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Abstract

Helium is attractive for use as a fusion blanket coolant for a number of reasons. It is
neutronically and chemically inert, nonmagnetic, and will not change phase during any
off-normal or accident condition. A significant disadvantage of helium, however, is its
low density and volumetric heat capacity. This disadvantage manifests itself most clearly
during undercooling accident conditions such as a loss of coolant accident (LOCA) or a
loss of flow accident (LOFA).

This thesis describes a new helium-cooled tritium breeding blanket concept which
performs significantly better during such accidents than current designs. The proposed
blanket uses reduced-activation ferritic steel as a structural material and is designed for
neutron wall loads exceeding 4 MW /m”. The proposed geometry is based on the
nested-shell concept developed by Wong,! but some novel features are used to reduce
the severity of the first wall temperature excursion. These features include the following:
(1) A "beryllium-joint" concept is introduced, which allows solid beryllium slabs to be
used as a thermal conduction path from the first wall to the cooler portions of the
blanket. The joint concept allows for significant swelling of the beryllium (10 percent or
more) without developing large stresses in the blanket structure. (2) Natural circulation
of the coolant in the water-cooled shield is used to maintain shield temperatures below
100 degrees C, thus maintaining a heat sink close to the blanket during the accident.
This ensures the long-term passive safety of the blanket.

By using jet-pumps in the shield water system, bypass valves around the shield water
coolant pumps are not necessary, hence natural circulation of the water can be assured.
The peak first wall temperature during a complete LOFA is less than 700 degrees C.
Therefore, the blanket can withstand such an accident without any damage even if the
helium coolant system remains pressurized.

The thesis discusses two different options for a naturally circulating shield cooling
system. The first option uses a single coolant loop between the shield and the air-cooled

1 C.P.C. Wong, ct.al., "Blanket Design for the ARIES-I Tokamak Reactor,” Proc. IEEE 13th Symp. on
Fusion Eng., 1990, p. 1035.



heat exchanger. The second option uses two coolant loops, together with an
intermediate heat exchanger that transfers heat from one coolant loop to the other. Cost
comparisons are made for these two options, and the radioactivity hazards for the single
loop system are explored. It is shown that the cost for a naturally circulating shield
water system is small compared to the cost of the reactor blanket and shield complex,
and that the radioactivity hazards for a single loop system can be mitigated. Because of
the low cost of a naturally circulation cooled shield coolant system, and the potential
passive safety benefits it provides, the author considers that designers of future fusion
machines with potentially large afterheat generation rates, such as ITER and DEMO,
should consider incorporating such a "safe" shield cooling system.

Thesis Supervisor:  Dr. John E. Meyer
Title: Professor of Nuclear Engineering
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Chapter 1 Introduction

"The heavens declare the glory of God:
and the firmament sheweth his handiwork.” (Ps. 19, v. 1)

"Fusion power, the energy source of the sun and stars, may well be mankind's ultimate
energy source." (from the cover jacket of The Man-Made Sun,, by T. A. Heppenheimer)

e 2 2 e ok o 3 ok 3k o ok ok ok

The pursuit of practical, peaceful fusion energy production has involved a considerable
amount of international scientific and engineering effort since the 1950's. By the early
1990's, although much progress has been made toward understanding how to confine
and control a magnetically-confined fusion plasma, a practical fusion reactor is still

~ probably decades in the future. Like fission reactors, fusion reactors will burn no fossil

fuels, and hence will release no carbon dioxide into the atmosphere. However, fusion

offers potential safety benefits as compared to fission. These potential safety benefits are

a strong justification for continuing an aggressive fusion research program, despite the

long-term nature of the effort.

Some of the safety advantages of fusion have been examined extensively in past studies. !
2 These advantages include the following: (1) Fusion reactors cannot sustain runaway
reactions, since the amount of fuel inside the reactor at any given time would only
operate the reactor for a few seconds; (2) The radioactive waste from fusion reactors
will decay much fastef than fission reactor waste, will have lower initial levels of
radioactivity and will be orders of magnitude less hazardous; (3) The worst-case

accidents that could occur in a fusion reactor should represent a much lower potential

13, P. Holdren, et.al., "Report of the Senior Committee on Environmental, Safety, and Economic Aspects
of Magnetic Fusion Energy," Lawrence Livermore National Laboratory Report #UCRL-53766 dated
September 25, 1989.

2(.S. Congress, Office of Technology Assessment, Starpower: The U.S. and the International Quest for
Fusion Energy, OTA-E-338 (Washington, DC: U.S. Government Printing Office, October 1987).
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hazard to the public than worst-case fission reactor accidents, chiefly because a fusion
reactor will contain a lower radioactive inventory, and will have less stored energy which
could be used to release radioactivity in the event of an accident; and (4) Fusion reactors
should require simpler post-shutdown or emergency cooling systems than fission

reactors, if such systems are needed at all.

Many fusion safety studies have focused on the worst-case accident scenarios for fusion
reactors, in an effort to determine reactor designs which would be least likely to harm the
public, even in the event of a very unlikely, very severe, accident. An example of such an
accident is one in which the large-scale structure of the reactor plant is disturbed,
perhaps as a result of an extremely severe earthquake, or deliberate sabotage. Such
studies have led to the determination that use of silicon carbide (SiC), or vanadium alioy
as structural materials, coupled with the use of helium or molten salt (FLiBe) coolants,
would offer the greatest safety advantages, since these materials and coolants have low
activation characteristics, and have low potential for exothermic reactions with air or
water. The problem with these materials and coolants is that with the exception of
helium, none have been used before in any large-scale engineering application, let alone a
nuclear application. Hence, much development work is required before these options

can be used.

 The focus by the fusion safety community on the very improbable, worst-case accident,
while laudable in its own right, has perhaps drawn attention away from the less severe,
but more probable accidents which would not endanger the public, but could severely
damage the fusion reactor itself. As the accident at Three Mile Island showed, an
accident which results in an insignificant radioactive release to the public can have
disastrous conseqﬁences to the plant itself. Fusion reactors have the potential to exhibit

passive operational safety to relatively more probable accidents such as a loss-of-site-
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power. Passive operational safety is defined here as the ability to sustain an accident,
without reliance on active safety systems, and without damage to the reactor. After such

an accident, the reactor could be operated again normally.

As will be seen, the focus of the work presented herein will be on passive operational

- safety for more probable accidents. A blanket concept will be developed which exhibits
passive operational safety for accidents such as a Loss of Site Power (LOSP) [also
known as a Station Blackout], and which uses helium coolant and low activation ferritic
steel structure. Because they are in common use in engineering and nuclear applications
curréntly, helium and ferritic steel should be easier to develop for fusion applications
than more exotic choices such as SiC, vanadium alloy, and FLiBe, and should involve
less risk to the fusion reactor builder. Although low activation ferritic steel has higher
activation levels than SiC or vanadium alloy, it has much lower long-term activity than a

normal steel.

Many helium/steel blanket designs have been developed in the past (see Chapter 4).
However, generally speaking these designs do not exhibit operational passive safety.

The basic reason for this is that helium is a poor thermal conductor and has low heat
capacity. Therefore, if the helium circulators fail (as they would during a LOSP), the
helium,becdmes essentially useless for heat removal, and the afterheat from the steel
overheats the blanket structure, causing structural failure. The result of the present work

is a helium/steel blanket design that overcomes this major disadvantage.
The basic thesis layout is as follows. The first four thesis chapters provide relevant

background information, including a description of the overall fusion reactor

configuration, and the basic functions of the reactor blanket and shield (Chapter 2), a

13



description of the neutronics, activation, and heat transfer codes used herein (Chapter 3),

and a review of past fusion reactor blanket design concepts (Chapter 4).

The heart of the thesis is Chapter 5, which covers the description and analysis of two
new blanket and shield conceptual designs which use helium coolant and a ferritic steel
structure (Blanket Designs 1 and 2). Blanket Design 1 is a modification of a previously
developed design, and is used as a starting point to establish the required overall blanket
and shield dimensions. Analysis of Blanket Design 1, however, shows that it does not
meet the goal of passive operational safety. Blanket Design 2 modifies Blanket Design 1
by incorporating a novel feature, "beryllium joints," to help it meet the operational

| passive safety goal.

The long-term passive operational safety of Blanket Design 2 depends on having the
shield act as a heat sink for the blanket. This is provided by the design of a Shield Water
System (SWS) with natural circulation capability. Chapter 6 describes options for such a
naturally circulating SWS. Chapter 6 also explores how a naturally circulating SWS
could potentially benefit blanket designs other than the ones developed in this work. The
thesis closes with a chapter providing overall conclusions, as well as recommendations

for future work (Chapter 7).

14



Chapter 2 Overall Fusion Reactor Confiquration

Currently, the most advanced magnetic fusion confinement device is the tokamak.

Hence, most studies, including the present study, assume that the tokamak will be the
reactor of choice for future fusion power reactors. This aséumption is advantageous,
since the tokamak configuration has been studied extensively, and hence the operational
requirements and characteristics for a tokamak fusion power reactor are better known |
than for the less-advanced designs, such as the stellerator. The overall arrangement of a

typical tokamak power reactor design is shown in Figure 2.1.

The hollow center of the torus is where the fusion plasma is confined. The plasma is
surrounded by the blanket, which m turn is surrounded by the shield. Both the blanket
and shield are segmented to allow for easier installation and replacement. In the
STARFIRE reactor design, the blanket and shield are both cooled by water; hence the
water coolant inlet and outlet pipes indicated in the figure. Outside the shield are the
toroidal field (TF) and equilibrium field (EF) superconducting magnets, which generate

the proper magnetic field configuration to confine the fusion plasma.

15



Figure 2.1. Typical Tokamak Power Reactor Arrangement?
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Near-term fusion power reactors will probably fuse deuterium and tritium to generate
power, simply because this reaction has the largest fusion cross-section of the available
reaction types, and has been the most studied. This reaction is shown schematically as
follows:

(2.1) fD +i' T = 3He (3.52 MeV) +;n (14.1 MeV).

The products of the D-T fusion reaction are an alpha particle of 3.52 MeV energy, anda -

neutron of 14.1 MeV energy. Two important issues related to this reaction are, firstly,

3C. C. Baker, et.al., "STARFIRE - A Commercial Tokamak Fusion Power Plant Study,” Argonne
National Laboratory Report #ANL/FPP-80-1, 1980, Volume 1, Chapter 2, Figure 2.2.

16



that tritium is not available naturally, and secondly, that the neutron carries most of the

fusion reaction's energy.

The two main purposes of the blanket portion of a fusion reactor are: ( i) To convert the
kinetic energy of the neutrons resulting from the D-T reaction into thermal energy which
can be used to boil water for the reactor's steam plant;* and (2) To manufacture tritium
for use in the D-T reaction. Tritium is "bred" in a fusion blanket by the fusion neutrons
reacting with lithium in the blanket, forming tritium. The main purpose of the shield is to
further attenuate the neutron flux coming from the plasma in order to proteci the
superconducting magnets from radiation damage and from an excessive neutron heat

load.

# Note that since the neutrons are uncharged, they are not confined in the tokamak's magnetic ficld with
the main fusion plasma. Hence, all neutrons generated in the D-T reaction immediately travel to,
impact on and penetrate into the blanket, where most of their kinetic energy is converted to thermal
energy as they slow down.

17
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Chapter 3 Neutronics, Activation and Heat
Transfer Codes

The most important characteristic of any fusion blanket and shield design is its response

to irradiation by the 14 MeV fusion neutrons. In order to calculate this response, a
number of different codes must be utilized. These codes, used in conjunction with each
other, will provide such information as the neutron flux as function of pbsition within the
blanket, the operational and post-shutdown volumetric heating of different blanket
regions, and the tritium breeding ratio of the blanket. Chapter 3 provides a brief

description of the codes used for the present analysis.

3.1. The TWODANT Neutronics Code

The starting point for the determination of the blanket response to neutron irradiation is,

of course, the neutron flux as a function of position during reactor operation. The
neutron fluence impacting on the plasma-facing wall of the blanket, the "neutron wall
load," varies with position,; this issue in discussed further in Section 6.1. Once the
neutron wall load (energy, direction and current) for a particular position is known,
determining the position-dependent neutron flux within the blanket is a standard reactor
physics problem which is discussed in a number of elementary textbooks, for example,
see Henry.! It basically involves solving the time-independent inhomogeneous
Boltzmann transport equation. This equation, in one spatial dimension, can be written as

follows:

1A. Henry, Nuclear-Reactor Analysis, The MIT Press, Cambridge, MA, 1982.
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V-Qu(r.E.Q)+o(r,E)y(r.E,Q)
= [[dE dQ o, (r.E > E.Q-Q)y(r.E Q)

3.1 1 o , , o
+,4—”dE dQ y(r.E' > E)vo (r.E ) (r,E.Q)
- _

, +S(r,E,Q)
where y (r, E,Q) is the neutron flux defined such that w (r,E,Q) dE dV d( is the flux
in th,ev energy range dF about E, in the volume element d}” about r, with a direction of
motion in the solid angle element d{2 about Q. S(r, E,Q) is the source rate of
neutrons, and is similarly defined. o is the total macroscopic cross section, and o, is the
macroscopic probability of scattering from energy £’ to E through an angle Q-Q)', and

the macroscopic fission cross section is ¢ .. The fission term is used for reactions such

as (n,2n). The number of particles emitted isotopically (1/4r) per fission is v, and the
fraction of these particles appearing in energy dE' about E’is x(r, E' > E).

The Boltzmann equation above is applicable to photons as well as neutrons, provided the
appropriate photon cross-sections are incorporated. Since neutron interactions with
matter produce a substantial amount of gamma radiation, some of which will in tumn
generate additional neutrons, TWODANT as well as most other neutronics codes are

capable of treating neutrons and gammas as a coupled set.

A number of neutronics codes exist which solve the Boltzmann equation, such as

ANISN?2, TRISM3, ONEDANT*, and TWODANT 5. Previous fusion reactor studies at

2W. Engle, Jr., "A User's Manual for ANISN: A One-Dimensional Discrete Ordinates Transport Code
with Anisotropic Scattering,"” Oak Ridge Gaseous Diffusion Plant Computing Technology Center report
K-1693, 1967.

3] Davidson, et.al., "TRISM, A Two-Dimensional Finite-Element Discrete-Ordinates Transport Code,"
Los Alamos National Laboratory draft report, 1986.
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the MIT Plasma Fusion Center have used the ONEDANT code, which 1s a one-
dimensional discrete-ordinates neutron transport code® 7. The TWODANT code is
similar to ONEDANT, but allows 2-dimensional calculations to be performed.

