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ABSTRACT

The modular high-temperature gas-cooled reactor (HITGR) is a passively
safe nuclear power plant. In this work, the influence of important fuel
quality and reactor design parameters on radionuclide release from
modular HTGR cores is investigated. Attention is restricted to "well
designed” reactors, which utilize high quality fuel and are able to
passively dissipate all decay heat without exceeding fuel temperature
limits. Under these circumstances, fission product release during
operation and thermal transients is quite low, and arises due to a small
number of simple mechanisms. This release is highly dependent on fuel
quality.

A new mathematical technique for describing fuel processes in a
randomly, continuously refueled pebble bed reactor is proposed. This
"branch notation”" provides a prcobabilistic description of the fuel state
distribution in a stationary reactor. The branch variable f summarizes
a fuel element's path through the core. For any fuel property which can
be expressed as a function of B, the expected value and variance in any
core location may be calculated. Techniques for estimating the
probability that a group of reactive pebbles coalesces at random to form
a stochastic "hot spot" are developed.

The nuclear reactions which determine heavy metal and fission product
concentrations are described by linear differential equations. In a
stationary reactor, an analytic solution takes the form of position
dependent transition matrices. These matrices allow fuel isotopic
composition to be expressed as a function of the branch variable . The
expected value and variance of isotopic number densities, burnup, and
local power density are calculated by the FUPAR code. FUPAR used in
conjunction with the already existing VSOP code calculates a complete
set of operating parameters. Results of FUPAR/VSOP analysis are in good
overall agreement with published design data.

The severity of random hot spots is shown to vary directly with local
mean power density. It is shown that the probabilities of severe hot
spots are very low during operation, and much lower during core heatup
accidents.



Three reactor design variants are analyzed with FUPAR/VSOP. The cores
differ in the inclusion of gadolinia burnable poisons (to mitigate water
ingress reactivity effects), or in coolant temperatures (for direct
cycle application). The three cores are compared in terms of their
operating parameters, the probability of random hot spots, and
temperatures achieved following a hypothetical depressurization
accident.

A release model for metallic fission products is formulated. Fission
product concentration profiles within fuel particles are expressed as
functions of the branch variable, and the core-wide distribution of
profiles and release rates may be calculated. This distribution
provides the initial conditions for a transient analysis. The PDIF
comouter code performs these calculations.

The PDIF code has analyzed fission product release from fuel particles
in the three cores treated above. Steady state activity is dominated by
release due to heavy metal contamination and recoil frcm kernels with
damaged coatings. Accident induced releases are dominated by release
from kernels with damaged coatings as well, except for the most severe
transients in which diffusion through intact coatings becomes
significant. Analysis of nominal and hypothetical very high quality
fuel indicates significant further reductions in release are possible.
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Title: Professor of Nuclear Engineering



ACKNOWLEDGMENTS

I would like to express my appreciation to Doctors David D. Langing
and Lawrence M. Lidsky for their guidance in the course of this work.
Not only have they assisted with specific research issues, they have
also set examples of professionalism and engineering insight which I
shall always try to emulate. 1 am fortunate to have had the chance to
work with these men.

Thanks are due as well to my office mates. Mr. Raymond Coxe (soon
to be Dr. Coxe) gave me invaluable assistance with the computers upon
which this document was written. Dr. Joy Maneke assisted in the
production of several previous reports leading up to this thesis, and
provided much information regarding fission product transport.

I owe many thanks to the people of Stone and Webster Engineering
Corporation, without whose computational assistance my work could not
have been completed. Mr. Paul Burger's patient help with the computer
is much appreciated, as well as Mr. Charles Doherty’'s assistance with
administrative issues. The help of Mr. William Sheridan and Mr. Alan
Isherwoed in arranging for the use of Stone and Webster's computational
facilities was invaluable.

The financial assistance of the National Science Foundation is
greatly appreciated. The aid of Gas Cooled Reactor Associates during
the final stage of my research is gratefully acknowledged.

Researchers at the Kernforschungsanlage, Jiilich provided much of

the information upon which this report is based. Dr. H.J. Riitten, in



particulér. provided the VSOP and THERMIX computer programs, as well as
numerous documents dealing with all aspects of gas cooled reactors and
fuel. Dr. Heinz Nabielek was very helpful, as were as Drs. Moorman,
Verfondern, and Teuchert.

Thanks also te Paul Kasten, Mike Kania, Bob Wichner, Dave Vondy,
David Moses, and John Cleveland at Oak Ridge National Laboratory for
many helpful discussions.

The help of Walt Simon and Fred Silady of GA Technologies is
gratefully acknowledged.

The assistance of Ray Coxe and Melissa Rathmell during the final
stages of preparation of this document is deeply appreciated.

Finally, my wife, Nancy, deserves all my gratitude for her love and
support. Thanks also to my son Benjamin, for compelling me to complete

my research and for sleeping often enough to let me do so.



Abstract
Acknowledgments
Table of contents
List of figures
List of tables

1.

2.

3.

TABLE OF CONTENTS

INTRODUCTION. ... oottt ittt et ie e e aan s

1.1

1.2

1.3

1.4

Scope and objectives of this work
Passively safe reactors
The pebble bed MHTGR

Overview of research

HTGR FUEL PERFORMANCE. ... ... ...ttt

2.1

2.2

2.3

2.4

2.5

Coated particle fuel: A general description

Manufacture of pebble bed fuel

2.2.1 Pebble bed fuel fabrication

2.2.2 Manufacturing defects and heavy metal
contamination

2.2.3 Modern fuel quality: Achievements and
implications

Safety related fission products

Fuel performance

2.4.1 Fuel particle failure

2.4.2 Fuel behavior in an operating reactor

2.4.3 Fuel behavior during temperature transients

Radionuclide release in postulated accidents
2.5.1 Accident scenarios under consideration
2.5.2 Classification of source terms

2.5.3 Effects of fuel quality

2.5.4 Proposed model for fuel performance

THE STATIONARY PEBBLE BED REACTOR: FUNDAMENTAL CONCEPTS

3.1

Fuel flow and drop probabilities

3.1.1 Experimental investigations of pebble bed flow

behavior
3.1.2 Mathematical formulation

PAGE

=N O DN

N =

27
29
37
43
44
52
52
56

89

62
64
- 64
79
85

89
89

102
105

107

109
109

119



4.

