part of equation C.1 states that the temperature is linear with
length and is T,, at the inlet and T; af the exit.

The buoyancy pressure drop, AP, is given by:
APbuoy =49 moop P dx (C.2)

where g is the acceleration due to gravity, p is the local density of the coolant, and x is the distance along the length of
the closed loop going upward along the hot leg and downward along the cold leg.

The ideal gas law allows the density of the gas to be related to its absolute temperature, T, and its absolute pressure, P,
as follow:

P=pRT (C.3)

where R is the ideal gas constant for the gas under consideration. In all cases studied, the variation in pressure around
the flow circuit was small compared to the system absolute pressure. Therefore, P was always taken 1o be the system
pressure.

Combining equations C.1 through C.3, one obtains:

[n—2t
gP T T
AP, = =—|1-=—"-|L__+|1—-="|(L +L . C.4
buoy RTm h_‘] core ( Tout ( above chlm) ( )
T

where, L. is the unheated vertical section between the top of the core and the bottom of the chimney and L, is the
length of the chimney. In equation C.4 these two length could be combined and info one quantity since both are
unheated lengths above the core. However, the distinction is maintained because L, Can contribute considerably o
the friction pressure drop while L, contributes nothing in the model.
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The friction pressure drop due to a form loss, APK is given by:

1 1 m?
AP, = K=pVv? = Ko—> (C.5)
2 2pA
where K is the form loss, v is the coolant velocity, and A is the flow area of the channel for which the inlet or exit form loss
is fo apply. The part of equation C.5 to the right of the second equals sign was derived by using the continuity equation
to obtain the local velocity from the applicable flow area and density. The continuity equation is given by:

m = pvA (C.6)

The friction pressure drop (not including form loss), AP;, for a uniform channel of flow area A, hydraulic diameter, dh, and
length, L, is analogous to that of the form loss provided in equation C.5 with K replaced by the product of Moodly friction
factor, f, and the ratio L/d,. Because both friction factor and density are functions of x, the distance along the length of
the channel, AP, is by given by:

2
AP = 1 T jLﬂdx (C.7)
2 A®d, 70 p(x)

Friction factor and density vary over the core region because of the heat fransferred to the coolant from the core. When
there is no heat addition, the integral in equation C.7 is simple fxL/p.

In the model it was assumed that for laminar flow f = 64/Re, where Re is the Reynolds numiber, and that for furbulent flow
the Blasius formula, f = 0.316/Re®?, applies. The transition between laminar and turbulent flow was assumed fo occur at
the value of Re where the two relationships for f intersect, i.e., Re = 1189.4. By definition Reynolds number is given by the
following:

Re

= (C.8)

where  is viscosity.

For a given flow rate and geometry, the only independent variable in Re is y, which is a function of temperature. Hence,
for laminar flow friction factor is proportional 1o p and for turbulent flow it is assumed to be proportional to u to the 0.25
power. Viscosity, u, increases with temperature in both carbon-dioxide and helium. For example, between 480° C, the
proposed reactor coolant inlet temperature, and 1600° C, the expected allowed peak fuel tfemperature, the viscosity of
both carbon dioxide and helium increases by a factor of 1.9. In the current analysis, f in equation C.7 was treated as a
constant and was evaluated af the average of the channel inlet and outlet temperatures. This approximation may be
reasonable in some instances, but should be investigated further in the future. For a more precise treatment of the
effects of temperature on the friction pressure drop in a heat channel with gas coolant, refer to Reference C. 1.

The pressure drop due to hydraulic resistance for the up-flow (hot) leg of both the Figure 2 and the Figure 10 model,
APy . is given by:

1RT, m
APfric_up = E P FX
(C.9)
Kup in-’_f1i +f_2 L2 (1+TOUIJ+ Kup out+f3 LS h
N (dh )1 2 (dh )2 Tin N (dh )3 Tin

where the subscripts 1, 2, and 3 refer the section below the core, the core section, and the section above the core,
respectively, of the fueled region in Figure 2 or the (heated) annulus in Figure 10. The flow areq, A, was assumed to be
the same for each of these three sections. The subscripts “in” and “out” refer the entrance and the exit of the fueled
region in Figure 2 or the (heated) annulus in Figure 10, respectively. The quantity P is the system pressure. In the model,
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typically, K, ;, was taken to be 0.5 and K, ,; was taken to be 1.0. In equation C.9, the gquantity (R T;, /P) was obtained
from the ideal gas relationship and is the reciprocal of the inlet fluid density. In the ideal gas relationship, T,,, Must be in
units of absolute temperature. Therefore, T, also must be in units of absolute temperature. Equation C.9 was obtained
by summing three pressure drops, one for the entrance form loss, one for the friction over the heated region, and one for
the exit form loss.

For the Figure 2 model, the entire pressure drop due fo hydraulic resistance is given by APy, . However, the cold finger
model has this pressure drop and another one due to its down-flow annulus. This additional pressure drop, APy goun 1S
given by:

-2
AP RT, m -

— l down +K
fric_down - 2 down_in down
2 P (Adown ) d

down_h

(C.10)

down_ out

where Ay, is the flow area of the down-flow annulus, Ky, n ANA Ky, o Qre the entrance and exit form losses,
respectively, for the down-flow annulus, and f,, is the friction factor for the down-flow annulus.

The momentum equation is obtained by equating the buoyancy pressure rise, equation C.4 with the sum of the pressure
drops due to hydraulic resistance. For the cold finger model the sum of the pressure drops due to hydraulic resistance is
the sum of APy o, ANd Aggs goun: FOT the other loop model, which is the one used for the tube reactor analysis and for
natural convection involving flow through pin and block reactor cores, AP, 4own IS Z€ro and hence in this case the sum of
the pressure drops due fo hydraulic resistance is just Apge o- )

The energy equation may be used to find the outlet femperature from the heat vertical section in the model given the
power fransferred to the coolant, g, and the coolant flow rate. Hence:

a = mxc,x(T,-T,) (C.11)

[o]

This is just a variation of equation C.1.

The momentum and energy equations and all of the needed ancillary relationships, identified above, were represented
on a computer spreadsheet and an automatic solver was used. Separate spreadsheets were devised for each of the
two types of natural convective loop. A thermal model for the cold finger, as described in Appendix D, was developed
and included with the cold finger loop hydraulics model. This enabled cold finger hydraulic and thermal models to be
solved simultaneously. This is the combined steady-state model identified in Chapter 7.

The critical point for carbon dioxide is af 31.1°C and 7.38 MPa (87.8° F and 1070.6 psia). Thus, in some instances when
carbon dioxide coolant is used, it will be in a supercritical state. However, the above steady-state loop natural
convection model does not specifically consider coolant behavior near the critical point or in the supercritical range.
The idea gas relationship is assumed to apply for all conditions and the rapid changes in fluid properties that occur near
the critical point have not been taken into account. Therefore, a better representation of the properties of carbon
dioxide should be considered for future analysis. It is possible that such analysis may show better natural convective
performance than is currently predicted. Also, it may be desirable 1o avoid operation near the critical pressure and this
could require that higher pressures be considered.

References:
C.1 E. E. Feldman and T. Y. C. Wei, “"Core Key Mechanical Design Evaluation for a Pebble-Bed Gas-Cooled Fast
Reactor,” Nuclear Energy Research Initiative Project #01-022: Particle-Bed-Gas-Cooled Fast Reactor (PB-

BCFR) Design, Task 2.1 Milestone/Deliverable, Nuclear Engineering Division, Argonne National Laboratory,
February 2003
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APPENDIX D — STEADY-STATE THERMAL MODEL FOR COLD FINGERS

As described in Chapter 7, the steady-state thermal model for an individual cold finger model is axially symmetric. I
there are to be N cold fingers in the reactor core, then 1/Nth of the fuel is assumed to be formed into a uniform
concentric annulus whose height is the height of the reactor core and whose inside diameter is that of the outer
diameter of the pressure tube of the cold finger. The outside diameter of the fuel annulus is calculated so that the
volume of the annulus is 1/Nth the total volume of fuel in the core.

The geometry of the model is a two-region concentric annulus with the outer region representing the fuel and the inner
one representing the pressure tube of the cold finger. All exterior surfaces of the model are insulated except for the inner
surface of the pressure tube. This surface has a convective boundary condition consisting of a film coefficient, h, and a
free stream fluid temperature. Since axial heat conduction is not considered in the model, the model is actually one-
dimensional with heat transfer only in the radial direction. The hottest temperature is at the insulated boundary atf the
outer radius of the fuel annulus. Since the axial power distribution is assumed to be uniform, the hottest fuel temperature
occurs at the exit plane of the cold finger coolant channel where the coolant temperature is the hottest. Thus, the free
stream fluid temperature is set to the coolant outlet temperature, T

The assumption of a uniform axial power distribution is 1oo optimistic because the heat generation rate at the middle
plane of the core, which is where the peak is expected o occur, is expected to be about 32% greater than the
average. Thus, the hottest fuel temperature would be at a short distance above the middle plane, where the heat
generation rate is just below the peak value and where the cold finger coolant temperature is less than its exit value. This
effect could be approximated with the current steady-state model by increasing the core decay power proportionately
to correspond to the peak. Such an approximation would predict peak temperatures (at the exit) that are too high by
perhaps about 60 to 70° C. The temperature would be too high mostly because the coolant tfemperature to be used in
such a calculation is the one at the axial location where the peak fuel temperature occurs and not the one at the exit for
a core with much more than the average power.

The temperature rise from Tout to the maximum fuel temperature, located on the outer surface of the fuel, is the sum of
three temperature rises — the film temperature rise from the free steam to the inner surface of the pressure tube, the
temperature rise across the pressure tube annulus, and the temperature rise across the fuel annulus. The film

temperature rise is just the heat flux at the surface, q” divided by the film coefficient, h. Thus, T,, the temperature at the
inner surface is given by:

+— O.1
The relationship for h was obtained from the following equation:

Nu = hsh = 0.22Re"® Pr* (D.2)

where Nu is Nusselt number, d,, is the hydraulic diameter of the annular flow region, k is the thermal conductivity of the
coolant, Re is the Reynolds number of the coolant, and Pris the number of the coolant. The Reynolds number is defined
as follows:

Re = (D.3)

where p and u are the density and viscosity of the gas, respectively, M is the flow rate of the gas, and A is the flow area.

Equation D.2 is typical of the Dittus-Boelter-type of relationships used for predicting Nusselt numbers in turbulent gas flows
in round tubes and annuli. The fluid properties of k, p, and p must be evaluated at the average of free stream and
surface temperatures. This is easily accomplished on a computer spreadsheet where nonlinear relationships can be
easily represented and solved simultaneously.

The equation for steady-state one-dimensional heat conduction with constant conductivity, k, in radial coordinates, 1, is:
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1d( dT q”
—|r= = -=X (D.4)
rdr{ dr

where T is tfemperature and q”’ is volumetric heat generation rate. For the pressure tube region this equation can be

solved with q”’ set to zero and with boundary conditions of a known heat flux at the outer radius and a known

temperature, T1, af the inner radius. Since all of the power leaving the fuel annulus exits uniformly through its inner
surface and enters the outer surface of the pressure tube, the heat flux at the outer surface of the pressure tube is just the
power per unit length of the fuel annulus, q’ , divided by the circumference of the annulus. Thus, equation D.4 can be

solved to obtain a relationship for the temperature at the outer surface of the pressure tube, T,, as follows:

9 Inﬁ (D.5)

T, = T+
2nk, d,

where k; is the thermal conductivity of the tube and d, and d, are the inner and the outer diameter of the pressure tube,
respectively. Equation D.4 can also be solved over the fueled annulus with boundary conditions T, at the inner surface
and an insulated condition, i.e., dT/dr = O, at the outer surface. The resultant equation can be solved to obtain a
relationship for the temperature at the outer surface of the pressure tube, T;, as follows:

”m 2 2 2
T, = T2+M In($] +[$J -1 (D.6)
16k, d d,

where q”’ is the volumetric heat generation rate of the fuel, k; is the effective thermal conductivity of the fuel and d, and
d, are the inner and outer diameter of the fuel region, respectively.