TWODANT was used for the present study.

To solve the Boltzmann equation, TWODANT represents the macroscopic scattering
cross-section o, as a finite Legendre po!ynomial expansion. The order of this expansion
is specified by the user, but the cross-section file to be used by TWODANT must have
cross-section data to the required order (see the subsection below on TRANSX). The
order of the Legendre expansion used is typically specified as P, for a zeroth-order
‘eﬁpansion, P, for a first-order expansion, etc. The order used for the present calculations

is P,.

The energy and solid angle variables are also discretized by TWODANT. The number of
neutron energy groups and gamma energy groups can be specified By the user, again
subject to the constraint that the cross-section library must have appropriate cross-
sections. For the present work, 30 neutron energy groups and 12 gamma groups were
used. The order of the discretization of the solid angle variable is typically specified in
the form S , where N is the number of quadrature directions is plane geometry. Order

S,, was used for the present work.

4R. O'Dell, F. Brinkley, Jr., and D. Marr, "User's Manual for ONEDANT: A Code Package for One -
Dimensional, Diffusion-Accelerated, Neutral-Particle Transport,” Los Alamos National Laboratory
report LA-9184-M, February, 1982.

5R. Alcouffe, F. Brinkley, Jr., D. Marr and R. ODell, "User's Guide for TWODANT: A Code Package
for Two-Dimensional Diffusion-Accelerated, Neutral-Particle Transport," Los Alamos National
Laboratory report LA-10049-M, Revision 1, 1984.

6]. Massidda and M. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion Reactors",
MIT Plasma Fusion Center Report PFC/RR-87-18, October 1987.

7M. Koch, "A Comparison of Radioactive Waste from First Generation Fusion Reactors and Fast Fission
Reactors with Actinide Recycling," MIT Plasma Fusion Center report PFC/RR-91-9, April 1991.
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In principle it is simple to run TWODANT. The user supplies the appropriate geometry
for the problem, which includes the material compositions of the various physical
regions, together with the region boundaries. The code must also have an appropriate
cross-section data file, which it combines with the geometrical information to calculate
the appropriate position-dependent macroscopic cross-sections in the Boltzmann
equation. Finally, the user supplies the neutron source term (which, for a fusion blanket,
is the neutron flux from the plasma). Specifying the geometry, cross-section data, and
source flux is sufficient to solve the Boltzmann equation, and is all TWODANT needs to

provide the neutron flux distribution as a function of position within the blanket.

The geometry and source term data are easy for the user to generate and supply to
TWODANT. The cross-section information, however, requires a bit more work. This is
because standard cross-section data files are not in a format which is most suitable for
use in a neutron transport code such as TWODANT. Additionally, TWODANT does
not automatically provide such information as tritium breeding; in order to get such
output, an appropriate cross-section must be generated for tritium breeding, and added
to the cross-section file to be used by TWODANT. Fortunately, there is another code,
called TRANSX,? the purpose of which is to convert standard cross-section files into the
format used by TWODANT and other neutronics codes. TRANSX also makes it
possible to generate information such as tritium breeding during a TWODANT run. The

following subsection briefly describes the TRANSX code.

8R. E. MacFarlane, "TRANSX 2: A Code for Interfacing MATXS Cross-Section Libraries to Nuclear
Transport Codes," Los Alamos National Laboratory, May 20, 1992.
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3.1.1 The TRANSX Interfacing Code

TRANSX was developed as an interface between the neutronics codes such as
TWODANT and the standard cross-section libraries. Cross-section libraries generally
are not in a format which is suitable for direct use in a neutronics code. This is because
the data in the cross-section library is typically ordered by material, and the neutronics
codes work much more efficiently if the data is ordered by energy group. The cross-
section libraries are obviously much easier to maintain if they are "material-ordered".
The neutronics codes, however, generally solve the Boltzmann equation by sweeping
down from energy group 1 (the highest energy group) to the lower energy groups.
Hence, "group-ordering" of the cross-section data results in much faster code operation.
The main purpose of TRANSX is to provide this conversion of the cross-section library
to group-ordered‘f'orm. TRANSX also allows the user to specify desired quantities such
as the Legendre order of the group-ordered cross-section table. In this’fashion, the
group-ordered cross-section table is tailored to fit the code and the particular problem of

interest.

Another purpose of TRANSX is to generate appropriate cross-sections for calculations
of tritium breeding and other so-called "response-function edits". These response edit
cross-sections are then placed in the group-ordered cross-section library for use by the

TWODANT code.

3.1.2 MATXS Cross-Section Libraries
The MATXS format is a standard for material-ordered cross-libraries.® One of the nice
features of this format is that all information is identified using lists of Hollerith names,

and usually the names are relatively self-explanatory. For example, entries NF and NG in

9For more information of the MATXS file structure, see Chapter IV of R. E. MacFarlane, "TRANSX 2:
A Code for Interfacing MATXS Cross-Section Libraries to Nuclear Transport Codes," Los Alamos
National Laboratory, May 20, 1992.
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the MATXS format Covrfespond to the fission and (n , ) cross-sections. A variety of
MATXS libraries exist, sofne tailored for fusion applications, some more useful for fast-
reactors. There are also MATXS libraries suitable for light-water reactor and shielding
problems. The MATXSS library was used for the present work. This library, which 1s
appropriate for fusion applications, has 30 neutron energy groups and 12 gamma groups
(42 total energy groups) and contains data for 100 materials. The Legendre order for
scattering is P, (TRANSX is used to convert the MATXSS library into a P, group-

ordered library called XSLIB for use in the present work).

3.1.3 Neutronics Model Geometry

A fusion reactor blanket has a complex shape, which makes it difficult to model
accurately using anything less than a fully 3-dimensional geometry. To use the
TWODANT neutronics code, however, it is necessary to approximate the true 3-

dimensional toroidal geometry using only two dimensions.

Of all the possible methods for approximating a toroidal shape in 2-dimensions, the
straight cylinder approximation is perhaps the most commonly used. In this method, the
tokamak major radius is allowed to increase to infinity. This creates a 2-dimensional
configuration which has the advantage of preserving the poloidal geometry. Since
parameters such as the neutron wall loading and blanket thickness depend strongly on
poloidal angle, the straight cylinder approximation is appropriate for use in a blanket
model. Two basic errors are introduced by the cylinder mddel. The first is an error in
neutron fluxes within the blanket, and the second is an error in neutron wall load at the
blanket first wall. Both types of error depend on the aspect ratio V(a/R) of the tokamak,

with a high aspect ratio resulting in a greater error.
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The general nature of the flux error within the blanket can be analyzed as follows.
Because of curvature around the central toroidal "hole", the neutron flux impacting on
the inner portion of the blanket (that portion surrounding the ohmic transformer) will
tend to be concentrated slightly by geometry as the neutrons penetrate toward the center
of the tokamak. Thus, the neutron fluxes calculated by the TWODANT code using the
cylinder model will be less than those actually seen by the inner portion of the blanket. |
Conversely, the calculated neutron flux impacting on the outer portion of the blanket will
actually be diluted by geometry as the neutrons travel outward.

Figure 3.1. Top View of Torus  The magnitude of the error in

neutron flux caused by this effect is
easy to calculate using simple
geometric arguments, and is equal
to R, /R, where R is the major
radius of the torus, and R is the
horizontal distance from the
vertical centerline of the torus (see

Figure 3.1.)

The neutron wall load error can be

described as follows. A uniform

plasma confined in a toroidal

geometry will not generate a
uniform neutron wall load. A point on the outer portion of the torus wall>(point Ain
Figure 3.1) has a line-of-sight to a greater volume of plasma than does a point on the
inner portion of the torus wall (point B). This is illustrated in Figure 3.1 using the
shaded areas around' points A and B. "Seeing" a larger volume of plasma means

receiving a higher neutron flux. Thus, the neutron wall load is highér for the outer
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portion of the blanket than for the inner portion. When the torus is approximated by a
cylinder, this asymmetry vanishes, introducing an error in the neutron wall load. In
addition, the plasma in a tokamak is generally not uniform, and can have large vanations
in density and temperature as one moves from one poloidal position to another. The
non-uniformity of the plasma can result in large variations of neutron wall load
depending on the poloidal angle. Figure 3.2 shows a typical example of neutron wall
load as a function of poloidal angle for a tokamak reactor. Generally, one obtains
neutron wall load profiles such as this from detailed modeling of the plasma properties as
a function of position. Note that for this conceptual design study, no attempt is made to
obtain the proper velocity distribution for the neutron s impacting on the wall - the

neutrons are assumed to be isotropic in velocity space.

Figure 3.2. Typical Neutron Wall Load Variation'

To account for both the
27 1/R geometry effect, and

the poloidal variation in

£ 14 neutron wall load, the
4
g ' : following procedures are
- I‘.v =10
- 14 - — .
-;:‘ used. First, the non-
z 0.8 1
£ 46 uniform wall loading is
z .
04 averaged, prior to being
021

used as an input to the

180 160 140 120 100 80 60 40 20 O D Thi
POLOIDAL ANGLE (degres) TWODANT code. This

averaging procedure is

described in more detail in Section 5.1.

10from ITER Documentation Series, No. 3, IAEA, Vienna, 1989, p. 308.
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Second, the TWODANT neutron wall load input is modified to account for the
geometry factor. For example, let us assume that a tokamak with a major radiusR =6 m
has a neutron wall load of 1 MW /m? at a position along the first wall corresponding to
a distance R= 7 m from the torus vertical centerline (a position in the outboard blanket
wall). The neutron wall load at this position to be used in TWODANT should then be
R/R,=7/6=117 MW/m’ . Note that the wall load used for outboard blanket
section positions is greater than the actual wall load. This is because the straight

cylinder approximation concentrates the volume elements in the outboard section.

Finélly, the TWODANT neutron flux output data is corrected using the inverse of the
geometry factor used for the wall load, that is, R, / R . See Appendix 1 for further
details on how the 1/R geometry factor was accounted for calculationally. It should be
noted that tritium breeding ratio information, which is also provided by TWODANT,
need not be corrected for in this fashion. This is because the tritium breeding ratio
depends on the total number of neutrons entering the blanket, not on the neutron flux.
In other words, any change in tritium breeding density in the blanket due to
transformation from two to three dimensions is exactly offset by the change in the

corresponding volume element.

A fusion blanket and shield is usually designed with an inboard section and an outboard
section. The inboard section is designed to be as thin as possible, consonant with tritium
breeding and shielding requirements, since the thickness of the inboard section has a
direct impact on the overall size of the machine. The outboard section does not control
the size of the machine as much, and hence is usually designed to be thicker than the |
inboard section. Figure 3.3 shows the vertical centerline of the tokamak, including a

typical configuration of a reactor blanket/shield.
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Figure 3.3. Typical Blanket/Shield Configuration
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To model the blanket configuration shown above using TWODANT, we make a vertical

slice through the center of the plasma, separating the problem into two parts, one part
corresponding roughly to the inboard blanket/shield section, and the other part

corresponding to the remaining outboard section (see Figure 3.4.)
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Figure 3.4. Separation of BIanket/Shie]d into Halves
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For simplicity, the outlines of the blanket/shield sections are approximated as semi-
circles, and the plasma is modeled as an isotropic semi-circular source, normalized to the
appropriate wall loading. Figure 3.5 shows the simplified model used as TWODANT

input.

It should be noted that the inboard and outboard sections of this model are run
separately, not together. That is, the TWODANT model of the inboard section does not
see the outboard section at all, there is simply a vacuum there. Similarly, the model of

the outboard section does not see the inboard section. The significance of this is that any
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neutrons which are reflected back after hitting the outboard or inboard sections of the
model cannot be reabsorbed into the other section, since it is not present in the model.

Since in a real machine the reflected neutrons would in fact be able to be absorbed into

Figure 3.5. Inboard and Outboard TWODANT Models

Inboard Model - Outboard Model

the other blanket/shield section (if they did not escape though a vécuum port or into the
divertor), modeling the inboard and outboard sections separately is conservative with
respect to tritium breeding considerations. However, the type of blankets analyzed in
this work (helium-cooled, solid breeder blankets) do not have a significant amount of
neutron reflection. TWODANT was used to calculate tritium breeding and volumetric
heating rates for the case where the blanket sections are modeled separately, and the case
where they are modeled together. Because of the low amount of reflection, the heating
and tritium breeding values were less than 1% larger for the case where both sections

were modeled together.
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Based on recent comparisons between one-dimensional and three-dimensional neutronics
calculations, modeling the plasma as isotropic is probably somewhat unconservative for
tritium breeding, but yields conservative values for the neutron flux near the first wall.
This means that afterheat values near the first wall, which are critical to the thermo-
hydraulics calculations central to the present work, will also be conservative.!! The lack
of conservatism in the tritium breeding ratio can be accounted for by increasing the

minimum tritium breeding ratio required for the blanket design.

3.2. The REAC Activation Code

The previous subsections described the TWODANT code and its supporting code

TRANSX. The primary output of TWODANT is the neutron flux as a function of
position in the blanket. In order to calculate volumetric heating rates during reactor
operation and after shutdown, it is necessary to calculate how the neutron flux activates
isotopes in the blanket. This is the purpose of the REAC code.!? REAC is a code which
~ calculates the change in composition of materials in a neutron radiation field and also the
activation of the irradiated materials. The transmutation of a set of nuclides exposed to a
neutron flux can be expressed with the following equation:

NG _ o) TN, 0, + 3 A M)
(3.2) dt i €
—ONOND- T 0~ N A

where N, (¢) is the number density of nuclide i at time t, ®(¢) is the total neutron flux,

o, is the spectrum averaged cross-section for changing nuclide j into nuclide i, and

11, Fischer, "Qualification of Neutronic Blanket and Shielding Calculations in a One-Dimensional
Approach to a Tokamak Reactor,” Fusion Technology. Vol. 22, September 1992, p. 251.

12F, M. Mann. "REAC*2: Users Manual and Code Description,” Westinghouse Hanford Company
Report #WHC-EP-0282, dated December 1989.
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A ,_, is the decay constant for nuclide k changing into nuclide . REAC3 is the code

-

version used for this work.