PAGE™

3.2 Branch notation ' 123

3.3 Fuel populations 129

3.4 lagrangian and Eulerian parameters and distributions 145

3.5 Transformations between L- and E- expectations. and 152
the quasi-two dimensional approximation

3.6 The fresh fuel injection rate 158

3.7 Random hot spot analysis 164

ESTIMATING CHARACTERISTICS OF A STATIONARY PEBBLE BED REACTOR 168

4.

4
4.
4

© ® N O N oA W N

1

—
o

A1

.12

.13

Assumptions ‘ 170

The heavy metal isotopic equations 171
The heavy metal state transition matrix ' 174
Zone collapsing and branch notation 176
. Burnup transition matrices 181
The fission product isotopic equations 186
The fission product state transition matrix 188
Eulerian transition matrices 196
Expected values of fuel parameters 199
Second moments of fuel state distributions 203
4.10.1 Heavy metal covariance matrices 203
4.10.2 Propagation of burnup variance 205
4.10.3 Variance of the power density 212
The FUPAR computer code 224
4.11.1 Data requirements 224
4.11.2 Calculations 228
4.11.3 FUPAR output 234

Estimating the parameters of a stationary pebble 235
bed reactor :

FUPAR verification: Analysis of the 200 MWth KWU 241
HTR-Modul



4.14 Random hot spots and temperature perturbations

.14.1 Relation between power density and temperature
perturbations

14.2 Effects on hot spot probabilities

.14.3 Calculation of zero hot spot probabilities
14.4 Distributed analysis of the no-convection case

4.15 Summary

5. ANALYSIS OF MHTGR DESIGN VARIANTS

5.1

5.2

5.3

5.4

6. ANALYSIS OF FISSION PRODUCT TRANSPORT AND RELEASE

6.1

6.2

Results of the base design calculation

5.1.1 Review of calculations

5.1.2 Reactor operating parameters

5.1.3 Analysis of a depressurized core heatup

A modular HTGR core with gadolinium burnable poison
5.2.1 Calculations

5.2.2 Reactor operating parameters

5.2.3 Analysis of a depressurized ccre heatup
5.2.4 Effects of water ingress

A modular HTGR core for direct cycle gas turbine
application

5.3.1 Calculations

5.3.2 Reactor operating parameters
5.3.3 Depressurized transient analysis
5.3.4 Water ingress effects

Conclusions

Fission product transport and effective diffusivities

6.1.1 Metallic fission product transport

6.1.2 Effective diffusivities for metallic fission
products

6.1.3 Transport processes for gaseous fission
»roducts

6.1.4 Effective diffusivities for gaseous fission
products

Discrete analysis of unsteady fission product diffusion
and release

6.2.1 The diffusion equation

6.2.2 Boundary conditions

6.2.3 Spatial discretization of the diffusion equaction

PAGE
243
243

250
262
268

273
275
277
277
282
296

298
300
300
310
315

318
318
318
329
329
332
336
339
339
341
347

349

353

353
354
357



"

6.3 Diffusion transition matrices
6.3.1 Solution of the discrete diffusion equation
6.3.2 Fission product release
6.3.3 Calculating the diffusion transition matrices

6.4 The fission product source vector
6.4.1 Release due to recoil
6.4.2 Formulation of the fission product source vector

6.5 Eulerian parameters of fission product diffusion

6.6 Fission product diffusion in pebble matrix graphite
6.6.1 Transport processes
6.6.2 Diffusive holdup in matrix graphite

6.7 Analysis of fission product transport with PDIF
6.7.1 Transport in the operating reactor
6.7.2 Diffusion under high temperature transient
conditions

6.8 Evaluation of PDIF release predictions
7. SOURCE TERM ESTIMATION. .. ... utinrmnneeennnennnenneennnsanneens

7.1 Assumptions for the release analyses
7.1.1 Fission products produced in heavy metal
contamination
7.1.2 Particle failure
7.1.3 Nominal and higher quality fuel particles

7.2 Comparison of fission product release from MHTGR

design variants

7.2.1 Cesium release from the base core
7.2.2 Cesium release from the poisoned core
7.2.3 Cesium release from the DOGT core

7.3 Conclusions regarding fission product release
8. SUMMARY, OONCLUSIONS, AND REOCOMMENDATIONS.......................

8.1 Summary of research
8.1.1 Fission product retention and fuel quality

8.1.2 Probabilistic analysis of pebble bed reactors

8.1.3 Estimating the characteristics of a stationary
pebble bed reactor

8.1.4 Evaluations of several MHIGR cores

8.1.5 Fission product transport and release in

coated particle fuel

PAGE
378
378
383
387

393
393
398
405
409
409
413
417
417
426
431
438

439
439

443
444

447
447
453
457
462
467
467
467
473
478

491
501



10

8.2 Conclusions

8.3

References

A. MATHEMATICAL BACKGROUND

A.l

A.2

B. REACTOR PHYSICS CALCULATIONS WITH VSOP

B.1

B.2

B.3

B.4

B.5

C. STATIONARY PEBBLE BED REACTOR ANALYSIS WITH FUPAR

C.1

Areas for future study

Linear algebra

A.1.1 Matrix exponentials

A.1.2 TIterative calculation of matrix exponentials
A.1.3 Choleski factorization

Random variables and probabilistic modelling
2.1 Random vectors

2.2 The expectation operator

A.2.3 Covariance and cross-covariance matrices
A.2.4 Stationarity

A.
A.

Resonance integral calculations with ZUT/DGL

Epithermal calculation: The GAM code

Thermal neutron spectrum calculation: The THERMOS code
Neutron diffusion calculation: The FEVER code