The thermal conductivity of the fube was assumed to be a constant and 15 W/m-K was typically used. The fuel is
configured as a pebble bed and was modeled as a homogeneous region. The effective thermal conductivity was
calculated as a function of temperature as described in Chapter 5.1 of Reference 1. This produced a table of
tfemperature versus conductivity. A third-order polynomial was fitted fo this data. The value of k, used in the solution was
obtained by evaluating the third-order polynomial at the average of T, and T,.
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Task 3: Mechanical Design

The following paragraphs are highlights of activities conducted in the mechanical design area in
the two years of the project. These activities investigated the vibration response of fuel
element/assembly, flow instability, and thermal stress issues for the PB-GCFR design using cold
fingers.

3.1 Core Key Mechanical Design Evaluation for a Pebble-Bed Gas-Cooled Fast
Reactor (E. E. Feldman, T. Y. C. Wei)

ABSTRACT -- The subject of this report is the investigation of key mechanical design issues that
affect the engineering feasibility of @ gas-cooled fast reactor core design based on the use of
pebble fuel elements. The key driving safety issue identified to date is the passive removal of
decay heat under depressurized conditions. A novel concept, labeled “cold fingers”, was
infroduced fo resolve this issue. Since this is a first-of-a-kind device, the mechanical design of the
cold fingers requires initial scoping analyses to determine feasibility to solve the ariving safety issue.
The focus of this report is therefore the analysis of the mechanical design of the cold fingers. These
bayonet-fype heat exchangers are affached fo the upper head of the reactor vessel, extend
through the upper plenum, and are immersed in the fueled pebble bed. Thus, they are subjected
to a very severe thermal and neutronic environment. In addition, the flow in the upper plenum
potentially can cause unacceptable vibrations in the cold fingers. Because the viscosities of the
gases being considered for coolants increase with tfemperature, there is a potential for flow
instabilifies in the pebble bed that could also lead fo cold finger structural failures.

All of the above issues have been addressed, although some are freafed in only a preliminary
manner. Finding a material that could meet all of the structural, thermal, and neutfronic
requirements could be a daunting fask. Materials that are currently being developed for future
fusion reactors may be the best choices, but none of them are completely suitable. However, the
properties of some of the SiC/SiC composites seemed fo indicate that these composites are the
best choice at this fime and hence their properties were used for the current analysis.

A reasonably complete and definitive theoretical analysis of flow instabilify was performed. This
analysis clearly demonstrates that while flow instability is theoretically possible under some exfreme
conditions, none of those conditions is anticipated in a gas-cooled power reactor of the type
being considered. The initial preliminary analysis of flow-induced vibration indicates that it is foo
early in the design phase to be able fo provide a definitive answer, but there is a potential
problem here. Hence, there is a need to do analysis of flow-induced vibration in parallel with the
development of the design, so that the problem can be avoided before the reactor is constructed
and while design changes are relatively easy and inexpensive to make.

1.0 INTRODUCTION

The subject of this report is the investigation of key mechanical design issues that affect the
engineering feasibility of a gas-cooled fast reactor core design based on the use of pebble fuel
elements. The key driving safety issue identified to date is the passive removal of decay heat under
depressurized conditions. The “cold fingers” concept was infroduced to resolve this issue. Since this
is first-of-a-kind, the mechanical design of the cold fingers requires initial scoping analyses o
determine feasibility 1o solve the driving safety issue. The focus of this is report is the mechanical
design of the cold fingers, which are a series of bayonet heat exchangers used for passive decay
heat removal. These heat exchangers are inserted vertically through the top of the reactor vessel
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(see Figure 1). Each of these cold fingers removes heat from the fuel pebbles in its immediate
vicinity. In order to minimize the numiber of penetrations through the top of the reactor head, each
cold finger would have a control rod along its centerline, as shown in Figure 2. High-pressure
carbon dioxide at the same pressure as the reactor helium coolant, currently assumed to be 7
MPaq, is used as the cold finger coolant. A cold finger therefore serves the dual purpose of
reactivity control and passive decay heat removal. [t provides the housing for the control rod as
well as the means of decay heat removal by the carbbon dioxide circuit.

As shown in Figure 2, the coolant flow for the cold finger enters at the top of the finger and fravels
down an annulus around the control-rod guide thimble. This flow also serves to cool the control
rod. At the bottom of the cold-finger, the coolant flow makes a U-turn and travels upward along
the outer annulus. An insulator tube separates the cold downward flow from the upward flow,
which is heated by the adjacent pebble bed. As shown in Figure 1, the hot flow from the cold
finger is convected to an external heat exchanger where the heated carbon dioxide is cooled by
a stream of atmospheric air drawn through a natural-draft cooling tower. There probably would be
only one of these towers. Several or all of the cold fingers would be affached to a single external
heat exchanger or a series of heat exchangers.

The bayonet design with the carbon dioxide flow making a U-turn at the bottom of the cold finger
was chosen so that each cold finger would require only one penetration through the reactor vessel
boundary, instead of one at the top and one at the bottom. As indicated in Figure 1, the sealing
flange, identified in Figure 2, is used to provide a leak-tight seal between the cold finger and the
reactor head. The outer wall of the outer annulus is referred to as a “pressure tube” because itis a
fube that separates the high-pressure carbon dioxide of the cold finger from the high-pressure
helium of the reactor core. Whenever either gas is depressurized and the other is at full pressure,
the pressure fube must withstand the full pressure of the pressurized gas.

There are no pumps in the carbon dioxide coolant circuit and all of the flow is by natural
convection. Thus, the elevation difference between the cold finger and the external carbon-
dioxide-to-air heat exchanger is important. Another observation is that a failure of a pressure fube
would not cause a breach of the helium pressure boundary unless there was a concurrent breach
of the external portion of the carbon-dioxide circuit. A pressure tube failure, however, would enable
the two gases to mix.

The control rods and their drive mechanisms would be totally encased inside the carbon-dioxide
pressure boundary. As is done in pressurized water reactors, all of the control rod latching and
motion is accomplished by electromagnetic induction through the pressure boundary wall. This
avoids the need for moving seals and the leakage associated with them. The flowing carbon
dioxide will also serve to cool the control rods. The control rod guide thimble walls will need to be
perforated near the top to allow coolant to be displaced easily, but may need 1o be
nonperforated near the bottom so that compressed gas near the bottom can be used to slow the
rod as it approaches the end of its fravel. A fight clearance between the rod and thimble could
e used here for damping.

The cold fingers extend from the reactor vessel head 1o the bottom of the pebble bed. Thus, they
are very long, about 8.5 m, and relatively small in outsider diameter, about 24 cm. The reactor
coolant must flow along and across them and thus flow-induced vibration is a potential problem.
Since the bottom approximately 2 m of the cold finger is located in the pebble bed, it is subject to
high temperatures and neutron fluences. Because it serves as a heat exchanger, there can be
substantial tfemperature gradients across its external (pressure tube) wall.  Since it provides the
boundary between the pressurized reactor helium coolant and its own high-pressure carbon
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dioxide coolant, it must withstand large pressure gradients during depressurization accidents. These
accidents can be caused by a depressurization on either the helium side or the carbon dioxide
side.

Another issue addressed by this report is the potential for flow instability. For gases, including helium
and carbon dioxide, viscosity increases with temperature. This phenomenon enables one to
postulate that a single value of pressure drop can correspond to two values of flow and that a self-
initiating oscillation or flow instability could occur at a fixed pressure drop as the flow varies between
its fwo values. Although this phenomenon is purely thermal-hydraulic, its effects can be extremely
detrimental to the internal structures of a reactor,

Chapter 2 addresses the selection of a suitable material for the pressure tube of the cold finger,
Chapter 3 briefly examines thermal stresses in this tube, Chapter 4 provides an analytical criteria to
assure flow stability, Chapter 5 provides an initial analysis of the potential for cold finger flow-
induced vibrations, and Chapter 6 provides conclusions to the work.

2.0  SELECTION OF MATERIALS

The portions of the cold finger of particular interest here is the pressure fube. During normal
operation, it has a 7 MPa (~ 1015 psia) internal carbon dioxide gas pressure and the same external
gas pressure of helium. During a core depressurization accident the external pressure could go to
one afmosphere. The cold finger must also be able to withstand the full helium pressure (7 MPQ)
should the carbon dioxide gas inside it depressurize to one atmosphere.

Another requirement is that the cold finger pressure fube must withstand high temperatures and
possibly large temperature gradients. The cold finger pressure fube is in direct contact with the
pebble bed. Under normal operating conditions the helium exit coolant gas is at 850° C. The
pebble surface temperature will be about 100° C above this temperature, or 950° C. The cold
fingers serve as the heat sinks and have carbon dioxide gas temperatures in the range of 50 to
180° C. If during normal reactor operation, the flowing carbon dioxide gas in the cold finger should
become depressurized, the cold fingers would essentially stop removing heat from the core and
the pressure tube could reach temperatures between 850 and 950° C. During an upset condition
in which the helium is depressurized to one atmosphere, which is when the cold fingers are needed
to prevent excessive fuel temperatures, the fuel pebble temperatures could go to 1600° C or
higher, but this is af locations furthest from the cold fingers. Accurately, specifying the peak
temperature that the cold finger pressure tubes must withstand may require more detailed thermal
analysis of the interface between the cold finger and the pebble bed. The current estimate is that
the peak pressure tube temperature is 1000° C, but it could be 1200° C, or more. Of course, it
would be desirable to use a material that can withstand much more than 1000° C if all other things
are equal.

Another consideration is that the pressure tube should also have a relatively high thermal
conductivity so that heat can flow through it without producing a large temperature gradient. A
thermal conductivity af least in the range of stainless steels (~ 15 W/m-K) would e highly desirable.

However, if the material is much stronger than stainless steel, then the tulbbe wall thickness could be
made much thinner. This could compensate for a lower thermal conductivity.,
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The coefficient of linear expansion is important because thermally-induced stresses tend to be
proportional to this propery. Therefore, the lower this parameter is the better it is. How important
and limiting or unimportant this parameter is will become more obvious in Chapter 3.0

The next two considerations are neutronic. First, the material must be a poor neutron absorber and
second, it must be able to withstand a high neutron fluence. A one-batch core, i.e., no refueling,
is to be used. For 15% burnup the fluence is estimated to be about 1x10% neutrons/cm? at the
end of the one-batch core life.

During a maijor depressurization accident there could be an ingress of air, which could cause
oxidation of the material. Thus, resistance to oxidation also could be an additional criterion.

Information from the ANL/CEA I-NERI project® was obtained regarding choices for materials
selection. There is no material available that could meet all the above criteria. It is noted in
Reference 2 that the required fluence capability, in particular, is beyond anything ever measured.
Reference 2 also indicated that some of the materials research for the fusion reactor program
could be helpful and that based on the above requirements the following materials could be
considered as possible candidates:

W

Mo(TZM)

Ta-8W-2Hf
Nb-1Zr-0.1C
SiC/SIC composites

The reference further stated that:

The Ta and Nb alloys have unacceptable oxidation above ~600°C for any
significant oxygen concentration so Ta and Nb alloys are unlikely to be acceptable
unless a coating method can be found that be applied and can handle the
possible harsh temperature fransients. Tungsten and Mo have a similar problems
above ~800°C, although recent success has been made with a Mo-6Ti-2.2Si-1.1B
alloy.