To use REAC3, the user must supply the appropriate material composition and neutron
flux for the problem in question. Unlike TWODANT, which gives position-dependent

~ output, REACS3 is setup to provide composition and activation results on a point by

point basis. Therefore, if the decay heat rate for the entire blanket is desired, a number of -
 different REAC3 runs must be performed to obtain the decay heat rate at different points
on the blanket. Then, some sort of interpolation routine must be used to estimate the
decay heat rate between these known points. This interpolation routine is described in

~ Section 6.2.3.2., Afterheat Calculations.

REACS3 contains its own cross-section and decay data, which are used together with the
user's material composition input to obtain the o's and A's of Equation 3.1. The cross-
section library holds over 6,000 reactions covering over 325 isotopes, and uses a 63
energy groﬁp structure. The decay data library contains data for over 1,250 nuclides,
which are the nuclides which can be reached via any of the reactions in the cross-section

library.

The 63 energy group structure of REAC3's cross-section library is unfortunately
incompatible with the 42 energy group structure of the TWODANT neutronics code.
Thus, in order to use the neutron flux output file from TWODANT, this file must be
converted from a 42 group structure to a 63 group structure. A code called FLXWRT

was developed by Massidda!3 to perform this conversion for ONEDANT flux files. This

13] Massidda and M. Kazimi, "Thermat Design Considerations for vPassive Safety of Fusion Reactors”,
MIT Plasma Fusion Center Report PFC/RR-87-18, October 1987.
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code was modified for the present work to perform the conversion on TWODANT flux

files.

3.3 The HEATING Heat Transfer Code

Once the decay heat, or afterheat, as a function of position in the blanket is known, the

temperatures as a function of time and position within the blanket are determined using
the HEATING heat transfer code. There are numerous versions of this code presently
available. For this work, a modified version of HEATINGS3 is used.!4 Originally
developed at Oak Ridge National Laboratdry for use on an IBM 360 computer, some
minor format modifications were made to the code by T. E. Hechanova and myself to
allow it to run on an IBM PC as well as on the CRAY-2 supercomputers at the National

Energy Research Supercomputer Center at Lawrence Livermore National Laboratory.

Once the geometry, volumetric heat generation rates, and boundary conditions are
known, the HEATING code is capable of solving the 3-dimensional heat conduction

equation, namely:

(3.3) pcpaa—T=V-kVT+q"',

where p is the material density, c, is the specific heat, k is the thermal conductivity, and

q" is volumetric heat generation. HEATING is also capable of solving 1- or 2-
dimensional problems. For the present work, a 1-dimensional model of the blanket is
used (see Section 5.2.3.3). HEATING accounts for temperature-dependent material
properties, position- and time-dependent heat deposition rates, and a variety of boundary
condition types, including surface-to-surface radiation., and constant heat flux boundary

conditions.

14w D. Turner M. Siman-Tov, "HEATING3 - An IBM 360 Heat Conduction Program," Oak Ridge
National Laboratory Report #ORNL-TM-3208, February, 1971.
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Chapter 4 Past Blanket Design Concepts

Over the last decade or so, there have been a number of different helium-cooled fusion:

blanket deéign concepts proposed. Virtually all of these concepts use a solid breeder
material, and some use beryllium as a neutron multiplier. Although these past designs
have obtained adequate tritium breeding and exhibited temperatures within relevant
operational limits for normal operation, they have not generally been deSigned to
withstand an accident such as a LOCA or LOFA in a passive manner. However, some
configurations seem to have more potential to survive such an accident than others.

| Chapter 4 briefly reviews the basic helium-cooled blanket configurations which have been
developed, and discusses characteristics which would impact the blanket's ability to
withstand a LOCA or LOFA. This chapter also discusses candidate tritium breeding and

neutron multiplier materials applicable to helium-cooled blankets.

‘4. 1_Pressurnized Module Designs

One of the earliest designs uses pressurized modules or canisters which wrap poloidally

around the inside of the reactor.! These modules are roughly one-third of a meter in the
toroidal direction and half a meter long radially and contain the breeder, which is mounted
inside the modules in the form of plates. The helium flows first through a thin channel

along the first wall of the module to cool it, then into the breeder region. See Figure 4.1.

In order to ensure flow distribution to the regions between breeder plates, a large gap is
needed between the first wall and the breeder plates. This gap creates a significant thermal

barrier to heat transfer from the hot first wall to the rest of the blanket and makes

IM. Huggenberger and K. Schultz, "Helium-Cooled Solid Breeder Blanket Design for a Tokamak Fusion
Reactor," Nuclear Technology/Fusion Vol. 4, November 1983, p. 456.
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Figure 4.1. Pressurized Module Design?
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sustaining a LOCA or LOFA difficult. This design has in fact been analyzed for these

casualties, and unacceptably high temperatures were shown to occur at the first wall.2

More recently, various other canister-type designs have been proposed,*>¢7#° and

although they differ from the original concept in detéil, all have the characteristic of

2J. E. Massidda and M. S. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion
Reactors," DOE/ID-01570-3, PFC/RR-87-18, October 1987.

3C.P.C. Wong, et. al., "Helium-Cooled Blanket Designs," Fusion Technology, Vol. 8, 1985, p. 114.

4L, Anzidei, et. al., "Il Mantello - A Helium Cooled Solid Breeder Blanket for NET,” Proc. 14th Symp.
on Fusion Technology, Avignon, 1986, p. 1299. :

SE. Proust, et. al., "Progress in Fusion Reactors Blanket Analysis and Evaluation at CEA," Proc. 14th
Symp. on Fusion Technology, Avignon, 1986, p. 1261.

6M. Abdou, et. al., "A Helium-Coaled Solid Breeder Concept for the Tritium-Producing Blanket of the
International Thermonuclear Experimental Reactor,” Fusion Technology, Vol. 15, March 1989, p. 166.

7C. Baker, "U. S. ITER Shield and Blanket Design Activities," Fusion Technology, Vol. 15, March 1989,
p. 849.
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relatively poor thermal conductivity from the first wall to the rest of the blanket. Although
a simplified analysis of the ITER pressurized module design has been performed which
indicated that structural integrity may be preserved during a LOCA, this analysis was
performed using a neutron wall loading of just over | MW / m’, which is relevant for
ITER but much too low for an economical power reactor. This analysis also assumed a
minimal flow of helium purge gas during the accident, which would require an active

safety system.!0

4.2 Pressurized Tube Designs

Another common design configuration consists of an array of tubes carrying pressurized
helium which is embedded in tﬁe breeder/multiplier matrix.!! 12 13 In these designs, the
helium tubes are arranged more densely nearer the first wall to account for the higher heat
load there (see Figure 4.2.) The LOCA/LOFA performance of such designs depends
critically on the composition and configuration of the matrix. If the matrix is a good
conductor of heat, this should help cool the first wall during an accident by allowing heat
to flow from the first wall into the cooler interior regions of the blanket. Since the matrix
is bound to have a much higher thermal conductivity than helium, the pressurized tube

designs seem to offer more potential than the module designs for surviving such an

8A. Raffray, et. al., "Helium-Cooled Solid Breeder Blanket for ITER," Fusion Technology, Vol. 15,
March 1989, p. 858.

M. Chazalon, et. al., "Next European Torus In-Vessel Components,” Fusion Technology, Vol. 14,
March 1988, p. 82.

10Z_ Gorbis, et. al., "LOCA Study for a Helium-Cooled Solid Breedef Design for ITER," Fusion
Technology, Vol. 15, March 1989, p. 821.

1M, Ferrari and G. Simbolotti, "Thermal and Stress Analysis of the Solid B.O.T. Blanket for NET,"
Proc. 14th Symp. on Fusion Technology, Avignon, 1986, p. 1231.

12M. Dalle Donne, et. al., "Pebble Bed Canister: A Ceramic Breeder Blanket with Helium Cooling for
NET," Proc. 14th Symp. on Fusion Technology, Avignon, 1986, p. 423.

13A. Cardella, et. al., "Design and Thermohydraulic Optimization of a Solid Ceramic Breeder Blanket for
NET," Proc. 14th Symp. on Fusion Technology, Avignon, 1986, p. 1291.
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casualty. In addition, proper orientation of the helium coolant tubes can allow enhanced

heat transfer via natural circulation.

Figure 4.2. Pressurized Tube Design!4
STEEL Be  STEEL COOLING FW PANEL
BOX SHEET PIPE
w\ \ | | ]

\ VL[ e

e —
A UF UUVQUQUOUUO0U
1

[0OTOoT ooy T000UTU000 A

[OOOOQOC: !
0O000OC O ¢
00000004 -
OO0 000 Og
0000009
|0 00 0o s

625

615

BACK y-LiAIO, ALUMINIUM STEEL
PLATE BREEDER

MANIFOLD

4.3 Nested Shell Design

This design concept is the newest of the concepts discussed here, and was used in the

ARIES-I design!’ 16, In this design, pressurized helium is circulated in channels which are

14M. Ferrari and G. Simbolotti, "Thermal and Stress Analysis of the Solid B.O.T. Blanket for NET,"
Proc. 14th Symp. on Fusion Technology, Avignon, 1986, p. 1232.

15F. Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.
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part of U-shaped shells. These shells contain the breeder/multiplier matrix (see Figure 4.3,

which shows a nested shell blanket module).

Figure 4.3 Nested Shell Design!’
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This configuration has the same advantages that the pressurized tube designs have with
respect to LOFA's and LOCA's, in that the matrix provides a conduction path from the
first wall into the cooler regions of the blanket. Proper orientation of the coolant channels |

can similarly allow for some natural circulation. In addition to the potential for good

16C. P. C. Wong, et. al., "Blanket Design for the ARIES-I Tokamak Reactor," Proc. [EEE 13th Symp. on
Fusion Eng., Knoxville, TN, 1990, p. 1035.

17F Najmabadi, “The ARIES-I Tokamak Reactor Study, Final Report," Volume 11, University of
California at Los Angeles Report #UCLA-PPG-1323, 1991. p. 8-7.
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thermal characteristics during a LOFA or LOCA, the nested shell design has some other
advantages over the other concepts. These include relatively simpler design, a smaller

number of welded joints, and a smooth plasma facing surface.

4.4 Helium-Particulate Designs

The final configuration to be discussed enhances the thermal performance of the helium
coolant by adding particulates to the helium flow stream. These flowing particulates may
be lithium compounds, in which case they perform the tritium breeding function as well as
augmenting the cooling effectiveness of the helium.1® 19 Alternatively, the particulates -
may be compounds which do not contain lithium, in which case they increase the thermal
effectiveness of the helium coolant, which lowers the required helium pumping power and

increases the reactor's thermal efficiency20.

Although the concept of using particulates in the coolant of a gas-cooled reactor is not a
new idea (such designs were proposed in the 1960's for fission reactors), no fission reactor
has ever been operated with such a coolant. Hence, many uncertainties on the
performance of such a design remain. Additionally, the thermal benefits of such a
suspended coolant would be lost in the event of a LOCA or LOFA. For these reasons this

concept is not considered to have advantages over the concepts discussed previously.

13C_Wong, et. al., "A Li-Particulate Blanket Concept for ITER," Fusion Technology Vol. 15, March
1989, p. 871.

19Y. Gohar, et.al., "Helium-Cooled Lithium Compound Suspension Blanket Concept for ITER," Fusion
Technology. Vol. 15, March 1989, p. 876. ,

205, Mori, et. al., "Preliminary Design of a Solid Particulate Cooled Blanket for the Steady State Tokamak
Reactor (SSTR)," Fusion Technology Vol. 21, May 1992, p. 1744.
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4.5 Breeder, Neutron Multiplier, and Structural Materials

Many issues are involved with the selection of the breeder and neutron multiplier materials
in a fusion blanket, as well as with the form in which the materials are used (e.g. slabs,
pebble bed, etc.) Any workable fusion blanket design must account for the following
considerations: (1) the allowable operating temperature ranges for the materials; (2)

~ irradiation effects such as swelling and helium production; (3) tritium transport
characteristics; (4) chemical compatibility; and (5) possibly complex thermal conductivity

characteristics, especially with pebble bed designs.

These considerations, among others, must be kept in mind while striving to obtain the best
possible tritium breeding, energy multiplication, and shielding performance in the least
amount of space. Additionally, for the helium-cooled blanket designs of concern here, a
primary consideration is the performance of the design during a LOCA or LOFA.
Generally speaking this means that the thermal conductivity of the breeder and neutron
multiplier materials should be made as high as possible, to facilitate conduction of heat
from the first wall toward the cooler sections of the blanket. The following discussion will
describe the relevant characteristics of the breeder and multiplier materials currently of

interest for helium-cooled blanket designs. Following discussion of breeder and multiplier

options, the structural materials of interest in a helium-cooled blanket are reviewed.

4.5.1 Breeder Materials

In addition to adéquate tritium breeding performance, the breeder material used in a fusion
blanket should satisfy the following necessary criteria:2! (1) Low tritium reténtion, to
minimize associated safety problems; (2) Chemical compatibility wifh structural and

neutron multiplier materials, and with the tritium purge gas, which is used to remove

21, Mori, et. al., "Preliminary Design of a Solid Particulate Cooled Blanket for the Steady State Tokamak
Reactor (SSTR)," Fusion Technology Vol. 21, May 1992, p. 1744,
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tritium from the breeder; (3) Chemical compatibility with the blanket coolant in case of a

coolant leak; (4) Stability at high neutron fluences and high temperatures; and (5)

Industrial fabricability at reasonable cost. For helium-cooled blankets, the materials which

satisfy the above requirements best are lithium-bearing ceramics.

Table 4.1. Breeder Properties at 500 degrees C22 23

Breeder Matl: Li,0* Li,Si0,** LiAlO,* Li,ZrO* | Li,TiO***
Li atom density: | 750 kg /m® | 530 kg/m® |220 kg/m® | 300 kg/m’ | 360 kg/m’
Thermal Cond.: 4.0 W/m-K 1.4 W/m-K 28W/m-K | 1.4W/m-K |19W/m-K
General Upper

Temp. Limit : 850°C 660 ° C 970° C 970 ° C 920°C
Creep Upper ' .

Temp. Limit : |650°C 750° C 1000 ° C N/A N/A

Temp. for 1 day

T residence : 325°C # 380° C 430°C 310°C (380°C?)

# 10 pm grain diameter.
* 1 um grain diameter, 20% porosity.

*** 15% porosity

** 25 um grain diameter, 3% porosity.

Table 4.1 shows the basic physical properties of various candidate breeder materials, as

well as some relevant temperatures. The materials in this table are among the best-

studied, best-performing solid breeders, and all except lithium titanate have been used in

recent fusion reactor design studies. It should be noted, however, that substantial

uncertainties remain with respect to the properties of these materials, especially after

exposure to high levels of neutron irradiation. Note also that some entries in the table

22M. A. Abdou, et. al., "Modeling, Analysis and Experiments for Fusion Nuclear Technology," PPG-1021
or UCLA-ENG-86-44 or FNT-17, January 1987.