VSOP data requirements

B.5.1 Changes to standard Fortran input
B.5.2 VSOP data generated by FUPAR

Preparation of FUPAR input‘f

C.2 Notes on the structure and execution of FUPAR

C.2.1 FUPAR common blocks
Calculation of transition matrices
The Q2D subroutine
The PSTAT subroutine
General remarks on coding
e S

cooo
pvb
OhWN

Cc.3 Storing data fofFUSé with VSOP and PDIF

PAGE
509

512

516

523

523
523
524
526

529
529
530
531
533
536
540
544
546
549
552
552
552
555
556
579
579
579
o84
588
589

599



11

D. THERMIX AND KONVEK. . ... ... i e e i 601
D.1 The THERMIX program 601
D.1.1 General characteristics 601
D.1.2 Basic model equations 602
D.1.3 Model equations for heterogeneous regions 604
D.1.4 Macroscopic heat conduction in the pebble bed 605
D.1.5 Space/Time Discretization- 605

D.2 The KONVEK program 611
D.2.1 Model for determining pressure field and flow 612
D.2.2 Equations for determination of gas temperatures 613
D.2.3 Determination of system pressure 621

E. THE PDIF OOMPUTER QODE. ... ... ...ttt ittt ee et ee i 623



V]

.10

.11

.12

.13a

.13b

12

LIST OF FIGURES

TITLE
An HTGR coated fuel particle and fuel element
The 200 MWth KWU/Interatom HTR-MODUL
A pebble-bed reactor refueling system
The TRISO fuel particle design

Ceramographic cross section of HTGR coated fuel
particles

The gel precipitation method for fuel kernel
manufacture

Schematic diagram of a fuel particle coating furnace

Gulden’'s "direct method” for estimating pressure
vessel failure fractions

Measured and predicted fractional release of Kr-85
during post-irradiation annealing at 1600 C.

Electron microprobe analysis of a SiC coating layer
under corrosion attack by fission product palladium

Experimental corrosion rates indicating temperature
dependence

Kernel migration coefficients for design calculations

R/B correlation for gaseous fission products generated
in contamination granules

In-core R/B measurements for failed and intact fuel
particles

Fuel particle failure rates measured in core heatup
simulation tests

Temperature transient for loss of forced circulation,
reactor under pressure (RuD)

Temperature transient for loss of forced circulation,
reactor depressurized (DES)

PAGE

30

32
36

45

53

55

69

71

74

75

78

82

84

86

92

92



FIGURE

2.14

© 0w =N O

.10

.11

.12

.13

.14

W W W w w W w w w w

.15

w

.16

4.1

4.2

4.3

13

TITLE

Effects of reactor power density on maximum
temperatures achieved in core heatup accidents

Void fractions measured in scale model pebble beds

Experimental measurements of core-average void
fraction

FAGE

94

110

112

Pebble streamlines photographed in scale model pebble beds 113

Residence spectra used to illustrate the effects of
parameter variation

Influence of reactor height/diameter (H/D) and pebble/

core diameter (d/D) on test bed residence spectra
Idealized pebble bed reactor with radial 'drop zones"
The comprehensive sample space for "Core A"

Branch flows and populations in "Core A"

Complete branch flows and populations in "Core A"
Fuel flow pattern in "Core B"

Complete branch flows and populations in "Core B"
Fuel flow through a multi-pass point core
Transforming from position to time coordinates
Control volume for energy balance within the reactor.
Energy balance over the entire reactor

Probability of no low-burnup groups as a function of
sub-volume size.

Heavy metal isotopic chains

Input/output relation for heavy metal concentration
vectors

An idealized pebble bed core divided into axial and
radial regions

115

118

120

132

134

136

138

139

142

150

159

162

166

172

- 175

177



4.12
4.13

4.14

4.15

5.1

14

TITLE
Collapsing a single radial drop zone

Block diagram for collapsing the burnup transition
matrices

Input/output diagram for fission product densities
Collapsing the fission product transition matrices

Sequence of calculations to determine cumulative
burnup variance

Example of overall and pass-dependent probability
density functions

Expected values and three~standard deviation ranges
for power density as a function of pass number

Sequence of calculations in FUPAR
Fission product chain structure in FUPAR
A simple iterative scheme for FUPAR/VSOP

Potential instability using FUPAR/VSOP to analyze
few-pass cores

A "hot spot" within a pebble bed reactor
The standard normal probability density function
Hot spot severity for power density during operation

in the high power density zone of the 200 MWth
HTR-MODUL

Hot spot severity for temperature during operation in
the high power density zone of the 200 MWth HTR-MODUL

Zero hot-spot probabilities for power density in the
high power density zone of the 200 MWth HTR-MODUL

Zero hot-spot probabilities for temperature in the high

power density zone cof the 200 MWth HTR-MODUL

Core discretization used for reactor analysis

PAGE

179

184

191

194

211

219

222

229

236

239

244

253

259

260

265

266

279



FIGURE

5.2

15

TITLE

Axial power density distribution in the base core as
a function of iteration number

Axial Gd-155 number density distribution in the base
core as a function of iteration number

Axial power density and power density standard devia-

tion distribution in the base core

Power density and power density standard deviation
distribution in the base case core

Pass-dependent power densities and power density
standard deviations in the high power zone of
base core

Axial temperature profile in tne base case core

Core-wide temperature distribution in the base case
core

Zero hot spot probabilities in the base core's high
power density zone

Derivation of maximum severity curves

Maximum hot spot severities in the base core’s highest
power density region {pcwer density versus sub-volume

size).

Maximum hot spot severities in the base core’s highest

power density region (terperature versus sub-volume
size).