The reference then concluded that the only potentially viable material in the above list of five is
SiC/SIC composites. The reference also stated that unfortunately, this alloy is not well studied and
nothing is known about the iradiation response and that additionally, Mo alloys cannot be
operated in a neutron iradiation environment at temperatures less than ~1000 K due to low
temperature radiation embrittlement effects. It also pointed out that currently no production
capability exists for the Ta, Mo, and Nb alloys. It then concluded that the best candidates to
consider for now are the SiC/SIC composites and included the caveat that there are major holes in
the experimental database, especially given the high fluence targets. Reference 2 provided four
publications, including References 3 and 4, and also Figure 3, which came from Reference 4.
Reference 4 stated: “The light shade bands on either side of the dark bands represent the
uncertainties in the minimum and maximum temperature limits.”
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Based on previous information and that in Table 1, [3] it is assumed for now that the pressure tulbes
will be made of SiC-based composite material. An appropriate choice of composite will prolbably
require further development and testing and may not be available unfil far into the future when the
For the current analytical requirement,

dpa. [4]

reactor currently under consideration is to be built,

representative property values will be taken from the table. Where appropriate, these will be
compared with their counterparts for iron or steel, as a means of gauging the values utilized in this

study.

Table 1. Comparison of properties of commercial SiC-based fibers and bulk SiC. [3]

Property cg-Nicalon | HiNicalon | HiNieaton bow Bulk SIC
type S Sylramic

Diameter (um) 14 12-14 12 10 --
Tensile strength (GPa) 2.0-3.0 2.8-3.4 2.6-2.7 2.8-3.4 ~0.1
Elastic modulus (GPQ) 170-220 270 420 390-400 460
Density (g/cm?) 2.55 2.74 2.98-3.10 3.0-3.10 3.25
Coefficient of thermal
expansion (10°¢/K) 3.2 3.5 i 54 4.0
Thermal conductivity at 20°C 15 4 1.8 40-45 100-350
(W/m-K)
Oxygen Content (W%) 11.7 0.5 0.2 0.8 0.0
C/Si atomic ratio 1.31 1.39 1.05 1.0 1.0
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3.0 THERMAL STRESS ANALYSIS

A detailed structural analysis would necessarily consider the combined stress state produced by all
of the loads simultaneously applied 1o the pressure tube of the cold finger, including those caused
by internal or external pressures and also variations in temperature throughout the volume of the
cold finger. In addition, the failure modes would have to consider the composite material and its
anisotropic nature. For example, delamination and the breaking of individual fibers may need to
be considered. However, for the current initial preliminary assessment a very simple approach will
be used to analyze the pressure tube. The heat fransfer through the pressure tube under steady-
state conditions will produce an essentidlly linear temperature drop from the outer surface of the
fube to the inner. At points far from the ends of the tube, the thermal stress can be estimated from
the following formula provided by Reference 5.

G = M (15)
2(1-p)

where 6, is The peak stress, a is the coefficient of thermal expansion, E is Young's (or the Elastic)

modulus, 1, and t, are the temperatures at the inside and outside surfaces of the tube, respectively,

and p is Poisson’s ratio.

Based on the Table 1 in Chapter 2.0, E is taken to be 200 GPa, o is taken to be 3.5x10°¢ K, and
the maximum allow stress is taken to be 2.0 GPa. Iron has an E comparable to that being used
here and an o of about 12x10° K. For 18-8 stainless steel the tensile strength is about 0.6 GPa.
Although Reference 2 does not provide a value for p for SiC-based fiber materials, is does provide
a value of 0.18 for bulk SiC. This is fo be compared with 0.25 to 0.33 for steel. Therefore, 0.18 will
be assumed here. Since t, is greater than t,, o, i Nnegative. This merely implies that the
maximum stress is compressive instead of tensile. Thus, equation 1 can be solved to obtain the
maximum allowed temperature difference and for the SiC properties assumed here a value of
about 4700° C is obtained.

Steady-state thermal analysis of the cold fingers indicates the temperature drop across the pressure
tube wall thickness is about 100° C (Reference 6) when the thermal conductivity of the wall is taken
to be 15 W/m-K. The values of thermal conductivity shown in the table of Chapter 2.0 indicate that
the thermal conductivity for the SiC material will be about an order of magnitude lower. That would
yield a temperature differential of about 1000° C and probably yield an acceptable thermal stress
level. However, a 1000° C wall temperature drop would not be acceptable from a heat transfer
perspective and would challenge fuel limits. A possible fix is to take advantage of the much
greater strength of the SIiC material 1o design a much thinner wall. In addition, perhaps a SiC
material with a thermal conductivity of at about 4.0 W/m-K can be selected, based on the table in
Chapter 2.0. However, a very thin wall could make the pressure tube susceptible to a buckling
failure when it is subjected to a compressive external pressure load. In conclusion, obtaining a
material with a suitable combination of structural and thermal properties will be a challenge.

4.0 FLOW INSTABILITY

A flow instability in the pebble bed near a cold finger can have a substantial adverse effect on the
local coolant temperatures, which could, in turn, have a severe impact on the structural behavior
of the cold fingers. The potential for a flow instability exists in gases, such as helium and carbon
dioxide, in which fluid viscosity increases with tfemperature. A flow instability is possible because a
small decrease in flow, due to a slight perturbation, can cause an increase in fluid temperature,
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which in turn can cause an increase in fluid viscosity and hence a further decrease in flow. |If this
chain of events could somehow feed on itself, a significant decrease in flow is possible.
Conversely, one can postulate a small increase in flow eventually driving a significant increase in
flow. In mathematical terms this would imply that a single value of pressure drop can correspond
to both a relatively high flow (with a relatively low value of viscosity) and a relatively low flow (with a
relatively high value of viscosity). Under these circumstances a self-initiating oscillation or flow
instability could occur at a fixed pressure drop as the flow varies between these two extremes or the
flow in each region could go to one of the extremes and remain there. Reference 7, describes an
analogous phenomenon, laminar instability, which can occur among a series of parallel channels
when the flow in some of the channels is at or near the transition Reynolds number that divides
laminar and turbulent flow. References 8-10 analyzes flow instability in a heated channel.

Reference 11 provides the following relationship for pebble bed pressure drop, AP:

f H1
AP = ——pu?
& d2’
1-¢
320 6
f= + 0.1
Re, Re,” (16)
Re, = 1_e if Re, <10°, =10° otherwise
-
Re = pud
mn

where € is the (coolant) void fraction, H is the height of the pebble bed, d is the pebble diameter,
p is the density of the gas, u is the mean velocity, and p is the viscosity of the gas. The mean
velocity, u, is determined by dividing the volumetric flow rate of the coolant by the flow area thatin
this instance is determined as if there were no pebbles. For example, if the pebbles are contained
in a round tube of radius r, the flow area would be i,

Because p and u are functions of coolant temperature and coolant temperature varies with
distance from the pebble bed inlet, x, d(AP)/dx is a function of x. Therefore, d(AP)/dx can be
infegrated from x = 0 to x = H to obtain the pressure drop from pebble bed inlet to the pebble
bed outlet. The quantity d(AP)/dx can be obtained from equation 2 by dividing both sides of the
first relationship by H and evaluating the result af the appropriate temperature, i.e., value of x. The
velocity, u, can be eliminated from equation 2 by using the continuity equation, which requires that
the flow rate, m, be the product of p, u, and the flow areq, A. The idea gas law provides a

relationship for p as follows:

p==2 (17)

where P, is the system pressure, R is the idea gas constant for the gas being considered, and T is
the absolute femperature of the gas. The viscosity, J, can be represented as:

W= am (18)

where a and b are constants. For helium, for example, a = 3.953x 107, b = 0.687, Tis in Kelvin,
and y is in units of Pa-s.'® Hence, equation 2 can used o obtain the following:
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d(apP) 1 llm_zi
dx e d2A%p
1-¢ (19)
A u

In the first relationship of equation 5, f/p is a function only of the coolant temperature, T, and Tis a
function only of x.

For the current analysis it will be assumed that the power per unit length is a constant. Therefore, for
constant specific heat capacity at constant pressure, c,,, the coolant temperature rises linearly with
distance from the inlet and it can be shown that the coolant temperature, T(x) is given by:

Tx) = T, (1+ Q XJ (20)

rhcpTinﬁ

where Q is the pebble bed channel power and T, is the coolant inlet temperature, T(0).

Now, d(AP)/dx in equation 5 can be integrated over the height of the pebble bed, or from the
coolant inlet temperature to the coolant outlet temperature, T, T(H), 1o obtain AP as follows:

AP = Cfm?
Cc = ll__fﬂ%L
2 & dA° p,
f- X
-1 (7)
9 — TOUt — 1+L
T, mcpTin
320 1 (b+2) 6 1 (0.1b+2)
= ——— (0" 1)+ 0 -1
e be2 "V e 0rn 2 )

where p,, is the coolant density at the inlet to the coolant channel. In the derivation of equation 7 it
was assumed that Re, < 10° If this were noft true then Re, would be a constant and a flow
instability would be impossible here. This assumption will be examined further later.

From a conceptual perspective one could think of picking values for the viscosity exponent, b, and
the temperature ratio, 8, and then plotting AP as a function of m. Then one could observe if in
some ranges of AP, AP versus m has two values of m for each value of AP. A more mathematical
approach is to determine if there is a point on the curve where the slope is zero. All points 1o one
side of this point would have a negative slope, which corresponds to an instability — since stable
flow is only possible if increasing flow rate results in increasing pressure drop — and all points 1o the
other side would have a positive slope and correspond to stable flow. The slope of the AP versus m
is determined by differentiating equation 7 and is as follows:
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d(AP) AP

Tam T o oYX
_ 320 b+2 b+1 _
o = —(b+2)Reh(Tm)[e 1+(b+2)6°" (0-1)]+ (21)
6 1

09122 14 (0.1b +2) 8°"°*" (9 — 1
0.1b + 2 (Re, (T,))" [ ( ) 6-1]

From inspection of equation 8, it is obvious that for positive pressure drops and flow rates, a positive
slope, and therefore stable flow, is possible only if 3 > ®/X and thus the boundary between stability
and instability, and the point of zero slope, is at 3 - ®/X = 0. The viscosity exponent, b, was
chosen to be that of helium, 0.687. Then ® and X are only functions of Re(T,,) and 6 and the
relationship 3 - ®/X = 0 can be used to find a relationship for 8 as a function of Re(T,,), as shown in
Figure 4. Since the minimum possible value of the coolant outlet tfemperature is the coolant inlet
temperature, the minimum value of temperature ratio is 1. This has 1o produce stable flow since
this corresponds 1o an unpowered condition for which the tfemperature is constant along the length
of the channel. Thus, it is obvious that the stable flow region is the one below the curve in Figure 4.
A more mathematical approach would be to hold Re(T,). the abscissa of the plot, fixed and vary
8. the ordinate of the plot, as an independent variable and obtain the corresponding values of ®
and X. Then one should observe that 3 > ®/X corresponds only to the region below the curve.

Stability Curve
(The region below the curve is stable.)

w
o
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Figure 4. Flow Stability Curve for Viscosity Exponent Equals 0.687 (Helium).

In establishing Figure 4, it was assumed that the criterion Re,, < 10° was satisfied. The albscissa of
the figure is Re,, evaluated af the coolant channel inlet temperature. Re, is at its maximum value
at the inlet because 1) the temperature increases with distance from the inlet, 2) viscosity increases
with temperature, and 3) Re,, is inversely proportional to viscosity. Thus, one can conclude that
Figure 4 is valid for all values for which Rey(T,) < 10° Since for Re, > 10° pressure drop is
independent of Re,,, dll flows in this region are also stable regardiess of temperature ratio. Hence,
at worst, Figure 4 is too restrictive for Re,(T,,) > 10°.
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Figure 4 indicates that for a helium-cooled reactor, a flow instability could occur if the ratfio of
reactor outlet fo inlet absolute temperature is at least 3.57. This allowed ratio is for very low
Reynolds numbers and increases with Reynolds number; it is 29.3 at very high Reynolds numbers.
For the current pebble bed application, at rated power the temperature ratio is about 1.5, which is
clearly in the stable region for all conceivable flows. For planned operation at powers less than
rated power, the tfemperature ratio would be no greater than that af rated power. For reactor loss-
of-flow and overpower accidents, the temperature ratio could temporarily increase to values
above 1.5. However, even if the outlet temperature increased by 200° C to 1050° C, the
temperature ratio would not exceed 1.8. Although there are dynamic effects that accompany
these anticipated accidents that are being ignored here, the temperature ratio is so far from the
stability limit that a flow instability is not expected. Moreover, these dynamic effects typically do not
last more than the first few minutes of the accident.