23E. Proust. et.al., "Solid Breeder Blanket Design and Tritium Breeding," Fusion Engineering and Design

16, 1991, p. 73.
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remain blank due to lack of data. In order to facilitate future blanket design efforts, more

testing of ceramic breeder materials is clearly warranted.

A purge gas flows through the breeder region of the blankét to carry away the tritium
generated in the breeder. It is important that the tritium generated in the bulk of the
‘breeder material be able to escape into this purge gas flow. To facilitate this, the breeder
material is fabricated with a porosity of up to 20 percent. The data shown in the table is

for materials which have a porosity within that range.

The 1 day tritium residence ti-me temperature shown in the table is important because at
temperatures below this, tritium will be retained by the breeder material for an
unacceptably long period of time. This results in an excessive tritium inventory in the
blanket. To allow for sufficient tritium release, the breeder should be operated at

temperatures above this value.

A number of factors influence the choice of the upper temperature limits shown in the
table. Basically, the upper temperature limit is the temperature above whiéh the breeder
would experience a loss of integrity, or be reduced in its ability to release tritium to the
tritium purge stream. Possible causes of such breeder degradation are2¢: (1) vapor phase
mass transport, which could close the pores of the breeder and prevent tritium release; (2)
sintering, which would also close the breeder pores; (3) phase changes, which could
adversely affect the melting point and other physical breeder properties; and (4) creep and

deformation which could cause changes in breeder geometry.

24M. A. Abdou, et. al., Modeling, Analysis and Experiments for Fusion Nuclear Technology (FNT
Progress Report: Modeling and FINESSE), University of California at Los Angeles report UCLA-ENG-
86-44, January 1987.
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The first three items in the above list must be avoided in any breeder design. However the
fourth item, creep, may not be an important concern depending on the geometry of the
breeder material. For example, in the pebble bed design to be described below, creep is
not a significant concern, since the gross geometry of the pebble bed would be largely
unaffected if the individual pebbles experienced some creep. Thus, two upper temperature
limits are shown in Table 4.1. The general, higher limit corresponds to mass transport,
sintering, and phase change issues which affect all breedér designs. The lower limit is a
creep limit which méy or may not be relevant, depending on the particular breeder

geometry.

The creep rate temperature limit shown in the table is the highest temperature the breeder
can sustain without experiencing a creep rate in excess of 10° mm/ mm- hr at a stress of
10 MPa. By operating at temperatures below this point, it can be assumed that the
breeder will not experience deformation during operation as a result of thermal creep.?’
The following subsections describe the individual breeder materials in more detail, and

explain the basis for the general upper temperature limit in Table 4.1.

Lithium Oxide

Lithium oxide (Li,0) is one of the most important breeder candidates, because it has a
significantly higher Li atom density than the other breeders. This makes it the only
breeder material that can conceivably breed enough tritium to forego the use of a neutron
multiplier26, though most blanket designs incorporating lithium oxide use some multiplier
material as well. Lithium oxide generates virtually no afterheat, which makes it attractive

from a safety point of view; it makes passive survival of an accident easier. Because of the

25M. Chazalon, et. al., *Next European Torus In-Vessel Components,” Fusion Technology, Vol. 14,
March 1988, p. 82.

26y, Fischer, "Qualification of Neutronic Blanket and Shielding Calculations in a One-Dimensional
Approach to a Tokamak Reactor," Fusion Technology, Vol. 22, September 1992, p. 251.
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. excellent breeding perfofmance of lithium oxide, the material has been rather extensively
studied, and probably more is known about this breeder than is known about the other
candidate breeders. The thermal conductivity of lithium oxide is also somewhat higher
than that of the other breeders; this can help to mitigate the consequences of a LOFA or

LOCA. The general upper temperature limit for lithium oxide is determined by sintering

where T, is the melting point of

melt

concerns. The sintering limit is set at 0.66- T

melt >

lithium oxide, based on fission reactor experience.?’

A major issue of concern for lithium oxide is its chemical compatibility with the neutron
multiplier beryllium. There ié a high chemical potential for reaction between these
materials, which may be inhibited by the formation of a thin beryllium oxide layer.2® In-
reactor experiments are being conducted at present to determine whether this will be a
problem. One way to prevent this from being an issue is to separate the lithium oxide
from the beryllium using a mechanical divider plate; however, this complicates the blanket
design and can potentially lower the multiplier's effectiveness. Another potential concern
for lithium oxide is the generation and migration of LiOT from hot-to-cold regions of the
bianket. How significant a concern this is requires further high-temperature, in-situ tritium

extraction tests.

Lithium Orthosilicate
Like lithium oxide, lithium orthosilicate (L1,310 ,) generates negligible amounts of
afterheat. However, its Li atom density and thermal conductivity are significantly lower

than those of lithium oxide. More importantly, however, at 665 degrees Celsius lithium

27M. A. Abdou, et. al., Modeling, Analysis and Experiments for Fusion Nuclear Technology (FNT
Progress Report: Modeling and FINESSE), University of California at Los Angeles report UCLA-ENG-
86-44, January 1987.

28D, Smith, et.al, "ITER Blanket, Shield and Material Data Base," ITER Documentation Series, No. 29,
International Atomic Energy Agency, Vienna, 1991.
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orthosilicate can undergo a phase change which might cause undesirable displacement of
breeder material during operation. In addition, under irradiation, lithium orthosilicate can
form a low-melting point eutectic which could increase tritium inventory and compromise
breeder integrity. Hence, the general upper temperature limit for lithium orthosilicate is
chosen to be 660 degrees, to reduce the potential for these phase changes. This relatively
low temperature, coupled with the relatively high tritium residence temperature limit, |

makes the temperature window for lithium orthosilicate quite small.

Lithium Aluminate

Lithium aluminate (L1AlO, ) has the lowest Li atom density of the breeders considered

| here, which makes it more difficult to design a compact blanket with an adequate tritium
breeding ratio. The aluminum in this breeder generates substantial amounts of afterheat,
making lithium aluminate less attractive from an accident/safety standpoint. It has good
thermal conductivity, however, and is highly resistant to creep. It h“as the highest tritium
residence temperature limit, but-also has a high creep temperature limit and general

temperature limit (governed by the 0.66- T, sintering value). Thus, its temperature

window is substantial.

Lithium Zirconate

Because zirconium generates a very high level of afterheat, use of lithium zirconate
(Li,Zr0,) causes difficult safety problems. In the ARIES-I reactor study which used this
breeder material, the zirconium was assumed to have been isotopically tailored to reduce '
its afterheat levels.2 However, this is an expensive process, and does not entirely
eliminate the problem. The thermal conductiﬁty of lithium zirconate is also low; this adds

to the effect of the high afterheat to make a LOFA or LOCA more severe.

29F Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.
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On the positive side, lithium zirconate has the lowest tritium residence temperature limit,
coupled with a high general temperature limit, giving it a very large temperature window.

No creep data is currently available for lithium zirconate.

Lithium Titanate

The data on lithium titanate (Li, TiO,) are a bit more sparse than that of the four other
breeders discussed herein. However, it is a breeder material which merits consideration.
It has a significantly higher Li atom concentration and generates somewhat less afterheat
than does lithium aluminate. Moreover, it does not have the phase change problems of
lithium orthosilicate, and has a somewhat higher thermal conductivity than the zirconate

and orthosilicate.

‘Because of a lack of data, the tritium residence temperature limit was estimated for lithium
titanate. The tritium residence temperature limit was assumed to be the same as lithium
orthosilicate, based on similar tritium diffusion characteristics and case-specific tritium

inventory calculations 30 No data is currently available on creep characteristics.

Lithium-6 Enrichment

Natural lithium is composed of 92.5 percent Li-7 and 7.5 percent Li-6. Both of these
lithium isotopes can generate tritium when bombarded by a neutron. The applicable

equations follow:

(4.1) Li-6 +n (thermal) = He-4 + T (exothermic)

'30M. A. Abdou, et. al., Modeling, Analysis and Experiments for Fusion Nuclear Technology (FNT
Progress Report: Modeling and FINESSE), University of California at Los Angeles report UCLA-ENG-
86-44, January 1987.
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(4.2) Li-7+n (fast) = He-4+T +n (endothermic)

For the neutron energy distribution seen in a fusion blanket, the Li-6 reaction has a
substantially higher cross-section. Hence, generally speaking, increasing the Li-6 content
in the breeder material by isotopic tailoring will lead to higher tritium production.
However, the FINESSE study3! showed that for most breeder materials in a typical
blanket configuration, the increase in tritium breeding saturates at a Li-6 enrichment of 60
percent or so. A notable exception is lithium oxide, for which the tritium breeding ratio

peaks at about 20 percent enrichment and then declines for higher enrichment values.

The value of Li-6 enrichment chosen for a particular blanket design may not necessarily be
the optimum value for tritium breeding. As the Li-6 content is increased, the operational
volumetric heat generated by the breeder increases as well. This can lead to unacceptably
high temperatures in the breeder region, and perhaps undesirably high lithium burnup
rates. It should also be noted that the lithium enrichment need not remain constant
throughout the blanket. For example, the Li-6 enrichment could be minimized toward the
front of the blanket to minimize the volumetric heat generated in this region of high

neutron flux, and maximized toward the back of the blanket where the flux is lower.

4.5.2 Neutron Multipliers

As mentioned above, all solid breeder materials of interest, with the possible exception of
lithium oxide, require a neutron multiplier to achieve the required tritium breeding
performance. Of the possible multiplier choices, beryllium is the clear winner. Beryllium
has a substantial (n,2n) cross section with a low reaction threshold‘ of 1.85 MeV, thus

allowing secondary neutrons emitted in the (n,2n) reaction to induce a second similar

31 bid.
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reaction.’? The neutron multiplication performance of beryllium is further enhanced by its
low neutron absorption cross section. Beryllium can be utilized in a blanket in two
~ different forms: pure metallic beryllium and beryllium oxide. The following paragraphs

discuss these two options.

Pure Beryllium

Pure beryllium haS a melting point of 1280 degrees C (very much higher than its nearest
competitor, lead), and has relatively high strength.3> Beryllium has an extremely high
thermal conductivity, and generates no afterheat. These characteristics are very important
in helping to mitigate the effects of a LOCA/LOFA. Pure beryllium has a very high tritium
diffusion coefficient. This, coupled with the fact that tritium generation in beryllium is

minimal, helps to minimize the tritium inventory in pure beryllium.

Pure beryllium also has some drawbacks from a design point of view. As discussed in the
subsection on lithium oxide, there is a serious chemical compatibility-concem for lithium
oxide/beryllium systems. In addition, there are questions regarding the performance of
beryllium under neutron irradiation. Finally, beryllium oxide is toxic, and since it is
possible to oxidize pure beryllium during fabrication or during a reactor accident involving
high temperatures and air ingress, beryllium is a potential safety hazard. 'fhis safety
hazard is exacerbated by the potential for rapid beryllium oxidation (a beryllium fire), if
high enough temperatures are reached during the accident, and if enough beryllium is

exposed to air.

32E. Proust, et.al., "Solid Breeder Blanket Design and Tritium Breeding,” Fusion Engineering and Design
16, 1991, p. 73.

33R C. Weast, Ed., CRC Handbook of Chemistry and Physics, 58th Ed., CRC Press, Inc., 1978.
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The most important irradiation effect for beryllium is its potential for swelling at high
temperatures. The beryllium near the first wall of a power reactor will have a helium
generation rate of about 20,000 appm per full power year.3* There is currently no
swelling data for beryllium at these high helium levels. Because of the lack of data, and
the difficulty of predicting swelling rates for such a case, the estimates of beryllium
~swelling vary widely. At 10,000 appm, for example, estimates of beryllium swelling range
from 1.5-5 percent for T < 300 degrees C, 2-8 percent for T < 400 degrees C, and 3.5-14
percent for 500 < T < 700 degrees C.3° These are very large uncertainty ranges, and make
design analysis difficult. There are efforts underway to more fully characterize the
swelling performance of beryi]ium, as well as to determine whether beryllium can be
fabricated with smaller grains, lower impurities, reduced oxides, or deliberate anisotropies
in order to reduce radiation-induced swelling, with target swelling values of less than 4-5

percent for fusion-relevant fluences.36

Beryllium is fabricated using one of two basic methods, powder metallurgy (PM) and
ingot metallurgy (IM). In the powder metallurgy method, beryllium powder is pressed and
sintered together to form a solid. The PM method allows the fabricator to control the
amount of porosity in the formed solid; values of porosity up to about 20 percent can be
attained using this method.3” The ingot metallurgy process involves melting down flakes

of beryllium to form ingots. The resulting material is 100 percent dense, and has superior

34F. Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report,” UCLA-PPG-1323, 1991.

35D. Smith, et.al, "ITER Blanket, Shield and Material Data Base,"” ITER Documentation Series, No. 29,
International Atomic Energy Agency, Vienna, 1991.

36G.R. Longhurst, Summary for the Beryllium Technology Workshop,, Idaho National Engineering
Laboratory Report #£GG-FSP-10017, December 1991.

37G.R. Longhurst, Idaho National Engineering Laboratory, personal communication, April, 1993.
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weldability. IM beryllium also has significantly greater thermal conductivity than PM

beryllium 38

Beryllium Oxide

Beryllium oxide has been identified as a potential alternative to pure beryllium. It is not as
good a neutron multiplier as pure beryllium, but there is much less of a chemical
compatibility concern between lithium oxide and beryllium oxide than between lithium
oxide and pure beryllium. There may be less.of a radiation-induced swelling concern for
beryllium oxide, and it has a very high melting point. It has almost as high a thermal

conductivity as pure beryllium.

As mentioned above, beryllium oxide is toxic, although perhaps not to all people; there is
evidence that only a small fraction of the public is susceptible to beryllosis.3* Furthermore,
since manufacture and use of pure beryllium would already necessitate that precautions be
taken against possible ingestion, perhaps the precautions necessary for beryllium oxide
would not be substantially more difficult. Finally, beryllium oxide is far less of a chemical
hazard than beryllium. In an air-ingress accident, pure beryllium has the potential to burn,
releasing large amounts of energy and possibly damaging the blanket. Beryllium oxide has
far less chemical potential energy, hence would represent much less of a safety concern

with respect to this kind of accident.