Temperature behavior of the base core following
a postulated depressurization accident

Total neutron cross section of Gd-155 at thermal
energies

Axial power density distibution in the poisoned core as

a function of iteration number

Axial Gd-155 number density distribution in the poisoned

core as a function of iteration number

N

PAGE

280

281

284

285

286

288

289

290

292

294

297

299

301

302



FIGURE
5.17

5.32

16

TITLE

Axial power density and power density standard devi-
ation distribution in the poisoned core

Power density and power density standard deviation
distribution in the poisoned core

Pass-dependent power density and power density stan-
dard deviation in the high power zone of the poisoned
core

Axial temperature profile in the poisoned core

Core-wide temperature distribution in the poisoned core

Zero hot spot probabilities in the poisoned core’s
high power density zone

Maximum hot spot severities in the poisoned core’s
high power zone (power density versus sub-volume
size)

Maximum hot spot severities in the poisoned core’s
high power zone (temperature versus sub-volume
size)

Temperature behavior of the poisoned core following
a postulated depressurization accident

Reactivity effects of water ingress on the base and
poisoned cores

Axial power density and power density standard devia-
tion distribution in the DOGT core

Power density and power density standard deviation
distribution in the DOGT core

Pass dependent power densities and power density stan-~
dard déviations in the high power zone of the DOGT core

Axial temperature profile in the DOGT core
Core-wide temperature distribution in the DOGT core

Zero hot spot probabilities in the DOGT core's high
power density zone

PAGE

304
306
307
308

309

311

312
313

314
316
320
321
323

324
325

326



FIGURE

5.33

6.10

17

TITLE

Maximum hot spot severities in the DOGT core’s high
power zone (power density versus sub-volume size)

Maximum hot spot severities in the DOGT core’s high
power zone (temperature versus sub-volume size)

Temperature behavior of the DOGT core following a
postulated depressurization accident

Reactivity effects orf water ingress on the base
and DCGT ccres.

Fission product release as a function of time during
a post-irradiation annealing experiment

Temperature dependence of R-fit diffusivities

Comparison of measured and predicted fission product
profiles ‘

Effective diffusivities for silver, cesium, and
strontium in particle constituent materials

Continuity of mass flux at a boundary between two
different materials

A spherical shell within a fuel particle

Three adjacent spherical shells with identical
materials

Discrete and continuous fission product profiles in
the innermost particle shells

Measured concentration profiles illustrating high
buffer diffusivity

Discrete and continuous fission product profiles near
the inner buffer surface

Discrete and continuous fission product profiles in
and adjacent to the buffer layer

Two adjacent spherical shells of differing materials
Discrete and continuous fission product profiles near

& shell with outer meighbor composed of a different
material

PAGE -

327
328
330
331
343

345

346
348
356

359

362
364
365
367
369

370

373



FIGURE

6.14

6.18

18

TITLE

LCiscrete and continuous fission product profiles near
a shell with inner neighbor composed of a different
material

Discrete and continuous fission product profiles near
the outermost particle shell

Fission product concentration profile near the particle
boundary at very short diffusion times

Geometry for calculating fission product release due
to recoil

Fission product source reduction due to recoil release

Fission product release and adsorption on graphite
surfaces

Steady state R/B values for metallic fission products
in the fueled region of the pebble

Algorithm for calculating the steady state concentration
profile distribution

Comparison of PDIF and analytic fractional release from
a uniform sphere at long diffusion times

Comparison of PDIF and analytic fractional release from
a uniform sphere at short diffusion times

Maximum temperatures in each zone of the base core
during a depressurized core heatup

Uniform-sphere fractional release during a depressur-
ized core heatup accident in each zone of the base
core

Maximum temperatures in each zone of the poisoned
core during a depressurized core heatup

Uniform-sphere fractional release during a depres-
surized core heatup in each zone of the poisoned
core

Meoximum temperatures in each zone of the DOGT core
during a depressuriz=d core heatup

PAGE-
375
377
391
394

399

411

416

432
433
450

452

455

456

459



©
N

oopopooo

o A

B.1

B.2

B.3

C.1

19

TITLE

Uniform-sphere fractional release during a depres-—
surized core heatup in each zone of the DOGT core

An HTGR coated fuel particle and fuel element

Measured and predicted fractional release of Kr-85
during post-irradiation annealing at 1600 C

Idealized pebble bed reactor with radial "drop zones"
An simple iterative scheme for FUPAR/VSOP

A "hot spot" within a pebble bed reactor

Hot spot severity for power density during operation
in the high power density zone of the base core of the

200 MWth HTR-MODUL

Zero hot spot probabilities in the base core’s high
power density zone

Axial power density and power density standard deviation
in the base core

Maximum hot spot severities in the base core's highest
power density region

Temperature behavior of the base core following a
postulated depressurization accident

Axial bower density and power density standard deviation
distribution

Reactivity effects of water ingress on the base and
poisoned cores

Structure of the VSOP computer code

Neutron trajectories for doubly-heterogeneous escape
probability calculation

Changes to VSOP Fortran input for use with FUPAR

Properties of partitioned matrices

PAGE -

461

468

471

474
483
484
488
489
493
495
497
498

500

538

543

553

583



20

FIGURE TITLE PAGE'

Cc.2 Algorithm for calculating steady state burnup and 587
heavy metal concentrations.

C.3 Algorithms for matrix multiplication used in FUPAR 590

D.1 Finite difference mesh for heat conduction within the 607
pebble bed

D.2 Finite difference mesh for heat conductioa within 609

a pebble fuel element

D.3 Coarse mesh for calculating gas temperatures in 616
KONVEK

D.4 Partial channel for calculating gas temperatures G18



TABLE

N
Pt

[
w N

v

o W owom
[\

o o 0 o

o
o

21

LIST OF TABLES

TITLE

Design parameters for the KWU/Interatom 200 MWth HTR-Modul

TRISO fuel particle design parameters

Particle coating layer {functions

Design specifications and achievements in fuel quality

Standard deviations for layer thicknesses and
densities in HBK TRISO fuel particles