The only difference between the choice of helium and carbon dioxide gases, assuming the both
behave like ideal gases and both have the same form of viscosity versus temperature relationship,
is the viscosity exponent. Thus, for example, if the carbon dioxide exponent were also 0.687, then
Figure 4 would apply equally well to carbon dioxide. The carbon dioxide exponent should be
investigated or Figure 4 should be redone to include a reasonable range of parametric values of
the exponent. However, drastically different results are not expected for carbon dioxide.

Another detail is that the channel pressure drop also has inlet and outlet form pressure losses.
However, these are essentially independent of viscosity and inversely proportional to density. If the
inlet temperature is constant, then the inlet density is also constant. As the flow rate decreases, it
causes the outlet tfemperature to increase and the density at the outlet to decrease. The exit form-
loss pressure drop is proportional to the square of the flow rate divided by the density. It can be
shown that the decrease in density is more than offset by the decrease in flow squared. Thus, the
exit form loss should have a stabilizing effect. Thus, if Figure 4 shows that the flow is stable, when
the form losses are considered the flow will still be stable.

Equation 7 represents a useful byproduct of the current stability analysis. In the past, equation 2
was used o evaluate core pressure drop and all properties were evaluated at the average of the
inlet and the outlet temperatures. Equation 7 should be a superior relationship for determining core
pressure drop, although large discrepancies are not anticipated atf rate conditions. It should be
noted, however, that initially the potential for flow instability was investigated by using equation 2
with viscosity and density evaluated at the average of the inlet and outlet temperatures. This less
accurate method of determining pressure drop incorrectly indicated that there was no potential for
flow instability.

In conclusion, while flow instability has been shown 1o be theoretically possible under some extreme
conditions of temperature ratio, nothing approaching those conditions can e expected for the
current gas-cooled fast reactor designs.

5.0 FLOW-INDUCED VIBRATION

Each cold finger is about 24 cm in outer diameter and extends from the top of the reactor vessel
head to the bottom of the pebble bed. Although the reactor vessel dimensions are not accurately
known, it is anficipated that the unsupported span of the cold fingers from the vessel head to the
top of the pebble bed will be about 6.5 m. Since the cold fingers are supported af the top of the
vessel head and not at the bottom of the head, the cold finger length along the thickness of the
head is part of the 6.5-m span subject to vibration. The reactor coolant must flow across the cold
fingers regardless of whether they are in the inlet plenum — which implies a downflow core design —
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or they are in the outlet plenum — which implies an upflow core design. In either case, the cold
fingers are long slender memibers that are subject to a cross flow that could cause them to vibrate.
In a addition, there can be axial flow along the cold fingers that can also contribute to flow-
induced vibrations. Reference 12 was consulted for advice in addressing this potential problem of
flow-induced vibration.

Reference 12 stated that although some experiments may be needed for a first of a kind reactor,
calculations may enable minor or easy adjustments to be made in the design phase that would be
very difficult and expensive after the reactor is built, Reference 12 provides an elaborate analytical
prescription based on specific parts of Reference 13. According to Reference 12, the cross flow is
the most important mode of flow-induced vibration. For this initial preliminary investigation, only this
mode will be investigated.

In a downflow reactor design the cold fingers will be in the inlet plenum and in a upflow design they
will be in the outlet plenum. Since the inlet temperature is 370° C colder than the outlet
temperature, 480 versus 850° C, the downflow design could be the better option from the
perspective of the structural infegrity of the cold fingers. Since the cold fingers are immersed in the
pebble bed and therefore will be subjected to the most severe temperatures, both designs could
be equadlly limiting. The current analysis, however, will focus only on the downflow option.

First, the fundamental natural frequency of the cold finger must be determined. Then the vortex
shedding frequency caused by the cross flow must be calculated. Flow-induced vibration can
occur if these two frequencies are close together. When there are multiple rods in a cross flow, as
there are here, the flow field around each rod can be influenced by the others. However, this
should not be a major effect when the rods are relatively far apart, as they are for the cold fingers,
and will not be considered at this time.

The relationship for natural frequency of a beam is provided on p. 461 of Reference 13 and is:

~ El
" m L*

(22)

where w,, is the angular natural frequency, A is a coefficient provided with the equation in a table
on the same page, E is Young's modulus, | is the area moment of inertia, m is the mass per unit
length of the beam, and L is the length of the beam. The upper end of the cold finger is fixed to
the top of the vessel head and the lower end is imbedded in the pebble bed and is therefore
neither totally fixed or totally free. Reference 12 recommended using the fixed-hinged case in the
table and to consider only the fundamental mode of vibration, which is the one that produces the
lowest frequency. The value of A for this case is 15.4. For the length of beam, Reference 12
recommended using the unsupported length of the cold finger plus half of the pebble bed height.
Because the pebble bed height is assumed to be 2.0 m, L was takento be 7.5 m. ForE, |, andm,
only the characteristics of the pressure tube were considered.

Based on the table provided in Chapter 2.0 above, E is faken to be 200 GPa and the density of the
tube, p, is taken to be 3.0 g/cc. If d;and d, are the inner and outer diameter of the pressure tube,
respectively, it can be shown that | is one sixteenth of the product of the annular cross sectional
area of the tube and the quantity (d,? + d?). Itis easy to show that m is the product of the annular
cross sectional area of the tube and the density. Hence, equation 9 can be written as:

2 2
© = A L“'?I) (23)
16 p L

106



Project Final Technical Report September 24, 2003
NERI Project 01-022

As equation 10 shows, while | and m in equation 9 are strongly dependent on the tube thickness,
i.e., the difference between the tube inner and outer diameters, the ratio of | to m is only a weak
function. The outer diameter is taken to be 24 cm. The wall thickness will be assumed be 0.8 cm,
which implies that the inner diameter is 22.4 cm. A better understanding of the material properties
and an analysis of the structure of the pressure tube is needed to determine accurately an optimal
value for the wall thickness. However, as can be seen from equation 10, a relative large change in
the wall thickness will have only a small impact on w,. Thus, equation 10 is evaluated and w,, is
found to be 183 radian/s, which is divided by 2m radians/cycle 1o obtain a frequency of 29.2 Hz.

The other half of this analysis is to determine the vortex shedding frequency. For a single cylinderin
a uniform cross flow, this is given by equation (7.1) on p. 252 of Reference 11 and is:
f, D

Sto= 2 (24)

where St is the Strouhal number, f; is the vortex shedding frequency that is being sought, D is the
diameter of the cylinder, d, for the current case, and U is the cross flow velocity. Values of the
Strouhal number are determined experimentally and are plotted as a function of Reynolds number,
Re, on p. 255 of Reference 11. Reynolds number is defined as:

p, UD

Re = (25)
u

where p; and u are the density and the viscosity of the fluid, respectively.

The fluid is assumed to be at 7 MPa and 480° C and to behave as an idea gas. Therefore, for
helium py is 4.48 kg/m® and p is 37.2x10° Pa s. The corresponding values for carbon dioxide are
49.2 kg/m® and 32.3x10° Pa's. One of the most difficult to determine quantities is the cross flow
velocity, U. First the reactor flow rate in kg/s will be determined, second this will be divided by the
local fluid density, p;, in order to determine to volumetric flow rate, m¥s, then judgment will be used
in determining the effective flow areqa, and finally the volumetric flow rate will be divided by the
effective flow area to determine the flow velocity, U.

The product of the reactor flow rate, m, specific heat capacity af constant pressure, c,, and the
coolant temperature rise, AT, is equal fo the reactor power Q. The power is 300 MWHt, ATis, 370° C,
i.e., the difference between the 850° outlet tfemperature and the 480° C inlet, and c,, is evaluated
at the average of the inlet and outlet temperatures, 665° C. For helium ¢, is independent of
temperature and is 5193 J/kg-K and for carbon dioxide it is estimated to be 1200 J/kg-K. Therefore,
m is 156 kg/s for helium and 676 kg/s for carbon dioxide. The corresponding volumetric flow rates
are 34.9 m¥s for helium and 13.7 m¥/s for carbon dioxide.

The difficult part is to determine a value for the effective flow area. If the flow entering the inlet
plenum of the reactor is first evenly distributed around the periphery of the vessel, then the velocity
will be uniform and the peak velocity will be low. Thus, one could imagine that all of the flow enters
uniformly through the lateral surface of a cylinder whose diameter of 2.5 m approximates that of
the region that contains all of the cold fingers. The height of this cylinder could be 2 m or more.
The corresponding flow area for a cylinder height of 2 mis 57 m?. A much less favorable situation is
one in which there are no flow baffles in the upper plenum to distribute the incoming flow and a
stream perhaps 1 m in diameter flows across one of the cold fingers. For this case the effective
flow area would be 0.25m m?. The two corresponding values of U would be 2.2 and 44 m/s for
helium and 0.87 and 17 m/s for carbon dioxide.
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Table 2 provides the four combinations of velocity for the two gases along with the corresponding
Reynolds numbers obtained with the aid of equation 12. Page 255 of Reference 13 provides a
graph of Strouhal number versus Reynolds. Pages 252-253 of Reference 13, describe this graph
and state that Strouhal number remains nearly constant with a value of 0.2 within the range of
Reynolds numbers from 300 to 2x 10° and that this range is defined as a subcritical range. They
further stated that as the Reynolds number is further increased to about 3.5x 10°, the Strouhal
number seems to increase depending on the turbulence intensity of the incoming flow. They
confinue: *However, the vortex shedding in this region is much weaker and defining an accurate
shedding frequency is sometimes difficult. Beyond a Reynolds number of about 3.5 x 10° the
Strouhal number again seems to remain constant, with St = 0.27, with a strengthening of vortex
shedding. The limits of the regions and the figures quoted are modified by cylinder roughness,
turbulence in the incoming flow, cylinder aspect ratio, and the proximity of structures such as walls
or adjacent cylinders.” Near and within the 3.5x 10° to 3.5x 10° Reynolds number range there are
several curves for Strouhal numiber for parametric levels of turbulence intensity. In the table, for
Reynolds numbers of 3.2x10° and 6.4x10°, the curve coresponding to the lowest turbulence
infensity and yielding the highest Strouhal number was selected. The maximum Strouhal number
indicated anywhere on the graph is about 0.46. Table 2 shows the four values of Strouhal number
read from the graph and their corresponding vortex shedding frequencies obtained with the aid of
equation 11.

Table 2. Vortex Shedding Frequencies.

Gas Velocity, m/s E]imgledrs Strouhal Numiber \F/g;ej( iwed-ding
Helium 2.2 6.4x10% 0.20 1.8

44 1.2x10° 0.46 84
Carbon Dioxide 0.87 3.2x10° 0.45 1.6

17 6.4%x10° 0.27 20

The four vortex shedding frequencies in the table are fo be compared with the natural frequency of
29.2 Hz calculated above. For obvious reasons, there is considerable uncertainty in the vortex
shedding frequency for either coolant and also in the natural frequency of the cold fingers.
However, there is enough information here to conclude that flow-induced vibration of the cold
fingers is a possibility that should continue 1o be addressed in parallel with the hardware design.
Additional types of flow-induced vibration analyses will also need to be made, as prescribed by
Reference 12, and this probably should be followed by definitive experimental testing of the final
design.