A potential safety problem with beryllium oxide is its potential to retain tritium. Based on
a limited and somewhat uncertain database, the tritium diffusion coefficient for beryllium

oxide is very small. Because there is a low rate of tritium generation in beryllium oxide, a

38D R. Floyd, Appendix J of the Beryllium Technology Workshop, G.R. Longhurst, Chairman, EGG-FSP-
10017, December 1991.
39F. Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.
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small diffusion coefficient could lead to undesirably large tritium inventories in the

beryllium oxide.

4.5.3 Pebble Bed Design Concept

~ The upper and lower temperature limits discussed above for the breeder materials
constrain the design of a fusion blanket. To take advantage of the good. thermal efficiency
poténtial of helium-cooled blankets, it is desirable to have as large as possible difference
between the helium coolant inlet and outlet temperatures. A reasonable temperature range
for the coolant might be from 250 degrees C to 450 degrees C. Given such a large
coolant temperature range, it is a significant design problem to ensure that the breeder and

multiplier materials remain within their operating temperature limits.

Early blanket designs generally used slabs or relatively large pellets of breeder and
multiplier materials, usually with a cladding surrounding them. The thermal conductivity
of thése slabs and pellets was driven mostly by the thermal conductivity of the pure
material itself (although some control in the thermal conductivity is provided by the choice
of material porosity; somé porosity is necessary to allow tritium release). Temperature
control of the breeder and multiplier was attained by suitable routing of the helium coolant
flow. Note that in the pressuﬁzed module blanket designs discussed above, the cold inlet
helium flow is directed first along the first wall channel, where is heated. This heated
helium then flows by the breeder slabs, thus keeping them above their lower temperature

limit.

More recently, however, the idea of using a "pebble-bed" or "sphere-pac" configuration
for the breeder and/or multiplier material has been developed. In this concept, the breeder

or multiplier material is formed into small (diameter ~ 1 mm) spherical pebbles, and
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inserted into the appropriate blanket fegion. By varying the pebble sizes and gas pressure
of the bed. the thermal conductivity of the bed can be varied.* #! This allows the blanket

designer much greater flexibility in choosing blanket configurations.

The pebble bed concept allows the breeder to be mixed uniformly with the multiplier,
which is the optimum configuration for tritium breeding.4? Additionally, using pure
beryllium in the form of pebbles may allow the helium which causes swelling to escape,

resulting in much lower radiation-induced swelling 43

A design constraint which ml.xst be recognized when designing a pebble bed blanket is the
maximum allowable packing fraction of the pebbles in the bed. Generally, it is desirable to
have a high pebble packing fraction (that is, the fraction of volume in the bed taken up by
the pebbles). This maximizes the tritium breeding and shielding effectiveness of the
blanket. However, there is a limit to how tightly a bed can be packed. This limit depends
on the geometry of the bed, with bed width and pebble diameter(s) being the lengths of
interest. With single-sized pebbles, a packing fraction of 60 volume percent is attainable,
provided the pebble diameter is no greater than one-fifth the bed width, and preferably less

than one-tenth.44 45

40M_S. Tillack, et.al., "Experimental Study of the Effective Thermal Conductivity of a Packed Bed as a
Temperature Control Mechanism for ITER Ceramic Breeder Blanket Designs," Proc. IEEE 13th Symp. on
Fusion Eng., Knoxville, TN, 1990, p. 70.

417 R. Gorbis, et.al., "Thermal Resistance Gaps for Solid Breeder Blankets Using Packed Beds," Fusion .
Technology, Vol. 15, March, 1989, p. 695. :

42y, Fischer, "Optimal Use of Beryllium for Fusion Reactor Blankets," Fusion Technology, Vol. 13,
January, 1988, p. 143.

43F. Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report,” UCLA-PPG-1323, 1991.

44p_Gierszewski and J. Sullivan, "Ceramic Sphere-pac Breeder Design for Fusion Blankets," {\em Fusion
Engineering and Design}, Vol. 17, 1991, p. 95.

45R. McGeary, "Mechanical Packing of Spherical Particles,” {\em J. Amer. Cer. Soc}. Vol. 44(10), 1961,
p. 513.
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A higher packing fraction (up to 80 volume percent) can be attained using two different
pebble sizes, with the smaller pebble diameter no greater than one-seventh the diameter of
the larger pebble. Even higher packing fractions can be attained using a third pebble size,
with a diameter again less than one-seventh the previous diameter. However, thrée-sized
pebble beds have been shown using mathematical models to have characteristically
excessive purge flow pressure drops (because the smallest sphere size eliminates too much

bed porosity). Hence, three-sized pebble beds will not be considered further.

It is important to be able to determine the thermal conductivity of a pebble bed breeder
with some precision; after all, control of this parameter is one of the main reasons to use a
pebble bed in the first place. Unfortunately, calculation of the thermal conductivity of a
pebble bed is difficult, especially since appropriate data for fusion-relevant materials is
lacking. Fundamenski and Gierszewski recently did a comparison between various pebble
bed conductivity relations and available data on fusion breeder materials to determine the
relation that seems to give the best thermal conductivity estimate for a packed bed.46 This
relation is discussed further in Section 5.2.2.1, Pebble Bed Conductivity, wherein a pebble

bed design is developed for Blanket Design 1.

4.5.4 Structural Materials

The following subsection describes some of the main candidate structural materials for use
in helium-cooled fusion reactor blankets. Some of the main characteristics necessary for a
helium-cooled fusion blanket structural material to have are: (1) resistance to a high

fluence of 14 MeV neutrons, sufficient to allow the first wall to last for roughly 5 years at

a wall loading of 3-5 MW /m’; (2) high strength at high temperatures (up to 550

46W R. Fundamenski and P.J. Gierszewski, "Comparison of Correlations for Heat Transfer in Sphere-Pac
Beds," Canadian Fusion Fuels Project Report #CFFTP G-9181, August, 1991.
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degrees C), to allow for a high helium outlet temperature, and high helium coolant
pressure, (3) compatibility with helium and the trace impurities that may be present (such
as hydrogen, water, and carbon monoxide);*’ (4) compatibility with the chosen breeder
and multiplier materials; (5) fabricability into large-scale, complex geometries;, and (6)

reasonable cost.

In addition to these required characteristics, it is very desirable that é fusion blanket
material have low levels of induced radioactivity and afterheat production, both in the
short term (to enhance the safety of the blanket during an accident), and in the long term
(to feduce the problems associated with disposal or recycle of the blanket structure after
use). While not strictly required for blanket operation, having "low-activation”
characteristics can vastly improve a material's safety and environmental ranking. Since the
presumed safety and environmental benefits of fusion are two of the main reasons it is
being pursued as an energy source, having low-activation characteristics should perhaps
also be considered among the "required" characteristics of a structural material for a |

fusion reactor blanket.

The following paragraphs discuss the structural material options which have attracted the
most attention for use in helium-cooled fusion blankets. All of the materials discussed
below appear to have adequate chemical compatibility with helium coolant (and its
impurities), and with the candidate breeder and multiplier materials. However, as will be
| seen, each of the structural materials discussed has one or more problems which could
prohibit its use in a fusion blanket. Ongoing research by the international fusion

community continues for all of these materials to solve these outstanding problems.

47For a discussion of typical helium impurities in an HTGR, see G. Melese and R. Katz, Thermal and
Flow Design of Helium-Cooled Reactors, American Nuclear Society, 1984, p.193.
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Ferritic, or martensitic steels constitute a class of stainless steels characterized

by having up to 27 percent chromium as an alloying agent.** Since fernitic steels are
ferromagnetic, prior to the early 1980's concerns that these steels would adversely effect
the magnetic configuration of a fusion reactor eliminated them from consideration as
fusion blanket materials. However, design studies in the early 1980's indicated that the

magnetic saturation of the ferritic steels would permit acceptable reactor operation 49

Ferritic steels have had widespread use in engineering applications in the past, hence are
generally considered to be useful for relatively near-term fusion reactor applications.
Ferritic steels have higher thermal stress factor” than austenitic stainless steels, thus
reducing the thermal stresses induced in the first wall region of a fusion reactor blanket.

The operating temperature limit for these steels is about 500-550 degrees C.5!

Significant progress has been made toward the development of ferritic steels which have a
more rapid decay of activity than conventional steels. Programs to develop reduced-
activation ferritic steels, begun in the mid-1980's by the international fusion community,

have determined that replacing molybdenum (a typical alloying element in

48T Baumeister, et.al., Mark's Standard Handbook for Mechanical Engineers, Eighth Ed., McGraw-Hill,
1978, p. 6-36.

49T, Lechtenberg, et.al., in "Ferritic Alloys for Use in Nuclear Energy Technologies,” Proc. Top. Conf.
Snowbird, UT, 1983, Metallurgical Society and American Institute of Mining, Metallurgical and
Petroleum Engineers, New York, 1984, p. 179.

50H. Attaya, et.al., ibid., p. 169.

# The thermal stress factor is defined as k o (1 - v) / E a, where k is thermal conductivity, c is failure
stress, v is Poisson's ratio, E is Young's Modulus, and a is the thermal expansion coefficient.

SID L. Smith, et.al., "Reduced Activation Structural Materials Development for DEMO Fusion Reactor
Applications," Argonne National Laboratory Report #ANL/ER/CP--76020, September, 1992.
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ferritic/martensitic steels) by vanadium and/or tungsten significantly reduces the medium-

to-long term activation level of the steel >

A significant amount of data has been obtained on the perfbrmance of ferritic steels under
neutron irradiation, including some of the reduced-activation ferritic steel options.>?

~ Although the radiation-induced swelling for ferritic steels appears to be acceptably low,
there is a significant shift in the ductile-to-brittle transition temperature (DBTT) for these
steels during irradiation. The shift in DBTT appears to be the major issue of concern

regarding the feasibility of these steels for use in fusion blankets.

Austenitic Stainless Steels

Austenitic stainless steels have both nickel and chromium as alloying agents. Like ferritic
steels, austenitic stainless steels have been used extensively in past engineering
applications, including nuclear applications. Because of the large industrial capability in
‘existence for fabrication and weldment for these steels, plus the large experience base,
austenitic stainless steels are leading contenders for the fusion experimental machines

currently being designed (such as ITER and DEMO) 54

Unlike ferritic steels, austenitic steels have relatively poor thermal performance. The
lower thermal stress factor of these steels leads to higher first wall stresses; this is
particularly a problem for pulsed fusion reactor concepts. A larger problem for

conventional austenitic stainless steels is the unacceptably large swelling which occurs

52R L. Klueh. et.al., "Ferritic/Martensitic Steels: Promises and Problems," in Fusion Reactor Materials
Semiannual Progress Report for Period Ending March 31, 1992, U.S. Dept. of Energy Report #DOE/ER-
0313/12. :

$3R L. Klueh, "Developing Steels for Service in Fusion Reactors," Journal of Materials, April, 1992, p.
20.

54E E. Bloom, "Structural Materials for Fusion Reactors," Nuclear Fusion, Vol. 30, No. 9, 1990, p. 1879.
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even at modest doses of neutron irradiation. For example, cold-worked CRES316
irradiated at a neutron dose equivalent to 1 year of operation at a neutron wall load of 5
MW /m’ exhibits 6 percent volume swelling.55 This level of swelling would make this

steel clearly unacceptable for use in a fusion power reactor application.

This high level of swelling, and the concomitant loss of ductility, can be reduced by proper
alloying techniques. Advanced austenitic stainless steels, such as PCA (prime candidate
alloy), have been developed which have m’uéh lower swelling values than conventional
austenitic stainless steels. For these advanced alloys, up to 3 years of operation at a
neutron wall load of 5 MW /m’ should be achievable at temperatures up to 550 degrees

C.56

Nickel is an important alloying element for most austenitic stainless steels of interest to
fusion, since it stabilizes the face-centered-cubic austenitic structure. Unfortunately,
nickel contributes significantly to the high long-term activity of these steels. Manganese,
which has significantly less long-term activity than nickel, also can be used to stabilize the
crystal structure of the steel;, however, it is not as effective as nickel. Development of
reduced-activation, manganese-stabilized austenitic stainless steels is in the early stages,
but it appears that alloys can probably be developed with properties similar to other
conventional alloys. However, the reduced-activation austenitic stainless steel alloys

studied to date do not have as low long-term activity levels as reduced-activation ferritic

steels57 58 59 60

35 Tbid.
56 Tbid.

S7M. Zucchetti, M. Zublena, "A Study on the Prospects for Development of a New Low Activity
Austenitic Stainless Steel for Fusion Applications,” Fusion Technology, 1988, p. 991.

58A. Khursheed, et.al., "Activation of Materials for the Fusion Reactor First Wall," Fusion Technology,
1988, p.971.
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From a safety and environmental standpoint, silicon carbide (SiC) is perhaps the most
attractive fusion blanket structural material yet identified. A recent study has indicated
that the very low short-term activation charactenistics of SiC, coupled with its high melting
point, would probably make an undercooling accident such as a LOCA or LOFA easy to
sustain passively without damage, regardless of the detailed design of the blanket 6!

The low long-term activation of SiC would also greatly reduce radioactive waste disposal
concerns.®? In addition to these significant safety and environmental virtues, SiC also has

a high thermal stress factor, making it a potentially good first wall material.

Despite its substantial positive attributes, a number of significant problems with SiC
diminish its potential worth as a blanket structural material, at least for the near future.
Since SiC is a ceramic, it is inherently brittle; hence use of monolithic SiC is inadvisable
for a structure such as a fusion blanket. SiC fiber composites, however, offer the potential
to behave in a more ductile-like fashion when stressed. SiC/SiC composite technology,
however, is still in its infancy, and major issues, such as the hermeticity of the composite,

remain currently unresolved.

The irradiation data base for SiC is very small. Much more information on how high-
energy neutrons at high fluences affect the physical and mechanical properties of SiC is

necessary before it can be used for blanket structure. Methods of fabrication and joining

59G. Piatti. et.al., "Development of Low Activation Cr-Mn Austenitic Steels for Fusion Reactor
Applications,”" Fusion Technology, 1988, p. 983.