Classification of release mechanisms and source terms

Eulerian probabilities for Core A

Eulerian probabilities for Core B

FUPAR input quantities

FUPAR isotopes

HTR-Modul design parameters
Temperature'differences within a fuel element

Un-grouped hot-spot prcbabilities in the operating
reactor

Un-grouped hot-spot probabilities during a high
temperature transient

Properties of the base core
Properties of the poisoned core

Properties of the DOGT core

Effective one-phase diffusivities for metallic fission

products in fuel particle constituent materials

Reduced diffusivities for noble gas fission products

F-matrix elements

Elements of the fission product source vector

PAGE

33
48
51
61

67

101
135
140
225
226
242
246

258

262

283
303
319

349

352
380

404



NN N =

m m o0 60 © © © N N N N

22

TITLE

Graphite diffusion parameters for metallic fission
products

PDIF shell structure for analytic comparison at long
diffusion times

PLIF shell structure for analytic comparison at short
diffusion times

Properties of Cs-137 used in the release estimates
Fuel design parameters for release estimates

Fuel quality parameters

Cesium release estimates for the base core
Cesium release estimates for the poisoned core
Cesium release estimates for the DOGT core
Cesium release estimates for nominal quality fuel
Cesium release estimates from higher quality fuel
Particle:;oating layer functions

Cesium release estimates for nominal quality fuel
Cesium releage estimates from higher quality fuel
FUPAR input description

FUPAR common blocks . i1 variables

PDIF input description

PDIF common blocks and variables

PAGE ™~

415
435
437

440
440
445
448
454
458
464
465
470
506
507
564
591
624

639



CHAPTER 1: INTRODUCTION

1.1 SCOPE AND OB,JECTIVES OF THIS WORK

The Modular High Temperature Gas-cooled Reactor (MHTGR) promises to
offer a more attractive option to US electric utilities than the current
generation of water-cooled nuclear plants. Fundamental characteristics
of this reactor design reduce the risk to the public by reducing both
the frequency and consequences of fission product release. These
reductions could enable entirely new forms of construction, regulation,
and operation. The characteristics of such a power system may be better
suited to the financial and regulatory environment currently faced by
utilities. This work examines the effects of reactor and fuel design on
the amount of fission products released from an MHTGR ccre due to an
important class of accidents.

In this study we restrict ourselves to what shall be defined as the
class of "well designed” MHTGR reactors, which have the following

characteristics:

» High quality fuel: Due to the importance of minimizing
fission product release, the fuel used in the rcactor will be

manufactured to as high a quality as economically achievable.

+ Passively safe core: The reactor’'s thermal characteristics
enable passive dissipation of all decay heat without

exceeding the fuel's critical failure temperature.

" Advances in fuel fabrication technology and core design have now

been combined to make such a reactor a realistic concept [R2, H2]. Werk
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is presently under way in the US with the goal of demonstrating the
operation of such a reactor, and several such reactors have been
proposed by companies in the Federal Republic of Germany (FRG) [R2].
The goal of this work is to examine the effects of important fuel
and reactor core design parameters on the fission product release from
the fuel. We particularly wish to idéntify the features which are most
important in achieving passive safety in light of recent advances in
fuel fabrication technology. Development of methods for probabilistic
analysis of continuously refueled pebble bed reactors is also necessary.
This dissertation is undertaken as part of a group project studying many
aspects of possible commercial reactors based on the MHTGR.
Accordingly, the following specific objectives are to be met:

1) Prediction of reactor operatin rameters: Given a few
general design parameters, we wish to calculate detailed
neutron flux and materials concentration distributions in the
steady state reactor. Such information is the starting point

for fission product release calculations.

2) Development of terminolo mathematics, and procedures

for analyzing fuel behavior in a continuously fueled pebble

bed reactor: The goal is to incorporate and investigate a

new method to study the effects of the stochastic refueling

process on fuel performance.

(3) Quantification of the uncertainty associated with the

continuous fueling process: The aim is to calculate the

probability that "random hot spots, " of arbitrary size and
severity, will form inside the pebble bed.



(4) Examination of the effects of Gadolinium burnable
poisons on fuel performance, particularly regarding water

ingress effects, power peaking, and pebble recycie rates:

Due to the energy-dependence of gadolinium’'s neutron
absorption cross section, it is possible that inclusion of
small amounts of gadolinium in fresh fuel as a burnable
poison can reduce the reactivity effects of water ingress
into the pebble bed.

(5) Examination of the effects of increased core
temperatures: The direct cycle gas turbine is a promising

future application of modular HTGR technology. The goal is
to investigate the effects of this mode of operation of

fission product retention.

{6) Prediction of the steady-state release of fission

products during reactor stationary operation: The rate of

fission product release from fuel determines the circulating
and plated-out activity in the primary system. These fission
products contribute significant fractions to potential source

terms.

(7) Prediction of the release of fission products during

thermal transients: Diffusive release of fission products
from fuel particles during high-temperature transients may
also contribute significant amounts to the reactor source

term.
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(8) Investigation of the effects of fuel design parameters

on fission product release: Recent advances in fuel
fabrication technology indicate the possibility of higher

levels of fuel quality than currently specified in reactor
designs. It is desired to investigate the effects of such

ultra-high quality fuel on fission product release.
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1.2 PASSIVELY SAFE REACTORS

In recent years, a number of proposals have been made for the
design and testing of passively safe nuclear reactors. The goal is to
design a nuclear power plant which is more attractive to the US electric
utility industry than the current generation of light water reactors.
Specific objectives to be met vary from design to design, and may
include:

* reduction of uncertainty regarding the length of the
licensing and construction period:

* reduction of the risk of events which could result in the
full or partial loss of invesiment in the plant;

» placing the bulk of regulatory accountability (i.e.,
quality control and assurance) in the hands of vendor
companies;

* reduction of emergency planning requirements associated
with nuclear plants; and finally

* reducing the costs and requirements placed on balance
of plant systems by decoupling them from the primary
nuclear system.

These goals are attained through two design criteria:

+ Increased_level of safety: Under all conditions, no

credible event {(frequencies greater than approximately
5x10~7 per year) can cause a significant release of
fission products from the reactor core.