6.0 DISCUSSION AND CONCLUSIONS

As Chapters 2 and 3 demonstrate, finding a material that could meet all of the structural,
thermal, and neutronic requirements could be a daunting task. The analysis in Chapter 4
clearly demonstrates that while a flow instability is theoretically possible under some extreme
conditions, none of those conditions are anficipated in a gas-cooled power reactor of the type
being considered. These conditions can occur in nuclear reactors for rocket propulsion that
have ratios of absolute coolant outlet temperature to absolute coolant inlet temperature of
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about 3.5 or more. For the current application, this ratio is only 1.5. The initial preliminary
analysis of flow-induced vibration, Chapter 5, indicates that it is foo early in the design phase to
be able to provide a definitive answer, but there is a potential problem here. Hence, there is a
need to do analysis of flow-induced vibration in parallel with the development of the design, so
that the problem can be avoided.
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Task 4: Fuel/Structural Materials Irradiation Performance

4.1 Fuel/Structural Materials Irradiation Performance (J. W. Holland, I. G. Prokofiev)

This project was focused on developing a PB-GCFR with design features that mutually ensure the
key Generation IV system godls: passive safety, improved fuel proliferation resistance, enhanced
plant efficiency and reduced fuel-cycle waste. A new advanced fuel form is an essential element
of the required core-design innovations needed to achieve the Gen IV goadls. At least during the
early stages of the conceptual design, fuel and structural materials selection is proceeding along
three parallel paths because multiple basic core configurations are being considered — particle
bed, pin and plate/block (fuel dispersed within a mairix). At this time, the particle-bed concept is
considered the reference configuration. Propery data found in the open literature pertaining to
fuels and structural materials were collected and assessed to identify candidate fuels and structural
materials for the ongoing PB-GCFR design activities.

Although significantly more work has been done on carbide fuels compared to nitride fuels, they
each have advantages and disadvantages. Nitrides operate at roughly the same temperatures as
carbides, but possessing higher melting tfemperatures and thermal conductivities, nitrides are
relatively colder than carbides during normal in-pile operation. It was found, that with a high
degree of quality control in their manufacture, nitride fuels will swell less during service and possess
higher fracture strength than carbide fuels. Based on a thorough evaluation of the available data
and performance information, the following recommendations are made:

¢ The preferential fuel for additional consideration for all three fuel types is (U,Pu)N with (U,Pu)C
as the alternative,

¢ TiNis the preferred compatible material for use with the nitride fuel and ZrC with the carbide
fuel,

e [t should be determined if ZrC is also compatible with nitride fuel as a coating, and

e A determination should be made whether Ti, Zr or one of their alloys can be used as the
mairix material for the plate/block fuel concept.

During the extensive literature search and subsequent fuels and materials assessment, it became
apparent that additional high-temperature mechanical properties are needed for TiN, ZrC, and the
alloys of Tiand Zr. In addition, their response to fast-spectrum iradiation must be characterized.

In a similar manner, property data for industrially available structural materials with well-established
manufacturing technologies were collected and assessed 1o identify candidate materials for
various key components of the PB-GCFR. Detailed design information about these components do
not presently exist; therefore, as a starting point, materials and materials systems that were
considered in other reactor development projects were considered first,

A variety of engineered materials were ranked according to their material type and the
temperature range over which they are effective based upon information published in the open
literature in numerous property guides. Austenitic and feritic steels perform well in a reactor
environment up to 650°C. Nickel-based superalloys extend service o 850-900°C, but they
experience some fast-spectrum iradiation damage. Refractory metals and alloys provide
reasonable behavior to temperatures beyond 1000°C, and finally, ceramics extend the service
femperature even higher. The experience base for the ceramics, refractory metals and some of
the nickel-based superalloys mentioned above is very small, particularly with respect to irradiation
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performance, and consequently, their use necessitates that a considerable R&D effort will be
required.

The following structural-material recommendations are made:

e Ceramics such as SiC, ZrC, TiC, MgO, Zr(Y)O,, TiN, SizN,, etc., are required for structures
within orimmediately adjacent to the fuel zone if temperatures as high as 1600°C must be
withstood (expected during a depressurization accident). Otherwise, refractory metals and
alloys will easily withstand steady-state service at 900°C.

e 2 V4 Cr-1Mo and 9-12Cr steel are recommended for the pressure vessel.

e Inconel 718, Inconel 800 and Hastelloy X are acceptable candidates for cooling-system
components.

e Borated Type 304 and 316 stainless steel, ferritic HT? and various vanadium alloys are
reasonable choices for shielding and thermal barriers, but final selection must await
completion of neutronic and thermal-hydraulic analyses.

e High-density materials such as uranium, fungsten, iron, stainless steel, Nb-1Zr are all
acceptable initial candidates for use as a reflector; however, final consideration must follow
completion of neutronic and thermal-hydraulic analyses.

Similarly as for the fuel, additional high-temperature mechanical property data coupled with
iradiation performance information are needed for many of the structural materials that were
considered. This fact is particularly true of the low-alloy steels, nickel-based superalloys, refractory
adlloys and ceramics. Nearly all of the mechanical properties are detrimentally affected by
iradiation at high temperature.

This preliminary assessment of candidate fuels and structural materials was based upon information
available in the open literature and serves as a starting point for the ongoing design and continuing
development of the PB-GCFR. Of course, the selection of materials will be refined as additional
design criteria and propeny data become available.

The FY2003 activities for this area were mainly focused on consultations with fuel/structural materials
expers and continuing fo gain insights into materials that are applicable at the high operating
temperature and fluence of the PB-GCFR design. The project also kept cognizant with ongoing
activities on GFR under an INERI project led by ANL and French CEA. As example, this information
was used in selecting materials for the cold fingers as discussed under Task 3.
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Table 1. Typical Physical Properties of Structural Materials ©

Themal Specific Young's Melfin
Structural Density Conductivity P 9 9
. 3 Heat Modulus Range
Material (g/cm”) (W/mK) (JkgK) (GPa) Q)
100°C 500°C
Type 304 SS 8.0 16.2 21.5 500 193 1400 - 1450
Type 316 SS 8.0 16.2 21.5 500 193 1375 - 1400
Inconel 617 8.36 6.4 — 419 — 1330 - 1380
Inconel 718 8.19 7.2 — 435 — 1260 - 1336
Inconel 800H 7.94 7.9 — 460 — 1357 - 1385
Niobium 8.57 52.7 63.2 268 103 2468
Tantalum 16.6 54.4 66.6 139 185 2996
Molybdenum 10.22 142 123 276 324 2610
Tungsten 19.25 155 130 138 400 3410

< Excerpted from “GEM 2001, Guide to Engineered Materials,” Advanced Materials & Processes, Vol. 158,
No. 6. Dec. 2000.
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Task 5: Engineering Assessment of Selected Core Design

The following paragraphs are highlights of activities conducted in the Engineering Assessment areq,
in the second year of the project,

5.1 Design Approach for a Small Modular Pebble Bed Gas-Cooled Fast Reactor
Optimized for Decay Heat Removal [E. E. Feldman, T. Y. C. Wei)

1.0 INTRODUCTION

Twenty five years ago when gas-cooling was being considered as the alternative to liquid metal
(sodium) cooling, the key decision taken was to utilize the technology developed for the latter in
gas-cooled systems to the extent possible. The accepted rationale was that this would reduce
research and development costs, accelerate the introduction of gas-cooled fast reactors into the
nuclear mix and increase the acceptability by this leveraged arrangement of U.S. national funding
for the program as a possible alternative 1o the liquid metal fast breeder reactor (LMFBR). At that
time in the U. S., the gas-cooled fast reactor (GCFR) was an initiative of a private consortium. This
approach was accepted by the U.S. AEC and also in Europe, particularly in the European
Economic Community (EEC) and also in the Federal Republic of Germany. As a result the GCFR
design of Gulf General Atomic (GGA) in the U. S., the GBRs (1 of 4) of the EEC and the KFK GCFR in
Germany eventually all converged on LMFBR fuel technology.

There was some initial effort 1o attempt to convert the emerging particle fuel technology of the
thermal gas reactor (helium cooled HTGRS) but that was eventually terminated. The challenging
task of providing durable coatings for the fast reactor application turned out to be oo daunting.
LMFBR fuel technology was that of solid solution ceramic fuel pellets clad in metallic tubes with a
fission gas plenum. GCFR fuel therefore became solid solution ceramic pellets clad in metallic
fubes. It was redlized even at that time that this fuel type was not necessarily the optimum type for
the thermal-hydraulic characteristics of gas coolant. Variations were investigated such as clad
surface roughening and vented pins. However, it was recognized that the major differences in the
thermal-hydraulic (T-H) aftributes of gas coolant vis a vis liquid metal coolant, namely, poor heat
fransfer properties at low pressure and low coolant thermal and mass inerfiac may not be
adequately served by the pin technology. In particular, the safety case for decay heat removal
during depressurization accidents comibined with total loss of electric power could not avoid the
spectrum of severe accidents with whole core melt,

Before the issue of fuel technology and its role in accident space could be addressed, the U.S.
national program on the GGA GCFR was terminated. This was soon followed by the cancellation in
Western Europe of their respective national programs on the gas-cooled fact reactors. In the
meantime, effort continued on the thermal gas cooled reactor technology area to improve the
safety for that reactor type. The focus was on walk-away safety and led to the emphasis on
incorporating passive decay heat removal (DHR) mechanisms 1o complement the active DHR
systems in the safe removal of core heat. The industry position is now that the safety case for the
avoidance of core disruption for the highly improbable accident of depressurization with total loss
of electric power can now be made for small modular gas cooled thermal reactor through entirely
passive mechanisms. The fuel technology utilized in these reactors is not pin-pellet technology but
is entirely different and based upon coated particles. In particular the pebble bed modular reactor
(PBMR) being developed in South Africa is based upon Julich-derived technology. Fuel pebbles
composed of fuel particles are the fuel elements. Advocates of the PBMR technology have
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asserted that this fuel form has particular advantages for the safety case and decay heat removal
accidents.

This NERI project has focused on this assertion and has investigated utilization of the potential
pebble fuel form in gas-cooled fast reactors as a means of enhancing the possibilities for decay
heat removal through passive means. This is in combination with and as a complement to ultra
reliable active DHR systems. The NERI effort is concentrated on issues involving core design
optimized for mechanisms for passive decay removal. Follow-on NERI work is recommended for
investigating the implications of the proposed core designs on the primary-systems/vessel design
and the balance-of-plant (BOP) configuration. This report documents the results on the core design
study and furthermore provides proposals for future work on primary system/BOP design to
implement fully the possibilities for passive DHR given by these core designs.

2.0 PASSIVE SAFETY PERSPECTIVE

When the reactor is shutdown, the decay heat that is not removed from the fuel must be stored in
it. This extra heat energy results in a rise in fuel temperature. Thus, after the reactor is shutdown, if
the decay heat generafion rate exceeds the decay heat removal capability, the core
temperatures will increase until the generation rate has decreased to that of the removal
capability. As the decay heat rate continues to decrease with time the core temperatures will
continue to decrease. Thus, for a given decay heat removal rate, the amount of extra heat
energy that the fuel must absorb is finite. Hence, for a given fuel heat capacity (i.e., the product of
the mass of the fuel and its specific heat capacity) and decay heat removal rate, there is a
corresponding peak fuel temperature.

The amount of excess energy that must be absorbed by the fuel can be represented graphically,
as area under the curve in Fig. 1. This curve is for uranium-fueled reactors. For example, if the
steady-state decay heat removal capability is 1% full power, then the excess decay heat energy is
all the area bounded by the horizontal line for decay powers of 0.01, the vertical line of time equals
0, and the decay heat curve itself. Alinear rather than a log-log graph would be more suitable for
a pictorial representation but would not properly represent the time scale. The decay heat curve
was numerically integrated to produce Fig. 2. The numbers shown along the curve represent
values of the ordinate. For example, if the decay-heat removal system has a steady-state
capability of 1% full power, then 35.938 full-power seconds (fps) of energy will be stored in the core
when the peak temperature is reached. The time of this peak can be determined from Fig. 1,
where 0.01 is seen to correspond to about 2.5 hours.