60E E. Bloom, "Structural Materials for Fusion-Reactors,” Nuclear Fusion, Vol. 30, No. 9, 1990, p. 1879.
61F. Najmabadi, et.al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.
62 P. Holdren, et.al., "Report of the Senior Committee on Environment, Safety, and Economic Aspects of
Magnetic Fusion Energy," Lawrence Berkeley Laboratory Report #UCRL-53766, September 25, 1989.
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of SiC to itself, and to other materials, need to be developed in order to be able to build a
large, complex engineering structure such as a fusion blanket. Finally, SiC's compatibility

with tritium breeding materials still needs to be verified 63

The current problems with SiC may simply be due to the fact thét it has never been
_developed as a structural material for large-scale engineering applications. Current work |
to resolve the main problems and uncertainties with SiC is underway within the
international fusion program and elsewhere; this work may in time result in making SiC
composites prime candidates for fusion blanket structures. However, currently SiC is well
behind steels on the road to development of a structural material for fusion blankets. For
this reason, SiC will not be considered further as a blanket structural material in the

present work.

63D L. Smith, et.al., "Reduced Activation Structural Materials Development for DEMO fusion reactor
Applications,” Argonne National Laboratory Report #ANL/ER/CP--76020, September 1992.
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Chapter 5 Blanket Designs and Results

The previous chapters have provided an introduction and some background information

on previous helium-cooled blanket designs as well as on breeder, multiplier and
structural material options. This chapter, which forms the heart of the present work,
develops the designs for two new helium-cooled blanket concepts, and analyzes the new

designs to determine their performance during undercooling accidents.

This chapter is divided into three main sections. Section 5.1 describes the design

~ constraints that are applied to both blanket designs, to ensure each design meets the
minimum requirements a D-T fusion reactor blanket must have. Section 5.2 describes
the first new blanket design (Blanket Design 1), which is similar in configuration to the
nested shell-type, pebble bed blanket design discussed in Chapter 4. Although features
of Blanket Design 1 such as the breeder and multiplier materials, and the
breeder/multiplier ratio were optimized to provide the best performance during an
undercooling accident, analysis of this design showed that it would not survive a No-

Flow LOFA, the worst-case type of undercooling accident.

Section 5.3, the third main section of Chapter 5, describes Blanket Design 2. Although
Blanket Design 2 is neutronically identical to Blanket Design 1, it uses a unique new
configuration of beryllium multiplier and breeder material to give it even better thermal
performance during undercooling accidents than Blanket Design 1. By replacing Blanket
Design 1's pebble bed breeder/multiplier region with "beryllium-joints," the performance
of the blanket during an accident is substantially improved, without degrading any of its
other performance characteristics. As will be shown, Blanket Design 2 easily survives
the worst-case undercooling accident. Hence Blanket Design 2 represents fulfillment of

a primary goal of the present work: the development of a helium-cooled blanket with
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metal structure which can passively sustain a worst-case undercooling accident without

damage.

5.1. Blanket Design Constraints

As has been discussed previously, there are many functions that a fusion reactor blanket
must perform. Foremost among these required functions are the following: (1) the
blanket must breed adequate tritium; (2) the blanket must provide (in conjunction with
the shield) adequate ngutron shielding; and (3) the blanket operational lifetime must be
sufficient. All of these requirements must be met within a reasonable size envelope.

The following paragraphs discuss these design constraints in detail.

Design Constraint _1: Tritium Breeding Ratio

Perhaps the most critical blanket function is the requirement for adequate tritium
bréeding, for if D-T fusion is to be a viable, widespread power source, it must provide
for its own tritium needs. Thus, the overall tritium breeding ratio (TBR) must be greater
than or equal to one for the whole tritium fuel cycle for the reactor to be self-sufficient.
To account for losses due to the radioactive decay of tritium while in storage onsite, as
well as tritium that will be needed for the startup of next generation reactors, the blanket

must produce between 1.01 and 1.02 tritons per triton consumed in the plasma.!

The following scoping study on blanket designs uses a two-dimensional model for the
blanket, this model is described is Chapter 3. The TBR which is calculated using a one-
or two-dimensional model usually overestimates the actual, three-dimensional breeding
ratio. Such a simplified model does not account properly for neutrons which are lost via

streaming through pumping and heating ducts and diagnostic ports. In addition,

IF. Carré, et.al., "Analysis of the Tritiurh Requirements for a Power Reactor, Fusion Technology, Vol. 4,
1983, p. 805.
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simplified models which are not fully three-D do not properly account for neutrons
which impact the divertor rather than the blanket. To account for the overestimation of
the TBR in such simplified models, the TBR as calculated in the model must be
substantially greater than the required 1.01 to 1.02 value. Although the present study
uses a two-dimensional model, this model is relatively simplified, and does not account
for losses through vacuum ports and the divertor. Hence, for conservatism, this study |

will adopt a correction factor which is appropriate for a one-D model.

Various studies have assumed different one-D TBR correction factors. In a recent
comparison between one- and three-D neutronics calculations, the one-D TBR
overestimation for a solid-breeder blanket is calculated to be 34 percent.2 This is more
conservative than the one-D TBR of 1.21 used in the ARIES-1 study,? and is consistent
with the one-D TBRs calculated for the Blanket Comparison and Selection Study
(BCSS) blanket designs.# For the blanket designs developed hereir_), a design constraint

will be that the TBR must be at least 1.35.

Design Constraint 2: Magnet Radiation Limit

The primary purpose of the shield is to ensure (in conjunction with the blanket) that the
superconducting magnets of the reactor are sufficiently protected from high-energy
neutrons to last the life of the reactor. The shield also enhances the TBR of the blanket

by acting as a neutron reflector. However, an investigation using TWODANT showed

2U. Fischer, "Qualification of Neutronic Blanket and Shielding Calculations in a One-Dimensional
Approach to a Tokamak Reactor," Fusion Technology, Vol. 22, September 1992, p- 251.

3F. Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.

4]. E. Massidda and M. S. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion
Reactors,” DOE/ID-01570-3, PFC/RR-87-18, October 1987.
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that for cases of interest here, the enhancement of TBR is minimal. Hence, the primary

concern is protection of the magnets.

The fluence limit used for the ARIES-I reactor design magnets is also used herein. The

ARIES-I magnets use Nb,Sn as the superconductor, and the allowable fast neutron

fluence is 1.0x 10 n/m’. This fluence was chosen to ensure that the Nb,Sn

superconductor performs adequately over the life of the machine. This fluence should
also be low enough to ensure that the polyamide insulator typically used for fusion
reactor magnets will last the machine lifetime. As will be seen, the requirement to keep
the neutron fluence seen by the magnets below this vﬁlue will control the thickness of the

inboard blanket/shield.

Design Constraint 3: Neutron Wall Loading

The lifetime of a fusion blanket is determined chiefly be the maximum neutron fluence
sustainable by the blanket's first wall. To determine the operational lifetime, the neutron
flux at the first wall must be known. The neutron flux at the first wall must also be
specified in order to size the inboard blanket/shield to protect the magnets, and to
determine the activation of the blanket structure. Because of the toroidal shape of the
reactor and plasma, the neutron wall load varies as one travels along the first wall in the
poloidal direction. This is discussed in Chapter 3. The neutron wall load peaks at a
poloidal angle of 0 degfees (along the outboard circumference), and is smallest at
poloidal angles of roughly 90 and 270 degrees (the top and bo&om). Calculations
performed for a reactor of representative dimensions (R=5.8 m, a=1.6 m) have shown
that the peak neutron wall load is 1.5 times thé average wall load, and the minimum wall

load is 0.4 times the average.® These calculations also show that the average wall load

SITER Documentation Series, No. 3, IAEA, Vienna, 1989, p. 308.



seen by the outboard blanket is 1.2 times the overall average, and the average inboard

blanket wall load is 0.82 times the overall average.

Historically, an average neutron wall load of about 5 MW / m’ has been used for blanket
studies; the BCSS study assumed this value.6 More recent reactor studies have resulted
in average neutron wall loads which are somewhat below that value, however. For
exaniple, the ARIES-I study has an average neutron wall load of only 2.2 MW /m*_ For
the present scoping study, the peak neutron Wall load is assumed to be 5 MW /m”. This
assumption, coupled with the variations in neutron wall load discussed above for a
typical reactor, result in the neutron wall load values adopted for this scoping study (see

Table 5.1.)

‘Table 5.1. Neutron Wall Loads
Overall Average: 3.3 MW /m’
Outboard Blanket Average: 4.0 MW /m’
Inboard Blanket Average: 2.7 MW /m
Peak Load (Outboard): 5.0 MW/m’
Peak Load (Inboard): 3.4 MW /m’
Minimum Load: 1.3 MW/m’

The outboard and inboard average wall loads are used to determine the blanket TBR
and to determine the average activation and afterheat values in the blanket structure, as
discussed in Appendix 1. The inboard peak load is used to determine the maximum

neutron load to the magnets, and hence the required inboard shield thickness.

6D.L. Smith, et.al., Blanket Comparison and Selection Study (BCSS) - Final Report, Argonne National
Laboratory report #ANL/FPP-84-1, September 1984.
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5.2. Blanket Design 1 -- Nested Shell with Mixed Pebble Bed

Of the types of blankets described above in the section on past blanket design concepts,

one of the more promising designs from the point of view of surviving a LOCA or LOFA
accident is the nested-shell type. This blanket has a good thermal conduction path from
the first wall back to the cooler interior portion of the blanket. As discﬁssed in Chapter
4, this blanket design also has the advantages of a relatively simple design, a minimum of
critical welded joints, and a smooth plasma-facing surface. The nested shell design is

therefore chosen for Blanket Design 1, the first blanket to be developed in this work.

The benefits of a pebble bed blanket arrangement have been discussed in previous
sections. To summarize, a pebble bed allows the designer som;a control over the thermal
conductivity of the blanket, which is advantageous when attempting to maintain the
breeder material within its operating temperature window. Using beryllium in a pebble
bed configuration may also help mitigate the effects of radiation-induced swelling of
beryllium. However, the reduction in thermal conductivity characteristic of a pebble bed
has a negative influence on the LOCA/LOFA accident. Blanket Design 1 will use a
pebble bed for its breeder zone, but the thermal conductivity of the pebble bed will be
increased as much as possible, by maximizing the amount of high-conductivity beryllium
in the bed, and maximizing the size of the pebbles in the bed. In this way the best
possible LOFA/LOCA performance will be obtained, consistent with obtaining an
adequate tritium breeding ratio (TBR).

As discussed previously, mixing the breeder with the multiplier generally results in a
better TBR than if the same materials (at the same densities) were placed separately in
the blanket. Such mixing also increases the thermal conductivity of the bed, which helps

with respect to the LOCA/LOFA. In order to maximize the thermal conductivity as



much as possible for the mixed bed design, the breeder with the highest thermal
conductivity, namely lithium oxide, is chosen for Blanket Design 1. As discussed in
Chapter 4, lithium oxide has the highest lithium atom density of the candidate breeders,
which helps to minimize the thickness of the blanket; this also helps the blanket perform
better during a LOCA/LOF A, by reducing the amount of afterheat-producing structure.
There are chemical compatibility concerns for the lithium oxide/beryllium combination
(see Chapter 4). For the purposes of this study, it is assﬁmed that these concerns are

manageable.

It has been shown? that for homogeneous mixtures of breeder and multiplier, the
breeding ratio is nearly insensitive to the amount of Li-6 enrichment in the breeder. This
is especially true for lithium oxide and beryllium. Hence, for this case, it is assumed for

simplicity that the lithium in the breeder has a natural abundance (7.5 percent) of Li-6.

The structural material chosen for Blanket Design 1 is a reduced-activation ferritic steel
As discussed in Chapter 4, the ferritic steels are a relatively near-term blanket structural
material option, and much work has been done to develop reduced activation versions of
these steels. The specific type of reduced-activation steel used for Blanket Design 1 was
proposed by Fetfter,'*z and used in a previous blanket safety study.® It is a modification of
the steel known as Sandvik HT. -9, with most of the Ni and Mo alloying elements
replaced by tungsten. The modified HT-9 is called MT-9 in this study, and the
compositions of both HT-9 and MT-9, are given in Appendix 9.

™. A Abdou, et. al., Modeling, Analysis and Experiments for Fusion Nuclear Technology (FNT
Progress Report: Modeling and FINESSE), University of California at Los Angeles report UCLA-ENG-
86~44, January 1987.

8S. Fetter, "The Radiological Hazards of Magnetic Fusion Reactors," Fusion Technology, Vol. 11,
March 1987, p. 400.

°I. E. Massidda and M. S. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion
Reactors,” DOE/ID-01570-3, PFC/RR-87-18, October 1987.
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5.2.1. Lithium Oxide and Beryllium Mixed Bed: Neutronics

To begin the neutronics analysis of this design, which will ensure that the TBR goal of
1.35 is met, the proper ratio of beryllium to lithium oxide in the bed must be determined.
It has been noted that to design a blanket for optimum tritium breeding, it may be
necessary to vary the ratio of multiplier-to-breeder as one moves from the front of the
blanket to the rear. For the present scoping-type study this was not done. Even
assuming a uniform multiplier-to-breeder ratio, to determine the precisely optimum ratio
at this initial stage of design is impossible, because none of the required blanket details,

such as blanket thickness and structural material volume fraction are known yet.

To get an estimate of the optimum ratio, a one-D model is developed in which the ratio
of beryllium-to-lithium oxide is varied, with other aspects of the model, such as blanket
and shield depth, remaining constant. The model incorporates a 10 mm thick first wall
region, followed by a 43 c¢m thick blanket region, and finally a 65 cm thick shield.
Hence, the total blanket and shield thickness is 109 cm. The first wall, blanket, and
shield regions are assumed to be volumetrically uniform. The blanket and shield
thicknesses chosen for the model are similar to the thicknesses gsed for the outboard
heliunysolid breeder reference blanket in the BCSS study.1? The helium coolant plenum
located at the rear of the BCSS blanket region is neglected in this model, for simplicity.
Figure 5.1 shows the geometry of the model.

10D L. Smith, et.al., Blanket Comparison and Selection Study (BCSS) - Final Report, Argonne National
Laboratory report #ANL/FPP-84-1, September 1984,
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Figure 5.1. Multiplier Ratio Optimization Model

The first wall of this model is
cdmposed of MT-9 and helium,
with the volume fraction of
MT-9 equal to 0.28. This

volume fraction would result

from using 5 mm radius tubes

with a 0.71 mm wall thickness

for the first wall. The shield is

composed of water and MT-9

BN - First Wall (1 em thick)

~ with MT-9 having a volume
fraction of 0.90, which is the composition of the BCSS shield. The blanket region is
composed of MT-9 structure, and the mixed bed of lithium oxide and beryllium. The
volu}me fraction of MT-9 structure is fixed at 0.11, a reasonable value for the nested shell
configuration. (It should be noted that a previous neutronics study of a helium-cooled
solid breeder blanket indicated that the optimum beryllium/breeder ratio depends on the
volume fraction of structural material in the blanket.!! Hence, it is important to ensure -

that the structural volume fraction used in the optimization is representative.)