* Use of passive safety features: the reliance on
engineered safety systems to achieve the desired level
of safety is minimized or eliminated. Retention of
fission products is to be accomplished to as great an
extent possible by inherent properties of the core and

fuel alone.
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Of course, different passively safe reactors may meet the above
criteria to varying extents, depending on the details of their designs.
Three reactor designs in particular have been seriously investigated.
One is ASEA-ATOM's PIUS reactor, which achieves passive safety by
submerging the reactor core in a large pool of cool borated water.
Enough water is provided to absorb decay heat from the reactor for one
week without operator intervention [L1]. A second design involves a
liquid metal-cooled reactor (LMR), which takes advantage of the heat
transfer properties of liquid sodium to passively remove decay heat from
the reactor core and transport it to the reactor vessel walls, from
whence it is removed by natural air circulation [L1]. This work
concerns the third type of passively safe reactor, the modular
high-temperature gas-cooled reactor (MHTGR). This reactor employs an
all-ceramic core with unique coated particle fuel which can endure
extremely high temperatures without losing retention of fission
products. Comb}ned with proper core design, such a reactor can lese all
coolant yet still successfully conduct and radiate away all decay heat

without releasing significant amounts of fission products.
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1.3 THE PEBBLE BED MHTGR

The pebble bed modular high-temperature gas-cooled reactor is
graphite-moderated and helium-cooled. Its passive safety features arise
from two fundamental! design characteristics:

(1) High quality coated particle fuel construction ensures
almost complete fission product retention up to some

relatively high critical temperature; and

(2) The reactor core's thermal characteristics (high heat
capacity and large surface/volume ratio) enable dissipation
of decay heat following a loss of coolant through passive
conduction and radiation without exceeding the fuel’s

critical temperature.

Thus, retention of radionuclides does not depend on maintaining a
supply of coolant to the reactor core. Risk dominance is thereby
shifted to an entirely different (and much lower frequency) class of
accidents [L3]. The result is a nuclear power plant which satisfies the
passive safety requirements.

The coated nuclear fuel particle is the basis of the MHTGR's safety
characteristics. Figure 1.1 presents a cross sectional view of one of
these particles, whose total diameter is about one millimeter. The
central spherical core is the fuel kernel, which contains the reactor's
fissile material. The kernel is surrounded by several pyrolytic coating
layers, which serve as a pressure vessel to retain gaseous fission
products and a barrier to the diffusive‘release of volatile metallic

fission products. A detailed description of the coating layers and
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FIG. 1.1: An HTGR coated fuel particle and fuel element.
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their functions is given in Chapter 2.

Roughly 10,000 coated particles are loaded into a single pebble
fuel element, also shown in Figure 1.1. The coated particles are
embedded in a graphite matrix, and a 0.5 cm-thick layer of unfueled
graphite surrounds the entire construction. A typical MHTGR core
contains approximately 360,000 such fuel elements.

Figure 1.2 illustrates one proposed pebble bed MHTGR, the 200 MWth
HTR-MODUL designed by KWU/Interatom. The reactor core is enclosed in a
steel pressure vessel, located alongside and above the steam generator
vessel. Helium coolant flows downward through the pebbie bed., through
the inside of the annular duct to the steam generator, and then through
the steam generator tubes. The helium circulator (located atop the
steam generator) then forces the helium back through the connecting duct
to the reactor. The entire nuclear steam supply system is located below
grade in a concrete silo. The reactor’s passive safety features are
independent of containment building design or containment failure.
Design parameters for the reactor are presented in Table 1.1.

The MHTGR's salient design features are a direct consequence of the
passive safety goal. The core’s relatively small diameter (3.0 m)
arises from the need to shut the reactor down without inserting control
rods into the peBble bed. Control rods in a passively safe pebble bed
HTGR enter only the reflector (in contrast to other HTGR designs such as
the THTR, in which control rods are inserted directly into the pebble
bed). In addition to the control rods, a backup shutdown system of

small absorber balls (or KLAK system) is provided.
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FIG. 1.2: The 200 MWth KWU/Interatom HTR-Modul.
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TABLE 1.1: DESIGN PARAMETERS FOR THFE KWU/INTERATOM 200 MWTH HTR-MODUL

Thermal power 200 MW

Core diameter 3.0m "
Core height 9.0 m

Mean power density 3.0 MW/m°

Helium temperatures 250/700 C

System pressure 60 bar

Number of control rods 6

Number of absorber ball systems 18

Diameter of pressure vessel 58 m

Height of pressure vessel 23.8m

Fuel cycle uranium/plutonium
Loading scheme multi-pass

Fuel element heavy metal loading 7 g/pebble
Discharge burnup ' 80,000 MWD/MTHM
Fuel in-core residence time 1,020 days

Feed fuel enrichment 7.8%

Fissile material in core 94 kg

Helium mass flow 76 kg/sec

Primary circuit pressure drop 1.2 bar

(SOURCE: Ref. R2)
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The fission product retention requirement limits maximum core
temperatures following depressurization to 1600C, and thus places a
limit on average power density of about 3 M§/m®. In order to maximize
power output under these constraints, the core is made as tall as
possible. The upper limit of about 10m in height is due to pressure
drop and xenon stability considerations [L3].

Wall coclers are located outside the reactor vessel to remove decay
heat radiated from the vessel walls; no decay heat removal systems are
necessary inside the reactor vessel. This is a direct consequence of
the reactor’'s ability to passively dissipate decay heat through
conduction and radiation. These wall coolers limit investmenf risk, but
are not required to mezet the safety goals. The steam generator and the
reactor core are physically separated in order to protect the steam
generator and helium circulator from overheating in the event that core
cooling is interrupted.

A reactor with the above design features has effectively eliminated
the loss of coolant accident as a dominant source of risk. As a result,
the major contributor to the residual risk from an MHTGR is the class of
water ingress accidents [L3]. Limitation of the heavy metal loading in
fresh fuel is a passive desigh feature which reduces the severity of
water ingress. A maximum value of 7 grams of heavy metal per pebble
limits fhe reactivity increase due to wzater ingress to levels which do

not result in dangerous power surges [L3].
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The reactor cor¢ design considered here differs significantly from
that chosen by participants in the U.S. modular HIGR program. The U.S.
reactor core is made of prismatic fuel elements, arranged in an annulus
with inner and outer graphite refiectors. This arrangement permits
higher overall reactor powers.