Figure 2 therefore shows the required decay heat removal capability to stay below the peak stored
energy criteria. This can be done by first determining how much the fuel temperature would be
allowed to rise during an upset condition. This amount would be based on the difference between
the maximum temperature the fuel can withstand without unacceptable daomage and its
maximum temperature during normal full-power operation. This temperature difference, the heat
capacity of the fuel, and the fuel peaking factors would enable one to determine the maximum
amount of additional energy in full-power seconds that the fuel can absorb during an upset,
without sustaining unacceptable damage. Figure 2 then directly correlates this value of full power
seconds to a steady-state decay-heat removal capability. Typically passive decay-heat removal
systems in thermal gas cooled reactors are normally capable of removing less than 1 % power. This
means that ~35 fps needs to be absorbed by some other mechanism. This is fairly demanding as
it would for example require tens of seconds of full flow. There is a need to raise this capability o
the 110 2 % range as it would be difficult to find fuel materials, which could absorb this extra heat
without derating the core power density significantly.
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In the initial exploratory work of this NERI project, several methods for removing decay heat during
depressurization accidents with concurrent loss of site power were investigated. These included 1)
conducting and radiating the heat from the core and through the reactor vessel walls, 2) the use of
in-core heat exchangers, i.e., cold fingers, and 3) natural convection between the reactor core
and a heat sink. Item (1) was found to be inadequate for core power densities in the range of 25
W/cc and above, item (2), cold fingers, were extensively studied and found be a potential solution
but with many design issues. Natural convection, item (3), was found 1o be totally ineffective for
helium at atmospheric pressure or even at a few atmospheres. However, it was observed that
natural convection may work for helium above 10 atmospheres or carbon dioxide at several
atmospheres. These pressurized options would require some form of pressurized containment
around the reactor vessel during the accident. The previous analyses of natural convection used
core hydraulic models for straight coolant channels such as those found in block or pin cores. It
was assumed that natural convection would be more effective in pin and block cores than in
pebble-bed cores, since pebble-bed cores tend to have higher hydraulic resistances.

Recently, it was decided to take a fresh look at natural convection in pebble bed cores since
natural convection with a pressurized containment appeared to be the most promising concept.
The pebble-bed core hydraulic resistance may be manageable if the core diameter were
maximized so as to keep the flow velocity and core pressure drop low. If the minimum required
system pressure could be guaranteed through the use of a guard vessel, i.e., a larger secondary
containment around the primary pressure boundary, then the system could truly be passive.
Several core designs need to be addressed (essentially a combination of pebble size, core
diameter, and core height) and a design proposed to minimize core pressure drop and maximize
natural convection. Scoping analytical results for these core designs need 1o be produced initially
with first-order one-dimension steady-state models. There would then be the need to perform
fransient simulations of more complex situations. Although conduction and radiation from the core
and through the vessel wall does not adequately remove decay heat, they could be of significant
assistance and credit for this could be taken through an integrated fransient model that includes
conduction and radiation along with natural convection.

It was also decided to revisit semi-passive/semi-active approaches in the form of autonomous
systems and the use of autonomous systems was added to the list of concepts being explored.
These systems use the decay heat from the shutdown reactor core to provide the pumping power
to force the loop flows that remove the decay heat. These will need to e discussed because they
impact the layout of the major hydraulic loops of the plant in ways that are similar to those for the
deployment of natural convection loops for decay heat removal. Interactions between these two
approaches need to be assessed at an early design stage.

The remaining sections in this report therefore address the impact of natural convection on the
system design and the effect that the use of autonomous systems may have on the design
optimized for natural convection conditions. Natural convection has been selected as the passive
safety approach and autonomous systems have been selected for the semi-active/semi-passive
approach.

3.0 PASSIVE SAFETY SYSTEMS DESIGN

Several core designs with different combinations of pebble size, core diameter, and core height,
have been considered. The results of this study were used 1o derive a design that minimizes core
pressure drop and maximizes natural convection. To take a fresh look at natural convection in a
pebble-bed core design, model improvements, including one to better account for natural
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convection in pebble-bed cores, were developed. These models are first-order, one-dimensional
steady-state models. It would be highly desirable to have the capability 1o perform tfransient
simulations of more complex situations. This capability is given by the RELAPS/ATHENA code and the
steps to incorporate the RELAPS/ATHENA code in the modeling work for the PB-GCFR have been
identified and discussed.

3.1 Selection of Pebble-Bed Core Design

Three pebble-bed core designs were eatlier proposed for use with the cold-finger decay-heat
removal system. [1] Since natural circulation was not being considered for decay heat removal at
the fime, core hydraulic resistance was less of a constraint in the optimization process.
Accordingly, a core with a friction pressure drop of about 3 bar was assumed and any additional
pressure drop that could be produced by an upper or a lower axial reflector was ignored. All of
three cores were sized 1o have a power density of 50 W/cc in the pebble regions excluding the
core regions occupied by the cold fingers.

During iteration between safety and neutronics design activities, it was observed that the presence
of cold fingers makes maintaining criticality over the core residence fime difficult in a long life core
design. Hence, it was necessary to reduce the power density and designs of 25 W/cc were
considered. If the power density were to be reduced 1o 25 W/cc, however, perhaps the cold
fingers, which infroduce new challenges for the reactor design would not be needed. Therefore, it
was decided to take a fresh approach. In the past the use of natural convection for decay heat
removal in pebble-bed cores was thought to be impractical because pebble-bed cores tend 1o
have large hydraulic resistances. However, it may be possible to overcome this problem by
minimizing hydraulic resistance by maximizing the core diameter. Pressure drop is approximately
proportional 1o coolant velocity squared, which, in furn, is inversely proportional 1o flow area
squared. Flow area is proportional to core diameter squared. Therefore, pressure drop is
approximately inversely proportional to the fourth power of diameter. An added relatively small
benefit of increasing the core diameter is that the core height gets shorter for a given power
density.

A related issue is the diameter of the pebble. Larger diameter pebbles results in a smaller core
pressure drop and in a greater effective thermal conductivity for the pebble bed. However, larger
pebbles have higher center temperatures, due to the larger infernal pebble temperature rise. For
the current effort, it is assumed that the entire volume of each spherical pebbile is filled with a
homogeneous mixture of uranium carbide particles distributed throughout in a silicon carbide
maitrix. In the past it was assumed the thermal conductivity of these pebbles would be about 30
W/m-K. Closer examination indicates that under irradiated conditions, 20 W/m-K would be a more
representative value.

Based on the above considerations, a core diameter of 3.0 m and a pebble diameter of 4.0 cm
were selected. This core diameter is about the largest that can fit into a reactor vessel of about 7
m in diameter and allow enough room for the radial reflector and shielding and any needed
coolant inlet flow paths. The 3.0-m core diameter results in a 1.70 m core height for a 25 W/cc
core and a height-to-diameter ratio of 0.566. Although this ratio is much less than 1.0, it is believe
that criticality will be maintained over the entire life cycle of the core. The friction pressure drop
across this core at full power conditions is only 0.65 bar, which is much less than the 3 bar of the
earlier core designs that employed cold fingers.

The 4 cm pebble diameter results in @ nominal temperature rise, i.e., without power peaking factors
included, from the free stream of the coolant in the core 1o the pebble center of 211° C, of which

117



Project Final Technical Report September 24, 2003
NERI Project 01-022

136° C is temperature rise in the pebble and the other 75° C is the fim temperature rise. Since a
maximum local power peaking factor of 2.0 is anticipated, the 211° C average core rise results in
a 422° C maximum temperature rise at full-power steady-state conditions. The reactor coolant is
850° C af the exit, but the peak fuel temperature will occur between the core mid-plane and the
exit where the coolant temperature will be considerably less than 850° C. Since the sum of 850° C
and 422° Cis 1272° C, peak fuel temperatures significantly less than this and of albbout 1200° C are
expected. A 1200° C maximum fuel temperature would allow a 400° C margin if the maximum
allowed fuel temperature under upset conditions is 1600° C. This margin would allow the fuel to
absorb a considerable amount of the excess decay heat during the earlier part of an accident in
which the decay power exceeds the decay heat removal capability. It should be noted that the
use of advanced fuel and structural materials might allow raising the temperature limit abbove
1600° C.

In some instances the average tfemperature of the hottest pebbile is of greater concermn than the
peak temperature of this pebble. For a sphere with uniform thermal properties and heat
generation rate throughout its volume, the steady-state average temperature increase relative 1o
the surface temperature is 40% of the increase from the surface 1o the peak (which occurs at the
center). Thus, in these instances the 136° C pebble temperature rise would be replace by 40% of
this value, or 54° C, and hence the 211° C value would be replace by 129° C, i.e., 75° C + 54° C,
and when the 2.0 power peaking factor is included, the largest temperature rise from the coolant
free stream value to the pebble average is only 258° C, instead of 2.0 x 2119, or 422° C. This
implies that the margin is considerably larger than that obtained above where peak pebble
temperatures were assumed.

Another consideration is the upper and lower axial reflectors. These must be close to the core for
them to be effective in reflecting neutrons back into the core and 1o provide neutron shielding for
the structures above and below the core. Therefore, in the design it is assumed that there is a 0.5-
m layer of non-fueled-bearing 4-cm diameter pebbles below the core and one above it. This
lower axial reflector has a friction pressure drop of 0.15 bar at rated conditions and the upper one
has a friction pressure drop of 0.23 bar, for a combined pressure drop for all three regions of 1.03
bar. The upper axial reflector has a significantly higher pressure drop than the lower axial reflector
because the exit coolant temperature is much higher than the inlet coolant temperature.

3.2 Analytical Natural Convection Model

A schematic of a natural circulation loop is shown in Fig. 3. In the current application, the entire
fueled region is assumed composed of pebbles of the same size. The regions above and below
the core are assumed to be axial reflector pebbles that do not generate heat. A new pressure
drop model is used for the heated core region. This model becomes indeterminate and cannot
be used directly when the inlet and outlet temperatures are the same, as occurs in the axial
reflector regions above and below the core. In this case this asymptotic limit of the new model
should be the same as the isothermal pebble-bed model used to derive the new model and
provided by Reference 3. Therefore, the isothermal model was used for these isothermal regions.

In the modeling of flow through core with straight channels, the entrance and exit form-losses, or K-
losses, were based on the coolant velocity in the fueled region. For these cases an entrance loss
of 0.5 and an exit one of 1.0 were typically used. For pebble-bed application, the determination
of a representative coolant velocity for the fueled region requires refined models. A possible
method is to assume the effective flow cross sectional area is the cross sectional area of the core
multiplied by the coolant void fraction of 0.387. Another issue is the value of the entrance K-loss.
For arounded entrance, this value can be very small, such as 0.05. The exit loss is insensitive to exit
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shape and is a function of the ratio of the change in cross sectional area af the exit, with a
maximum value for straight duct of 1.0. The entrance and the exit loss were not included in the
current model and therefore each was in effect set to zero. This is a very optimistic assumption,
which must e revisited later. Similarly, in the current modeling, the pebble-bed pressure losses are
assumed the only losses around the flow loop. This is optimistic and should also e revisited.
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Fig. 3. Natural Convection Loop.