The volume fractions of beryllium and lithium oxide in the breeder region depend on
two factors: (1) the beryllium/lithium oxide ratio in the pebble bed; and (2) the ratio of
helium to breeder/multiplier in the bed. The first factor is the one which is to be varied in
the analysis. The second factor depends on how tightly the pebble bed can be packed.

For a two-sized pebble bed, a maximum packing fraction of 0.80 can be attained (see

11y, Watanabe, et.al., "Neutronics Performance of a Helium-Cooled Solid Breeder Blanket and Shield
for ITER," Fusion Technology, Vol. 15, March 1989, p. 475.
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Section 5.2.2.1.) Hence, this is the packing fraction which is assumed for the mixed bed.
It is assumed for simplicity here that the pebbles in the bed are 100 percent dense. Given
the ratio of beryllium to lithium oxide in the mixed bed, we now have enough
information to determine the volume fractions of beryllium and lithium oxide in the
overall blanket region. Table 5.2 summarizes the compositions of the resulting models

which were examined.
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Table 5.2. Volume Fractions in Ratio Optimization Model Regions

Be:Li2O Ratic | First Wall Region Blanket Region Shield
Region
10:1 0.28 MT-9/ 0.436 Be/ 0.046 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/ 0.11 MT-9 | 0.10 Water
8:1 0.28 MT-9/ 0.427 Be/ 0.053 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/ 0.11 MT-9 | 0.10 Water
6:1 0.28 MT-9/ 0.411 Be/ 0.069 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/ 0.11 MT-9 | 0.10 Water
41 0.28 MT-9/ 0.384 Be/ 0.096 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/0.11 MT-9 | 0.10 Water
3:1 0.28 MT-9/ 0.360 Be/ 0.120 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/ 0.11 MT-9 | 0.10 Water
2:1 0.28 MT-9/ 0.320 Be/ 0.160 Li20/ | 0.90 MT-9/
0.72 Helium 0.41 He/ 0.11 MT-9 0.10 Water

The dimensions shown in Figure 5.1, together with the six sets of volumetric

composition data shown in Table 5.2 are now used as input to the TWODANT

neutronics code. The results of these six TWODANT runs are shown in Figure 5.2.

Figure 5.2. TBR as a Function of Be/Li20 Volumetric Ratio
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Since beryllium is an excellent conductor of heat, it makes sense to maximize the amount
of it in the pebble bed, consistent with having a good TBR, this will help the blanket's
performance during a LOCA/LOFA. Hence, a beryllium to lithium oxide volumetric

ratio of 3:1 is adopted for the mixed bed.

Now that the optimum beryllium to lithium oxide ratio has been established, the required
inboard and outboard blanket and shield thicknesses can be determined. These
thicknesses are driven by the requirement to have a TBR of 1.35 for the blanket, and by
the shielding required to protect the magnetic field coils throughout the reactor lifetime.
Because of space constraints, the inboard blanket/shield complex is designed to be
thinner than the outboard blanket/shield complex. This makes sense from a neutronics
point of view as well, since because of the toroidal geometry of a tokamak, the average
neutron wall load is higher outboard blanket than inboard. The inboard and outboard
blanket and shield of our design need to be thick enough, when the variation in neutron
wall load is accounted for, so that the overall TBR is sufficient and the magnets are

sufficiently protected.

To determine the proper inboard and outboard blanket and thicknesses, a neutronics
model is created which includes the helium plenum region at the back of the blanket.
Inclusion of the plenum region does not significantly affect the TBR, but does make the

model more realistic.
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Figure 5.3. Model with Plenum Region

- Mixed Bed Blanket Region
1 - Shield

E - First Wall (1 cm thick)
B - Plenum (30 cm thick)

Figﬁre 5.3 shows the model with the plenum region added. As shown in the figure, the
plenum region thickness is fixed at 30 cm, which is the thickness of the plenum region
for the ARIES-I reactor nested shell plenum.!2 Also like the ARIES-I plenum, the
model's plenum is assumed to have a structural material volume fraction of 0.75. For the

present model the structural material is MT-9.

As discussed above, the beryllium to lithium oxide volumetric ratio is fixed at 3:1 for the
mixed bed. In addition, for subsequent analysis the pebbles in the bed are assumed to be
90 percent dense. The pebbles need to have some porosity to allow the tritium
generated inside them to escape. Table 5.3 below summarizes the composition of this

model.

12F, Najmabadi, et. al., "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991.
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Table 5.3. Volume Fractions in Model with Plenum Region

Be:Li2O First Wall Blanket Region Plenum Shield
Ratio Region Region Region
3:1 0.28 MT-9/ | 0.360 Be/ 0.120 0.75 MT-9/ | 0.90 MT-9/
0.72 Helium | Li20/ 0.41 He/ 0.25 Helium | 0.10 Water
0.11 MT-9

TWODANT is again used to investigate the dependence of TBR on the blanket region
thickness. With the shield region thickness fixed at 65 cm, the blanket thickness is varied
from 44 cm down to 24 cm. Figure 5.4 shows the results. It can be seen that a blanket

thickness of 40 cm will achieve a TBR of 1.35.

1.4 Figure 5.4. TBR with Shield
Fixed at 65 cm
1.3 1
TBR 1.2 |
111
1 b —- -
44 34 24

Blanket Region Thickness (cm)

As mentioned previously, varying the shield thickness does not seem to affect TBR
much, provided the shield is kept reasonably thick (cases down to 25 cm were
investigated.) Therefore, the size of the inboard shield is determined solely by the
requirement that the magnet's lifetime fluence limit is not exceeded. Using the inboard
peak neutron wall load of 3.4 MW / m?® (see Table 5.1) and holding the blanket

thickness constant at 44 cm, obtains the results shown in Figure 5.5.
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Figure 5.5. Lifetime Fluence to Magnet (Blanket

Thickness = 44 c¢m)

1'-°°E‘+25 T The lifetime fluence
1.00E+24 4 values were calculated
Fast . .
Neut:on assuming a 40 year life
1.00E+23 ¢
Fluence : at a duty factor of
(n/m*2) ,
1.00E+22 ¢ 0.75.
1.00E+21 . . , - From the figure it can
0 20 40 60 80 be seen that a shield

Shieid Thickness (cm) thickness of 40 cm is

sufficient to provide
adequate shielding to keep the lifetime fast neutron fluence of the magnet below
1.0x 10*n/m”, the fluence limit specified in Section 5.1. Since only 40 cm of blanket
is necessary for breeding, and since the shield is more than twice as effective as is the
blanket is for attenuating fast neutrons, rather than using 44 cm of blanket and 40 cm of
shield we will use 40 cm of blanket and 42 cm of shield. These blanket and shield
thicknesses, plus 30 cm for the plenum, gives a total inboard blanket/shield thickness of
1.12 m, which is reaéonable based on past fusion reactor studies. (It is actually quite a
bit thinner than the inboard blanket/shield thickness adopted for ARIES-I of 1.4 m. This
is due to the fact that the combination of MT-9 and water serves as a more effective

shield than the silicon carbide/boron carbide combination used for ARIES-1.)

It should be noted that the fluence values shown in Figure 5.5 are somewhat higher than
would actually be seen in a real reactor with this shield thickness, since the TWODANT
calculations neglected the effect of the magnet structure which surrounds the magnet,

and the cryostat which in turn surrounds the magnet structure. Both of these would add

shielding "for free," thereby reducing the fluence seen by the magnet superconductor and
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insulator. However, the shielding effect of these two items is small, and neglecting them

is conservative.

The thickness of the outboard shield is usually chosen based on what available space
exists in the outboard region. The amount of space is governed for the most part by the
toroidal field coil geometry. For the present work, 1 meter is assumed to be available for

the outboard shield.

~ Estimates of the requifed blanket/shield thicknesses for Blanket Design 1 have now been
found. These estimates will be confirmed when the blanket thermal-hydraulic design and
the corresponding blanket design details are known. Table 5.4 summarizes the

dimensions of the inboard and outboard shields and blanket.

Table 5.4. Estimated Blanket/Shield Thicknesses for Blanket Design 1

Inboard Section (Totgl Thickness = 1.12 m)
Blanket Region Plenum_Region Shield Region

0.40 meters | 0.30 meters 0.42 meters
Outboard Section (Total Thickness = 1.7 m)
Blanket Region | Plenum Region | Shield Region |

0.40 meters 0.30 meters 1.0 meters
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35.2.2 Lithium Oxide_and Beryllium Mixed Bed: Thermo-Hydraulics

Now that estimates of the overall blanket and shield dimensions have been made, the
detaiied design of Blanket Design 1 can be completed. The basic dimensions left to be
determined are the thickness of the mixed bed breeder regions, and the dimensions of the
MT-9 structural shells. Before the thermo-hydraulic analysis is performed, the helium

inlet and outlet temperatures must be specified.

The helium inlet teniperature is specified as-‘2v50 degrees C, consistent with previous a
previous helium-cooled reactor design.!3 The lower temperature limit ensures good
steam quality on the secondary side of the steam generator. The upper temperature limit
is set, ultimately, by the structural material temperature limit. Since ferritic steels in
fusion applications are expected to be acceptable up to 550 degrees C (see Chapter 4),
450 degrees C is chosen as the coolant outlet temperature.* This gives 100 degrees of
margin between the bulk coolant outlet temperature and the maximum allowable first

wall temperature.

35.2.2.1. Pebble Bed Condtictivigz“

A critical issue in the determination of the mixed bed region thicknesses, and in the
accident analysis of the blanket, is the conductivity of the mixed pebble bed regions of
the blanket. Determining the conductivity of a heterogeneous mixture of solid pebbles

and helium gas is difficult, especially when the pebbles are of two different materials. A

13M. Huggenberger and K. Schultz, "Helium-Cooled Solid Breeder Blanket Design for a Tokamak
Reactor," Nuclear Technology/Fusion, Vol. 4, 1983, p. 456.

# The average coolant outlet temperature is determined using the average wall loading for the outboard
blanket of 4 MW per square meter. For portions of the blanket receiving different wall loads, orificing
and/or slightly different channel diameters would be necessary to ensure an outlet temperature of 450
degrees C.

14Much of the following discussion on pebble bed characteristics comes from P. Gierszewski and J.
Sullivan, "Ceramic Sphere-pac Breeder Design,” Fusion Engineering and Design, Vol. 17, 1991, P. 95,
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number of correlations have been proposed to date, and recently these were compared
with experimental data to determine which correlation works best for pebble beds of the

“type used in fusion applications.!> The correlation found to be most accurate is a
modified version of the Schlunder, Zehner and Bauer (SZB) model.’¢ 17 The details of
the modified SZB model are given in the references. This model was found to be

accurate to within 20% for a range of bed conductivities (experimental data was given

for bed conductivities from 1 to 8 W/ m-K).

In Section 5.2.1, the selected volumetric ratio of lithium oxide to beryllium in the mixed
bed is 3:1. Hence, the mixed bed pebble sizes and volume fractions should be designed
such that this ratio is achieved, while obtaining the highest thermal conductivity possible
(to increase conduction in the blanket and help mitigate the effect of a LOCA/LOFA).
To maximize the bed conductivity, the size of the beryllium pebbles (which have a very
high conductivity) needs to be increased to the maximum possible. This maximum size is
limited by packing considerations. For single sized spheres, the maximum packing
fraction that can be achieved is about 60%. This maximum packing fraction can only be
achieved if the pebble diameter is less than or equal to roughly 1/5 the bed thickness.
Hence, the beryllium pebble diameter is limited by this constraint. The smallest bed
thickness of Blanket Design 1 is about 15 mm (as will be shown in Section 5.2.2.2); this

limits the maximum beryllium pebble diameter to 3 mm.

15W R Fundamenski and P. Gierszewski, "Comparison of Correlations for Heat Transfer in Sphere-Pac
Beds," Canadian Fusion Fuels Technology Project report G-9181, August 1991. :

16E_ Schlunder, "Particle Heat Transfer,” Proc. 7th Intl. Heat Transfer Conf., Munich, Vol. 1, May
1982, p. 195.

17M. Dalle-Donne and G. Sordon, "Heat Transfer in Pebble Beds for Fusion Blankets," Fusion
Technology, Vol .17, 1990, p. 597.
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In between the beryllium spheres can now be placed smaller spheres of lithium oxide. If
the smaller sphere’s diameter is less than 1/7 that of the larger spheres (say, 0.4 mm), the
total bed packing fraction can be increased to about 80%, with the lithium oxide sphere
packing fraction being equal to 20%. It should be noted that lithium oxide pebbles as
small as 0.3 mm have been fabricated, 8 hence the beryllium and lithium oxide pebble
sizes proposed for this bed should be easily fabricable. If both the lithium oxide and
beryllium spheres have a porosity of 10%, a volume fraction ratio for beryllium to lithium
oxide of 3:1 is obtained, which is what is desired. The helium purge gas pressure, which
is necessary to calculate the bed conductivity properly, is set at 1.5 bar (a typical value
for fusion blanket designs.) Table 5.5 summarizes the characteristics of the pebble bed

for Blanket Design 1.

Table 5.5 Blanket Design 1 Pebble Bed Parameters

Beryllium/Lithium Oxide
Volumetric Ratio: 3:1

Beryllium Pebble Diameter: 3 mm
Lithium Oxide Pebble Diameter: 0.4 mm
Bed Packing Fraction: 0.80
Pebble Porosity: 0.10
Helium Purge Gas Pressure: 1.5 bar

The thermal conductivity of the pebble bed described in the above table is calculated
using a modified version of the SZB model, using the code shown in Appendix 10.# The

results are shown in Figure 5.6

13T Terai. et.al., "Modeling of Tritium Recovery from CTR Solid Breeder," Fusion Engineering and
Design, Vol. 8, 1989, p. 349

* The calculation of bed conductivity using the modified SZB model was greatly facilitated by P.
Gierszewski, of the Canadian Fusion Fuels Technology Project, who graciously provided the author with
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Figure 5.6 Conductivity of Blanket Design 1 Mixed Bed Regions
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As can be seen in the figure, the bed conductivity stays between 5.1 and 5.6 W/ m-K
over a wide temperature range. This is quite a low conductivity, despite the efforts made
to increase the conductivity of the bed region. This low conductivity is the worst

characteristic of pebble beds with respect to performance during a LOCA/LOFA.