A pebble bed core requires a continuously operating refueling
system. A schematic diagram of the refueling system at the THIR reactor
(wvhose basic cperation is similar to that of an MHTGR) is shown in
Figure 1.3. Fuel is withdrawn from the bottom of the reactor core, and

is first passed through a "singularizer," which passes only a single
pebble at a time to the following stages. A damaged sphere separator
next removes fuel elements which are brcoken or cracked, and then the
pebbles are passed through a burnup measurement device. In the case of
THTR, this is a small subcritical reactor whose neutronic response to
the passage of a fuel element is an indicator of the burnup. Fuel
elements which exceed a specified discharge limit are sent to a
discharge facility, while the rest are recycled to the top of the pebble
bed.

Pebble refueling systems are able to operate at rather high
frequencies, which is fortunate for the modular HIGR. In order to
achieve as uniform an axial power shape as possible (to limit peak power
densities and thus post-depressurization temperatﬁres). it is necessary

to recycle the fuel as quickly as possible. The HTR-MODUL recycles a

fuel element an average of 15 times prior to discharge. At an 80%
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FIG. 1.3: A pebble-bed reactor refueling system.
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capacity factor, this corresponds to over 3000 pebbles per day.
1.4: OVERVIEW OF RESEARCH

The remainder of this report is organized as follows. Chapter 2
covers HTGR fuel, treating in detail the mechanisms by which fission
products may be released. Recent experimental results on state-of-the-
art high-quality fuel indicate that mocdes of particle failure which have
historically been significant have effectively been eliminated through
advanced manufacture. The result is a fuel particle with extreme
resilience, able to survive operation and modular-HTGR transients
without losing its retentive ability. It is shown that the only release
mechanisms which need be considered are those due to manufacturing
defects (heavy metal contamination and defective coating layers) and
high temperature diffusion through intact coatings. Based on this
proposition, a simple model for fuel particle behavior during reactor
operation and high-temperature transients is proposed.

| Chapter 3 develeops a new mathematical technique for describing
processes in a continuously and randomly refueled pebble bed reactor.
This is accomplished by dividing the reactor core into a finite number
of radial "drop zones."” Each drop zone is characterized by a drop
probability, which is the probability of a pebble traveling through that
drop zone on any pass through the core. The branch variable B is

introduced as a means of summarizing a fuel element’'s irradiation
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history in terms of the drop zones through which it has traveled. It is
shown that if the drop probabilities and pebble flow rates are known.
the number of pebbles in the stationary core with any particular
irradiation history may be calculated. For any fuel property which may
be expressed as function of B, the spatial distribution may be
calculated the same way. Probability.density functions, or "branch
probabilities,” are derived which characterize the likelihoed of finding
any particular sort of pebble in any core zone. Expectation operaters
are defined which enable the computation of expected values of fuel
parameters as a function of their pass number. Methods are derived for
the conversion of "Léé;angian“ quantities, which apply to particular
fuel elements, to "Eulerian” quantities, which apply to a particular
region of the core. The quasi-two dimensional approximation is
introduced as a practical means of computing late-pass fuel parameters
when a variable number of passes through the core is possible prior to
discharge. Finally, the basic concepts of random hot spot analysis are
introduced. Methods are derived for estimating the probability of
random groupings of fuel elements with higher than expected values of
important parameters. Should pebble bed HTGRs be licensed for operation
in the US, it is expected that this information will be required.
Heretofore, it has simply been assumed that these probabilities are very
small: this work develops a method to quantify them.'

Chapter 4 addresses calculation of operating parameters of a steady
state equilibrium (stationary) pebble bed reactor. Based on the nuclear

reactions which control the generation and decay of heavy metal and
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fission product isotopes. matrix differential equations are developed
which summarize the changes in vectors of heavy metal and fission
product concentrations subject to a neutron flux. Since the reactor
core is stationary (i.e., the probability functions associated with
reactor operating parameters are constant in time), these equations are
linear and time invariant if applied ﬁithin a region that is small
compared to the entire reactor. In this case, analytic solutions for
vectors of heavy metal and fission product concentrations at the exit of
such a region are derived in terms of the region’'s prcoperties. These
solutions are expressed in the form of transition matrices, a set of
which may be calculated for each discrete core zone. By grouping
transition matrices in the proper order, fuel isotopic composition may
be expressed as a function of the branch variable. Use of branch
expectation operations enables the calculaticn of expected materials
densities as a function of position in the stationary core, if an input
neutron flux distribution is known. The FUPAR computer code has been
developed to perform these calculations. When used iteratively with the
already-existing VSOP code (from KFA Jiilich), FUPAR can compute detailed
reactor operating parameters. This is an entirely new method for
calculating reactor parameters, whereas previous methods rely on
simulation of core cperation through the entire "running in"vperiod
prior to achieving steady state.

Chapter 5 summarizes results of FUPAR/VSOP analyses of several
MHTGR design variants of interest. A base case 200 MWth core, which is

quite similar to the HTR-MODUL design by KWU/Interatom, is discussed



40

" first. As this reactor has been discussed extensively in the
literature, FUPAR/VSOP's results may be compared with those found in the
literature. Stationary power and temperature distributions are
presented, as well as the results of random hot spot analyses. It is
found that the probability of random groupings of pebbles with

of f-normal characteristics significant from a safety standpoint are
extremely small. The THERMIX code [V3] is used to analyze the response
of this reactor to a depressurized core heatup accident. A second core
is similar to the base core, except for the inclusion of a small
quantity of gadelinium burnable poison in the feed fuel elements. The
same analyses are presented as for the previous case, as well as a brief
analysis of the effects of water ingress on the core’'s reactivity. Use
of burnable poisons to offset these effects has not been examined
previously. The final core to be analyzed is also similar to the base
case, but operates with higher coolant temperatures to drive a
direct-cycle gas turbine system. The analyses emphasize the importance
of a uniform power density distribution, both in reducing the severity
of random hot spots and in maintaining accident temperatures beneath
1600C.