3.3 Natfural Convection Results

The loop natural convection model was used to determine the required system pressure, i.e.,
containment back-pressure, for a series of parametric cases. In this steady-state model the sum of
the friction pressure drops is equated with the buoyancy pressure rise. The only friction pressure
drops in the loop are assumed to be those across the core and the upper and lower axial
reflectors. Thus, all entrance and exit form losses and all hydraulic resistances in the piping and the
external heat exchanger were ignored. Hence, this is a very optimistic model and less favorable
results are expected when all resistances are included. The chimney height as defined in Fig. 3
was assumed 10 min all cases. It may be possible to increase this a few meters 1o provide more
favorable results when calculations are made with less optimistic assumptions. However, the
chimney height is limited by the vessel height, which is assumed to be about 24 m, if the heat
exchanger is 10 go inside the vessel, as is being proposed (see Section 4).
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The primary-side exit coolant tfemperature from the heat exchanger at the top of the loop is
govemed in part by the conditions on its secondary side. Therefore, during upset conditions, it was
assumed that the temperature exiting the heat exchanger and entering the reactor core is 250°
rather than 480°. In the analysis the reactor exit temperature was fixed at either 850° C or 1600° C.
The latter temperature is representative of the maximum allowed fuel temperature and the former
is representative of a lower bound of the maximum allowed structural temperature. The lower
value is the more reasonable choice since it is essential to keep the structures intact during an
upset condition. However, the 850° C value, perhaps, could be raised 50 or 100° C, depending
on the structural materials. A series of parametric cases were analyzed in which the system
pressure needed to sustain a given steady-state power was obtained.

All of the parametric results are shown in Fig. 4. Both the helium and carbon dioxide coolant
options were considered, with the former indicated on the graph without symbols (and in red) and
the lafter with symbols. For each choice of coolant, the solid curve represents the 850° C
temperature limit and the dashed curve represents the 1600° C limit,

In order to use Fig. 4 to determine the required system pressure, i.e., the guard containment back-
pressure, one must first determine the decay heat removal capability that the decay heat removal
system must provide. This is determined with the aid of Figure 2. The maximum energy the fuel is
allowed to store is essentially proportional to the rise in fuel femperature from the normal operating
conditions until the highest allowed fuel femperature is reached during the upset condition. Here
we are concerned with the pebble mass-averaged temperature at normal operating conditions
and the peak mass-averaged value during the upset. During shutdown conditions, the power is
sufficiently low that, 1o a reasonable approximation, each pebble has a uniform temperature.,

As explained in Section 3.1, a representative value for the margin between the peak fuel
temperature in the core at normal operation conditions and the allowed fuel maximum
temperature, assumed to be 16009, is 400° C. This peak temperature is at the center of the hottest
pebble. It can be shown analytically that the volume-averaged temperature of a sphere with both
uniform volumetric heat generation rate and thermal conductivity is the surface temperature plus
40% of the pebble temperature rise from the surface to the center. Thus, the remaining 60%
represents increased temperature margin. For the 4-cm pebble design proposed in Section 3.1,
the temperature rise from the surface to the center of the pebble was 136° C for 25 W/cc and
twice this value, i.e., 272° C, when the 2.0 power peaking factor was included. Thus, if there is a
400° C margin between the peak pebble temperature and the assumed 1600° C limit, then 60%
of 272° C, or 163° C, can be added to the 400° C margin, for a total margin of 563° C. For now
we will take an overly conservative approach and assume that 400° C, rather than 563° C, is the
amount that the volume-averaged temperature of the hottest pebble can rise without exceeding
the 1600° C limit,

From elementary physics it is known that the stored energy, E, in a given volume of fuel is equal to
the product of the mass of the fuel, its specific heat capacity (c,), and its femperature rise (AT). The
mass of the fuel is the product of the volume of the fuel and the density of the fuel pebbles (p).
The volume of pebbles in a given volume, V, is the product of V and the fraction of V that the
pebbles occupy. The fuel fraction is 1 minus the void fraction (vf) and the void fraction is taken 1o
be 0.387. Hence:

E = Vx(l-vf)xpxc,xAT
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The decay energy is also the integral of the decay power from time equals zero until the peak
temperature is reached. This integral, expressed in full power seconds (Inte) is provided by Fig. 2
and can be expressed in joules by multiplying the full power seconds by the normal operation
power of the volume (Pow). Hence:

E = PowXlInte

Combining these two equations, one obtains:

(pxc, )x(t=vf)xAT
Pow
1%

Inte =

Pow/V is the (local) power density of the volume. The average power density of the core is taken to
be 25 W/cc (25 MW/m?). However, the power peaking factor where the hottest pebble occurs is
assumed 2.0. Thus, the power density af the hottest pebble is 50 MW/m?.  The product of density
and specific heat capacity for the fuel pebbles is taken to be 3.8 x 10° J/ m*-K. Thus, with vf taken
to be 0.387 and AT taken to be 400° C, one can evaluate Inte and find it to be 18.6 s. Figure 2
shows that the required steady-state decay heat remnoval capability is about 1.3% of full power.
Figure 4 indicates that if the 850° C limit applies, then the system pressure must be about 13 bar for
helium and 4 bar for carbon dioxide. Forthe 1600° C limit, the corresponding pressures are about
7 bar and 2 bar for helium and carbon dioxide, respectively.

Employing a guard containment that can withstand 13 bar may not be practical, although a 7 bar
guard containment may be doable. This analysis does not fake advantage of heat transfer within
the core and heat transfer from the core to the radial reflector and shielding and ultimately through
the reactor vessel wall. Also, had it been assumed that AT is 563° C, instead of 400° C, then Inte
would be 26.2 s, the required steady-state decay heat removal capability would be about 1.1%,
and the required values of system pressure would be about 11 bar instead of 13 bar for helium with
an 850° C outlet temperature.

As previously discussed, these results are based on the analytical steady state natural convection
loop model of Fig. 3. A number of assumptions have been made and simplifications regarding the
modeling of the physical phenomena are inherent. Key among these are the absence of the heat
exchanger hydraulic friction pressure drop, dynamic effects of the core thermal inertia and the
decay curve history. A RELAPS/ATHENA model that was developed as part of this project includes
these phenomena. As this is a high-level model without the design details, which are currently not
available, boundary condition parameters are utilized 1o scope the envelope of the response. Two
phenomena, which are simulated through these boundary conditions, are the forcing primary flow
due to the response of the turbomachinery and heat removal on the secondary side of the
emergency decay heat exchanger. In addition, the pressure history is simulated by essentially
fripping valves, which quickly force the pressure to the asymptotic target design pressure of the
guard containment atmosphere. Whenever a satisfactory system response is obtained necessary
design details such as the sizing of the guard containment could be performed.
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Fig. 4. System Pressure to Sustain a Required Decay Heat Removal Capability.

4.0 REACTOR VESSEL LAYOUT CONSIDERATIONS

Prior analysis of natural convection with helium or carbon dioxide indicated that natural convection
would not adequately be able to remove decay-heat after the primary system pressure has
depressurized to 1 atmosphere. Therefore, other methods of decay heat removal, such as cold
fingers and direct heat radiafion and conduction from the core through the vessel wall, were
considered. Because these alternatives also have difficulties, it was decided 1o examine methods
that can result in convective primary coolant flow during loss-of-site power. Methods that
potentially could enable adequate convection under these conditions include the autonomous
systems (Section 5), the use of heavy-gas accumulators, and natural convection with adequate
containment pressure,

The heavy-gas accumulators would store a heavy gas, such carbon dioxide or nitrogen. During a
severe depressurization accident with concurrent loss of site power, these accumulators could
inject a heavy gas into the primary systern and would drive the heavy gas through the core during
the early part of the depressurization accident and cool the core for as long as the supply of gas
lasted. This would cause core behavior analogous to that of an extended coastdown. The
injected gas would also pressurize the containment around the reactor vessel and could thereby
maintain the pressure inside the reactor vessel at least several atmospheres. This could greatly help
natural convection. The heavy gas could displace the helium coolant in the primary circuit and
thereby enhance natural convection. However, a heavy-gas injection scheme infroduces several
problems and issues. Among them are being able 1o inject the gas at the correct point in the
primary system without knowing in advance where the breach in the primary pressure boundary will
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occur. Injecting the gas in the inlet plenum, for example, when the breach is close to the inlet
plenum, will cause the heavy gas to escape through the breach. The heavy gas would still
pressurize the containment, but a significant concentration of the heavy gas may not circulate in
the primary system. Other issues, include guaranteeing that the gas injection will activate when it is
needed and not at other times when it could be seriously detrimental to a reactor plant that is
otherwise functioning properly. These issues are being investigated by Brookhaven National
Laboratory as part of an I-NERI project.

Because of issues and problems associated with the employment of autonomous systems and also
with heavy-gas accumulators, natural convection by itself was reconsidered. Of course, some
means would be needed to ensure that there would be sufficient containment pressure. This could
tfake the form of a pressurized containment building. However, an exira “guard” containment
vessel around the primary system boundary that could be pressurized qppears to be a better
option. This concept is the same as the “proximity” containment suggested by CEA as part of an |-
NERI project and is in some ways analogous o the *machinery dome” used in other reactor plant
designs. This guard containment in some respects would take on the same role as a guard vessel
in a sodium-cooled reactor, in that it could contain the primary coolant in the event that the main
primary vessel failed.

The presence of a pressurized containment makes the maintenance of the plant more difficult
largely because it makes the boundary of the primary system less accessible. In addition,
maintaining pressure within this system is another issue. These issues could e mitigated by using a
gas-injection system to pressurize the containment at the initiation of the accident. This option,
however, appears 1o be less acceptable since the system could not be considered fully passive
and there is also the issue of guaranteeing that it will frigger when and only when it is needed and
perform properly. Thus, a guard containment system that is always pressurized while the reactor is
operating may be the better choice.

The guard containment boundary would have to be cooled during normal reactor operation. This
is because during normal reactor operation heat is always being removed through the reactor
vessel wall. If the flow of this heat were impeded, the vessel wall could exceed is operating
temperature limit. This is a serious issue because the vessel wall is a pressure boundary that must
withstand a pressure differential of 7 MPa. Cooling the guard containment does not appear to be
a major problem and a temporary 1oss of cooling during a severe reactor depressurization
accident should be folerable.

In order to promote natural circulation between the reactor core and the heat exchanger in the
primary circuit, the heat exchanger would have to be at a considerably higher elevation than the
reactor core. Natural convection can only be maintained when the column of gas in the
downward-flow path (i.e., the cold leg, which includes the heat exchanger and the path below it) is
heavier than that of the column of gas in the upward-flow path (i.e., the hot leg, which includes the
reactor core and the path above it). The means of initiating and maintaining adequate natural
convective flow in the primary circuit deserves careful consideration. For example, if the reactor
were scrammed and full primary flow were maintained long enough to equalize the temperatures
around the natural convective primary loop, excessive temperatures within the core could occur
before sufficient natural convective flow is established. In this initiating scenario, the upper axial
reflector would remain relatively cold as the core heated up and this reflector would absort heat
from the core exit coolant and further impede the establishment of a hot leg that is capable of
sustaining adequate natural convection.
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Another issue to be addressed with regard to natural circulation is the location of the primary
system breach. If the breach occurred near the top of the hot leg of the primary circuit, such asin
the upper part of the reactor outlet plenum, then cooler gases (or the heavier guard containment
gas) could enter and fill much of the hot leg of the natural circulation loop. This could prevent the
establisnment of sufficient natural circulation around the loop. The ingress of large amounts of
cooler gases would probably not occur until the depressurization was essentially complete. Then
the cooler gases could enfer and displace some of the warmer gas in the hot leg. One of the
ways that may be effective in avoiding this problem is o place the heat exchanger needed for
natural convection inside the primary reactor vessel, as shown in Figure 5, rather than place it on
the outside and have long connecting pipes.