Chapter 6 develops techniques for the analysis of fission product
diffusion and release within fuel particles, during both reactor
operation and high-temperature thermal transients. A fuel particle is
idealized as a one-dimensional spherical system, in which effective
diffusivities for the transport of metallic fission products are known

input quantities. The particle is discretized into a set of concentric
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 spherical shells. Difference equations are derived for the
concentrations of the fission product of interest in each spherical
shell in the particle mcdel as 2 function of time. Once again, since
the reactor is stationary, the difference equations may be written in
linear, time-invariant, vector/matrix form within a small zone of the
reactor. The vector of interest actually represents the fission product
concentration profile within the fuel particle. An analytic selution is
derived and expressed as position dependent transition matrices. Using
branch notation, expected values of fission product release and
concentration profiles can be calculated in each zone of the operating
stationary reactor. Application of probabilistic methods to calculiate
expected values of particle concentration profiles is another original
technique. The transition matrix solutions also apply to small time
intervals within a thermal transient. Based on the steady-state
expected profiles, the diffusive release during a high temperature
excursion can be calculated. The PDIF computer code performs these
calculations. It is'anticipated that the linear nature of the analytic
model will lead to consistent underprediction of release (the severity
of this effect is to be determined in the next chapter). In addition,
the chapter contains a brief analysis of the effects of pebble matrix
graphite on fission product retention. Chapter 6 cconcludes with
comparisons of PDIF results to analytic predictions from simple systems.
Chapter 7 details the results of PDIF analyses applied to the cores
analyzed in Chapter 5. The steady state and transient reactor analyses

from Chapter 5 are the basis for the release estimates. Assumptions are
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necessary regarding the dispesition of fission products generated by
heavy metal contaminants and the rate of particle failure during
irradiation. A simple analytic model is proposed with which to place an
upper limit on the release from bare kernels during the depressurization
transient. This release is often the dominant contribution, and it is
found that PDIF's underes:timation of kernel release is not more than a
factor of two. All cores analyzed have very small release rates.
Comparison between the reactors indicates that the base core has the
lowest overall releases, while both the poisoned core and the
direct-cycle core have higher transient release.

The last chapter presents a final summary of results and'indicates

avenues for further research.
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CHAPTER 2: HTGR FUEL PERFORMANCE

HTGR fuel has two distinct advantages. First, the small size of
the fundamental units, or fuel particles, enables large numbers of them
to be studied simultaneously. Second, they remain stable under almost
all conceivable reactor conditions. Experiments %c study fuel
performance under accident conditions are thus relatively easy to
perform. For this reason, a large base of knowledge has been
accunulated regarding fuel performance under both operating and accident
conditions.

This chapter reviews the current status of HIGR coated particle
fuel. Following a brief description and discussion of particle
component functiens, the techniques of fuel fabrication are discussed.
Fuel! manufacture is important because important perforrance parameters
are determined at this stage. State .of the art fabrication techniques
can produce fuel with extremely low defect rates.

The identifies of important fission products which the fuel
particles must retain are reviewed, followed by a discussion of their
irradiation behavior. There are a variety of phenomena which can damage
fission product retention, but proper design and manufacture can
minimize (or often eliminate) their occurence. Fuel performance under
accident conditions is influenced by the much higher temperatures.
These temperatures increases fission product mobil:ity and may induce

additional particle failures.

Finally, the possible release of fission products due to the most
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significant hypothetical accidents is reviewed. The two most
risk-dominant scenarios, core heatup and steam/water ingress, both may
lead to fission product release. The source terms are comprised not
only of fission products released from fuel which is damaged directly
from the accident, but significant fractions may be due to activity
released during reactor operation and accumulated within the primary
circuit. In cores which are properly designed, the magnitude of release
is highly dependent on fuel quality.

Finally, based upon recent advances in fuel fabrication technology
and the design objectives of the modular HTGR, a performance model is
proposed. This model is the basis for source term estimation in later
chapters, and is intended to provide a simple but realistic picture of

fuel performance in modular high temperature gas cooled reactors.

2.1: OOATED PARTICLE FUEL: A GENERAL DESCRIPTION

The fuel ig a key passive safety feature in modular high
temperature gas-cooled reactors. Its unique, coated particle design
essentially provides every milligram of fissile material with its own,
miniature cladding. Furthermore, this cladding is all-ceramic, capable
of withstanding extremely high temperatures {up to 1600C) without
rupturing, melting, or becoming unacceptably permeable to fission
products.

An idealized sketch (not to scale) of a fuel pzrticle is presented
in Fig. 2.1. Figure 2.2 is a ceramographic cross section of actual fuel

particles. Design details given here reflect fuel particles



FIG. 2.1: The TRISO fuel particle design.
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FIG. 2.2: Ceramographic cross section of HTGR coated fuel particles
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manufactured in the FRG by Hochtemperatur Brennelement Gebau (HOBEG)
GmbH. HOBEG is a subsidiary of Nuclear-Chemie und Metallurgie (NUKEM),
and has fabricated fuel particles and pebbles for both the AVR research
reactor and the 300 MWe THTR. The overall diameter of the entire
particle is 800 microns (u) or 0.8 millimeters. Actual fissile or
fertile material is contained in the central Rernel, which is
approximately 500 p in diameter. In general, the kernel may be composed
of one of a variety of materials: UO,, UC, UC,, UCO, U05-ThO,, UC-ThC,
UC,-ThC,, Pu0,-ThO,., Pu0,-U0,, and PquCy are all possible materials
[ref. T2]. The kernel is surrounded by a low-density pyrolytic carbon
buffer layer, which is approximately 90 p thick. Surrounding the buffer
are three high-density pyrolytic layers. First is the inner pyrolytic
carbon layer (IPyC), followed by the silicon carbide layer {SiC), and
then the outer pyrolytic c<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>