In Fig. 5, the heat exchangers indicated on the upper right and labeled *1 of 3 Heat Exchangersin
Emergency Cooling System” are the ones of interest here. The ones on the left and labeled "1 of 3
Heat Exchangers in Auxiliary Cooling System” are the equivalent of the shutdown cooling system
that is used during refueling in typical gas-cooled reactor plants. These systems are powered and
would be effective during pressurization accidents as long as there is power to drive their
compressors and pumps. As the figure indicates, the emergency and auxiliary heat exchangers
are inside the primary vessel so that the chance of a serious breach between the reactor outlet
plenum and any of these heat exchangers is minimized. In Section 5, an analogous issue is raised
with regard to autonomous systems. In addition, potential weak points in the vessel pressure
boundary are each protected by an extra barrier. For example, the plug at the top of the vessel
cover, which is a refueling port, has a sealed chamiber around it, which would be kept af a specific
pressure between the vessel pressure of 7 MPa and the pressure outside the containment. By
monitoring this chamiber pressure, one could detect a leak around the refueling plug or one
between the chamber and the region above the chamber. Similarly, there are pressurized
chamibers where the secondary coolant pipes from the heat exchangers pass through the primary
vessel wall. In addition, there are double seals with a pressurized chamber (not shown) between
each pair of seals where the top and boftom hemispherical heads join the rest of the primary.

Placing the heat exchangers used for natural convection inside the vessel rather than outside
requires that the vessel be tall enough to accommodate them. In addition, a significant amount
of space inside the vessel will be needed for the heat exchanger, their piping and valves, and
primary-circuit compressors used with them. This complicates assembly and maintenance.
Another concerm is the confrol-rod drive penetrations. Top entry contfrol rod drives would
complicate the upper head design, possibly interfere with the refueling port, and double sealing
their penetrations could prove difficult. Therefore, bottom entry control rod drives are being
considered here. It may be better to use a weld to attach the bottom hemisphere of the reactor
vessel rather than use a bolted joint with a double seal, as indicated in Fig. 5. A concern in any
design is infernal leaks. If, for example, the access cover for fuel handling, had a large leaked or
were dislodged, the inlet reactor flow could go directly o the outlet plenum without passing
through the core.

50  AUTONOMOUS SYSTEMS

In a revisitation of semi-passive/semi-active approaches, the use of autonomous systems has been
included in the list of concepts being explored. These systems use the decay heat from the
shutdown reactor core to provide the pumping power to force the loop flows that remove the
decay heat. Figure 6 shows a schematic diagram for a direct-cycle plant with an autonomous
shutdown decay-heat removal system (inside the dotted perimeter) in parallel with the main power
conversion unit,
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Fig. 5. Reactor Vessel Layout for Natural Convection in Direct-Cycle Plant.

125



Project Final Technical Report September 24, 2003
NERI Project 01-022

If the main power conversion unit (on the left side of the figure) were not present and all of the
primary flow went 1o the autonomous system, the plant layout would essentially be that of a reactor
plant with an indirect cycle; i.e., there is an infermediate heat exchanger between the reactor and
the power cycle part of the plant, or heat engine. This heat engine rejects heat to the atmosphere
and produces electric power, via a generator (not shown). The autonomous system is designed to
run all of the time, except when the decay power is extremely low. The electricity generated by this
system is separate from the main (site) power grid and is therefore available even when the plant
becomes disconnected from the main power grid.

When there is a loss of site power, the power from the autonomous system continues to power the
compressor/circulator shown in the figure that drives flow through the core and the heat
exchanger. There is an electric power storage device, which could be an electric storage battery,
in the circuit between the generator and the compressor. This would be needed in the event that
there is a temporary interruption in power produced by the autonomous system and also for
situations when the decay power gets too low to keep the system running. In the latter case, the
electric storage device would enable the autonomous system to keep running longer and the
plant to continue removing decay heat longer.

In the event the autonomous system fails during normal operation, it may be necessary to shut the
plant down. During normal operation of the reactor plant, the compressors in the power
conversion unit keep the pressure at the reactor inlet higher than that at the outlet and thereby
drive the flow though the reactor core. If the compressor in the autonomous system were
eliminated from the design, then the pressure differential across the reactor core would cause most
of the main primary flow to bypass the reactor core and go backwards through the primary side of
the heat exchanger that is connected to the auxiliary heat engine. Therefore, a check valve is
needed 1o prevent backward flow should the compressor for the autonomous system fail.

Plant layouts for two indirect-cycle plants were also devised. In one, the power conversion unit and
the autonomous system were in parallel, and in the other, they were in series. Figure 7 shows a
schematic diagram for an indirect-cycle plant with an autonomous decay-heat removal system in
parallel with the main power conversion unit. The autonomous heat removal system in Fig. 7 is the
same as in Fig. 6. The rest of the system layout is that of a typical indirect cycle plant except for
the check valve that is included along the main primary flow path between the power conversion
unit and the reactor. This check valve is needed to prevent backward flow through the main heat
exchanger, i.e., the one on the left side of the reactor in the figure, when the power to the main
primary compressor is lost and the autonomous system is driving coolant through the reactor core.
This bypass flow would allow much of the primary flow to bypass the reactor. There could be some
difficulties in obtaining a design with the proper flow balance between the main power-conversion
unit loop and the primary flow in the autonomous loop.

Figure 8 shows a schematic diagram for an indirect-cycle plant with the main power conversion
unit and the autonomous decay-heat removal system in series in the primary loop. This
arrangement does not require any check valves. Electric power to drive the primary flow comes for
both the main power conversion unit and the autonomous one. If the power from the main power
conversion unit is lost, then electric power produced by the autonomous system continues to
maintain sufficient primary flow to remove decay heat,

In all three arrangements, Figures 6 through 8, the autonomous system would be running all of the
time, including normal operation of the reactor plant, so that it would always be available and not
need 1o be started during an emergency. Therefore, the system would e removing heat all of the
time and would affect plant efficiency. In addition, the system would have to be designed to
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insure that it ran properly at both full system pressure and at depressurized conditions, which in
some plant designs could be as low as one atmosphere. The autonomous system potentially
could be usable for normal decay heat removal while the plant is shutdown and during fuel
handling.

The choices for heat engines for the autonomous systerm are a gas turbine (Brayton cycle), a steam
turbine (Rankine cycle), Stirling engine (Stiring cycle), solid-state devices, such as thermal
photovoltaic, thermal electric, and thermionic ones, thermosiphon Rankine engine, and
ThermoAcoustic Heat Engine (TASHE). The choices for electiic storage devices include electric
storage battery, fuel cell, and flywheel.

During a depressurization accident there would probably be only outflow through the break from
the pressurized primary circuit 1o the reactor containment and no concurrent ingress of cold
confainment gases. After the depressurization, however, it may be possible for cold gases to enter
through the break. This represents a potential problem. If cooled gases from the containment
entered the primary system through the break and prevented hot coolant from the reactor core
from reaching the heat exchanger that is connect to the autonomous system, the auxiliary heat
engine would stop running. This could be the result of a large break in or near the reactor-vessel
outlet plenum, for example. Therefore, it may be highly desirable to put the heat exchanger inside
the primary vessel so that there is no external primary piping between the vessel and the primary-
side of the heat exchanger.

An important safety issue regarding the direct-cycle and indirect-cycle parallel arangements is the
potential for check valve failures. If during normal full reactor power operation, the compressor that
is powered by the auxiliary heat engine were fo stop and the check valves failed to prevent
backflow through the primary side of the auxiliary engine heat exchanger, a significant part of the
primary flow could bypass the reactor core.
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Fig. 6. Direct-Cycle Layout with an Autonomous Shutdown Decay Heat Removal System.
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Afinal issue is that autonomous systems have a very large amount of moving parts and therefore
cannot be considered to be passive systems. They may be classified as “semi-passive”, as
opposed to “active”, because they do not need 1o be started up in an emergency, as one would
need to do with a backup diesel-powered electric generator. A related issue is that the primary
coolant flow that provides the energy for the autonomous system must undergo a very large
reduction in pressure and density just at the instant the system is needed and thus there is always
the potential that the auxiliary heat engine will stop when it is needed most.

6.0  CONCLUSIONS FOR FOLLOW-ON WORK

Two approaches to decay heat removal, autonomous systems and natural convection in a pebble
bed core, have been selected. For direct-cycle plants, both concepts require that one or more
additional primary flow loops be added to the plant. These loops have heat exchangers that either
power the autonomous systems or merely dump decay heat, in the cases of natural convection.
These extra loops require check valves to help prevent reverse flow that could cause a significant
portion of the main coolant flow to bypass the reactor core. Since this issue can be avoided in
indirect-cycle plants, they should be given further consideration. An issue that is common 1o the
use of either autonomous or natural convective systems is a break in the primary system boundary
that would allow cold containment gas to enter the reactor vessel between the reactor outlet
plenum and the inlet to the autonomous system. This could be detrimental for an autonomous
system, since it is powered by the heated coolant from the reactor core. This would also be
detrimental for a natural convection system, since it would diminish the buoyancy that drives the
primary flow around the natural convective circuit. In order to avoid this problem, or minimize its
likelihood of occurrence, it was suggested that the heat exchangers that are added to the primary
circuit to enable natural convection be placed inside the primary vessel. To bolster the safety case
for natural convection, the primary vessel will be enclosed within a guard containment (secondary
containment) to maintain the coolant pressure at some significant level.
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Since autonomous systems add complex machinery to the plant, they cannot be considered to
e passive, but may be considered 1o be semi-passive. Natural convective systems do not work af
atmospheric conditions and therefore require some form of pressurized confinement, but if this
pressurized confinement is provided, the system can e passive. Natural convective systems are
less complex than autonomous ones, but providing a confinement/guard containment with
sufficient pressure capability could be a challenge.

This NERI project proposes a pebble-bed core design that has minimal hydraulic resistance through
the core so that it would be most conducive to natural convection. This core is the largest
diameter 300 MWt core that fits into the allowed diameter, 3 m, and has essentially the largest
pebble diameter that steady-state thermal considerations will allow. These considerations must
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include evaluations of upset conditions that are initiated from normal operating conditions since
there must be a sufficient thermal margin between the normal operating femperature and the
maximum temperature the fuel can withstand without sustaining damage. This margin would be
used to absorb the initial excess decay energy, when the reactor is generating between about 7%
decay power and the smaller amount that the decay-heat removal system is capable of
removing. Based on these considerations, a pebble diameter of 4 cm was selected. The core
power density is 25 W/cc and the total core power is 300 MWH,

The decay power immediately after scram from full power is close to 7% of full power. Since
natural convective decay-heat removal systems typically can remove no more than only about 1
or 2% of decay power, the excess decay energy must be temporarily stored in the reactor until the
decay power has declined sufficiently. The decay heat curve was used to determine the amount
of energy that would have to be stored as a function of decay-heat removal capability. In
addition, first-order models that could be used to analyze natural convection were identified. The
first-order models were used to assess natural convection in a direct-cycle plant in which the
natural convection heat exchanger was assumed o be 10 m about the reactor fueled region,
which includes the upper axial reflector. The results showed that for helium coolant the guard
containment pressure would have to be about 13 bar if the primary system temperature were not
fo exceed about 850° C. Lower pressures would be needed if the tfemperature limit were 1600° C
instead of 850° C or if the coolant were carbon dioxide instead of helium. Although the first-order
models allow the basic governing phenomena to be understood and evaluated, they have
limitations. They do not include heat fransfer by conduction and radiation within the core, for
example, and they require that the modeling be done piecemeal and that transient behavior be
approximated by a series of steady-state models. Therefore, the deployment of a more powerful
fransient system-modeling capability, RELAPS/ATHENA, was initiated and complementary
calculations were performed.

In conclusion, a design for a pebble-bed core that employs a natural convective heat removal
system has been selected and the modeling capability o better analyze it and other reactor
systems has been assembled. It is recommended that follow-on NERI project work be performed to
consider the implications of this core design and safety approach for the primary vessel design, the
balance-of-plant layout and the containment considerations.
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