J.2.2.2. Mixed Bed Region Thicknesses
To determine the thicknesses of the mixed pebble bed regions between the structural

shells, it is necessary to know the volumetric heat generated in the mixed bed regions
during reactor operation, and the conductivity of the mixed bed regions, which was
discussed above. The bed thickness need to be made such that the peak temperature at
the center of the bed does not exceed the upper temperature limit for lithium oxide,

which is 800 degrees C (Chapter 4). The amount of lithium oxide that operates below

a version of a MATHCAD code which incorporates the modified SZB model. This code is shown in
Appendix 10.
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the one-day tritium residence temperature of 325 degrees C should also be minimized.
In addition, the MT-9 structural temperature limit of 550 degrees C must not be

exceeded.

The combination of these requirements means that the mixed bed region thickness should
be as thick as possible, subject to the constraints on the maximum structural and breeder
temperature limits. Making the breeder regions as thick as possible also minimizes the
amount of structural material necessary in the blanket, thus minimizing the afterheat and
mitigating the consequences of a LOCA/LOFA. As it turns out, for the breeder regions
closest to the first wall, the structural temperature limit governs. For the regions further

back, the breeder peak temperature is most limiting.

The volumetric heating in the mixed bed regions decreases exponentially as one moves
from the front of the blanket to the rear. Thus, designing the mixed bed regions to be
thicker as one goes toward the back of the blanket will ensure that the maximum and

minimum temperatures in each region are similar.

In calculating the temperatures in the mixed bed regions (and the structural shells), it is
assumed that the heat transfer coefficient into the helium at the channel wall is 1,800
W /K -m’, a typical value used in the ARIES-I design.!® This value results in a
reasonable pressure drop (and hence helium pumping power) for the blanket. The
required pumping power and pressure drop will be calculated later. It was also assumed
that the structural shell thicknesses are all 10 mm. The actual channel/shell dimensions
depend on the thickness of the mixed bed regions, as will be seen, but 10 mm is a

reasonable value to start with. The type of model used for these calculations is shown in

19F Najmabadi, et.al., "The ARIES-I Tokamak Reactor Study, Final Report,” UCLA-PPG-1323, 1991.
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Figure 5.7, and the resultant bed thicknesses are shown in Table 5.6. For further details

on how the bed thicknesses are determined, see Appendix 3.

Figure 5.7. Model for Mixed Bed Thicknesses

- Mixed Bed

- Shield

R - Structural Shells (1 cm thick)
- Plenum
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Table 5.6. Blanket Design 1 Bed Region Thicknesses

Number of Bed Regions: 13
Bed Region Thicknesses

Region Number : Thickness (mm)

1 12

2 14

3 ‘ 15

4 . 17

19

6 21

7 24

8 28

9 32

10 36

11 . 40

12 40

13 43

5.2.2.3. Structural Shell Thicknesses

The dimensions of the MT-9 shells are determined by the size of the coolant passages
inside the shells. The thickness of each of the shells will be varied according to how
much heat flows into the particular shell's coolant during normal operation. The shell
next to the first wall has the higheét heat load, aqd each successive shell toward the rear |
of the blanket has a smaller heat load. These smaller heat loads necessitate a lower mass

flow rate through each shell to maintain the desired coolant inlet/outlet temperature
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difference of 200 degrees C. However, the velocity of the coolant must not be allowed
to drop significantly as one lowers the mass flow rate, since this will also4lower the
surface heat transfer coefficient h, which is fixed at 1,800 W /K -m? in the analysis
above for the mixed bed regions. To allow the mass flow rate to decrease but keep h
relatively constant, the diameter of the channels must also decrease as one travels deeper
into the blanket. This section will present the calculations which determine the

appropriate coolant channel diameters and corresponding shell thicknesses.

To determine the appropriate size range for the channels, it is desirable to maximize the
potehtial for cooling by natural circulation of helium coolant in the tubes. To get an
estimate as to what size would maximize natural circulation cooling, a Loss of Flow
Accident (LOFA) in a simplified coolant flow loop is modeled as shown in Figure 5.8.
As shown in this figure, the flow loop includes a single coolant channel, inlet and outlet

pléna, the steam generator and hot and cold leg piping.

Figure 5.8. Simplified Flow Loop for Coolant Channel Sizing
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As can be seen, the helium circulator is assumed to be equipped with a bypass valve
which will open automatically upon loss of circulator head (it could be a spring loaded
flapper valve held shut during normal operation by the circulator's differential pressure,
and opening via spring and/or gravity force when the differential pressure drops below a
certain point.) Also shown is a vertical, 2 meter long coolant channel. -This channel
length is appropriate for a typical first wall tube for the nested sheli-type blanket design.
Since the steam generator is assumed to be located above the coolant outlet plenum, H
= 2 meters represents the vertical distance available for development of a natural
circulation driving head. This driving head is developed by decay heat from the coolant
passage walls causing a change in temperature between the coolant channel inlet and

outlet.

It should be noted that although this model does not depend on having the coolant
channels in the reactor oriented vertically; in fact, the channels in the nested shell design
are horizontal. The 2 meters of natural circulation driving head is developed by ensuring
that the steam generator is located at least 2 meters above the top of the top if the

reactor.

The coolant channel inlet temperature is assumed to be constant at 250 degrees C (the
steam generator is assumed to have a passive secondary water circulation system capable
of maintaining this helium coolant outlet temperature). The helium coolant outlet
temperature, and hence the maximum coolant channel wall temperature, varies

depending on the assumed diameter of the coolant channel.

As the coolant channel diameter is increased (the channel is assumed to be cylindrical),

the pressure drop in the channel goes down, which tends to help the natural circulation
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flow, thereby lowering the maximum wall temperature. However, the wall thickness
must increase to contain the helium pressure (cases from 2 to 10 MPa aré examined.)
Higher pressure incréases the maximum wall temperature, because é thicker wall
deposits more heat into the channel, increasing the coolant outlet temperature. In
addition, a thicker wall has a higher associated temperature increase across the wall
thickness. Figure 5.9 shows the results of this analysis. The analysis is performed for
MT-9 coolant channels, and the afterheat is assumed to be the maximum value for the
first wall tubes, which occurs at shutdown. The plasma is assumed to be extinguished at
/the dnset of the LOFA, and the afterheat calculations assume 3 full-power-years of
operation at a neutron wall load of 4 MW / m’ (see Section 5.2.3.2 for a discussion of

MT-9 afterheat, and see Appendix 2 for further details on the analysis.)

Figure 5.9. Maximum First Wall Temperatures During Natural
Circulation
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As can be seen in the figure, natural circulation can keep the maximum temperature of
the coolant channel comparable to or even well below the maximum allowable operating
temperature of 550 degrees C, as long as the coolant pressure and channel diameter are
chosen appropriately. The figure shows a range of helium coolant pressures; a pressure
of 2 MPa is clearly too low to obtain satisfactory cooling by natufal circulation for any
reasonable channel diameter. 10 MPa is adopted as the helium pressure for subsequent ’
analyses. For this pressure, channel diameters above 4 mm will give sufficient natural
circulation performance. The specific channel diameters are determined in the discussion

that follows.

3.2.2.4. Cooling of the First Wall

The structural shell which forms the first wall has a significantly higher heat load than the
other shells in the blanket. An erosion layer of 2 mm thick MT-9 is also required on the
plasma side of the first wall, to account for wall erosion during operation.2® This
additional thickness increases the temperature drop across the first wall. The shell
forming the first wall also experiences an extremely non-uniform heat load, since the
plasma heat comes only from the plasma side. A non-uniform heat load of this
magnitude has been shown analytically and using numerical models to significantly

reduce the effective surface heat transfer coefficient h of the helium coolant.2! For

20This thickness value is based on values used in past studies, including the NET Pebble Bed Canister
(M. Dalle Donne, et.al, "Pebble Bed Canister: A Ceramic Breeder Blanket with Helium Cooling for
NET," Proc. 14th Symp. on Fusion Technology, 1986, p. 423.) which has a 2 mm steel erosion layer,
and the SSTR (S. Mori, et.al., "Blanket and Divertor Design for the Steady State Tokamak Reactor,"
Second International Symposium on Fusion Nuclear Technology, 1991, p. 55.) which has a 2.5 mm
steel layer. If this thickness should prove insufficient, the 2 mm of steel could be used as a base to attach
ceramic tiles. The addition of ceramic tiles would not change the heat load to the first wall, hence
would not affect this analysis.

21gee, for example, W.C. Reynolds, "Turbulent Heat Transfer in a Circular Tube with Variable
Circumferential Heat Flux," Int. J. Heat and Mass Transfer, Vol. 6, 1963, p. 445, and M. Z. Hasan,
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conditions similar to the case of interest here, the h calculated for the non-uniform heat

load is 37% lower than the corresponding h for a uniform heat load.??

Figure 5.10. Pumping Power for Different First

Wall Channels (10 MPa Coolant Pressure) All of these factors mean that in

120 ¢ order to maintain the maximum
bl \../ temperature of the first wall below
80 {
P .
:':v':le':g 60 ¢ the required value of 550 degrees
UL
C, the coolant channel for the first
20 ¢
o \ . . . wall requires a very high coolant
0 2 4 8 8 _
Channel Diameter (mm) velocity to maintain h sufficiently

high. The high velocity results in
a high mass flow rate and pressure drop through the channel. Since pumping power is
proportional to the product of the mass flow rate and the pressure drop, the first wall
channel requires a substantial pumping power to maintain the required flow through it.
Because this pumping power is so high, the first wall cooling channel diameter is chosen
to minimize the pumping power required to cool the first wall. Assuming a blanket
module width of 2 meters (meaning that the length of first wall channel exposed to the
plasma is 2 meters), and a first wall surface heat deposition of 1 MW / m’, Figure 5.10
shows the pumping power necessary to cool the entire first wall of the reactor (of major
radius 6 meters and minor radius 1.5 meters) as a function of coolant channel diametei'
(assuming circular channels, and a helium circulator efficiency of 0.90). This figure was
generated by determining the lowest coolant channel velocity which would result in a

maximum first wall temperature of 550 degrees C. Appendix 2 contains details on the

"Effects of Nonuniform Surface Heat Flux and Uniform Volumetric Heating on Blanket Design for
Fusion Reactors," Fusion Technology, Vol 16, 1989, p. 44.

22this value is recommended in the ARIES-I reactor study, which uses helium coolant at 10 MPa, and

has first wall conditions similar to those of interest here (F. Najmabadi, et.al., "The ARIES-I Tokamak
Reactor Study, Final Report,” UCLA-PPG-1323, 1991, p. 8-98.)
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generation of this figure. A first wall channel diameter of 4 mm is clearly optimal,

requiring a pumping power of 75 MW; this diameter also gives acceptable natural

circulation results. Table 5.7 shows the resulting data for the first wall channel *

Table 5.7. First Wall Channel Data

Channel Diameter Channel Pressure Channel h Channel Mass Flow
(mm) Drop (Pa) (W/m?-K) Rate (kg/s)
4 460,000 6500 0.061
Figure 5.11. First Wall Shell Arrangement The high mass flow rates

First
Wall

\
Coolant Channe

for First Wall

I-—N[ixed Bed Region

Coolant Channels
for Mixed Bed

necessary in the first wall
coolant channel to keep the
maximum first wall temperature
below 550 degrees result in a
coolant outlet temperature well
below the 450 degree C value
desired for thermal efficiency.
It is not necessary or desirable,
therefore, to have such high
mass flow rates in the other
blanket coolant channels. In
addition, having a mass flow

rate so high requires a

# Note that 4 mm is a relatively small diameter from a fabrication standpoint. Concerns with the
required fabrication tolerances might well make a larger channel diameter desirable, despite a the
resulting increase in required pumping power. To address such fabrication issues in detail is beyond the

scope of the present work.
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substantial pumping power, as shown above. If each blanket shell needed such a high
pumping power to sustain the flow of coolant inside, the total pumping power required

for the blanket would be unacceptably high.

Blaﬁket Design 1 has two structural shells with interior coolant channels just behind the
first wall, as shown in Figure 5.11. The first shell's coolant has a very high mass flow
rate (see Table 5.7), and thus this shell will have a high pressure drop and pumping
power. Nearly all of the heat from the first wall will be removed by the coolant in this
shell. Directly behind this first wall shell is another shell which will remove the heat from
the front side of the first mixed bed breeder region. This shell's coolant, and the coolant
of all the other shells, has a much lower flowrate. The outlet temperatures for these
shells are much higher, and the pressure drop and pumping power required for these
shells are much lower. It would have been possible, of course, to have only one shell
which cooled both the first wall and the front half of the first mixed bed region.
However, the added heat load of the mixed bed region increases the pumping power

required for this shell substantially, so this option was not pursued.

Since the pressure drop of the first wall coolant channel is much greater than any of the
other channels, it is necessary to have a separate, higher pressure helium circulator to
supply coolant to the first wall channels. This adds to the system complexity, but also
allows the first wall region to have two, independent sources of coolant flow. If the
circulator supplying coolant to the first wall coolant channels failed, the first wall region
would still have some cooling as long as the lower pressure circulator supplying coolant

to the channel just behind the first wall coolant channel continued to operate.



5.2.2.5. Cooling of the Mixed Bed Regions

The cooling channels behind the first wall are designed to remove the heat from the
mixed bed regions, heating the'coolant from the inlet temperature of 250 degrees C to
the desired outlet temperature of 450 degrees C in the process. Since the thicknesses of
the mixed bed regions (discussed in Section 5.2.2.3 above) are based on the surface heat
transfer coefficient to the helium being 1,800 W/ K -m’, the velocity in the channels
must be high enough to produce this heat transfer coefficient. Despite the fact that the
bed regions get thicker, the amount of heat flowing into each channel decreases as one
goes towards the back of the blanket (both because the volumetric heating decreases and
because the channels are getting shorter). Hence, the mass flow rate needed to obtain
the desired inlet/outlet temperature difference becomes smaller. To keep the channel
velocities high enough, the channel diameter must decrease correspondingly as one goes
toward the back of the blanket. Using the mixed bed thicknesses in Table 5.6, the
channel diameters required to maintain the required h and the inlet/outlet temperature
difference of 200 degrees are shown in Table 5.8. The mass flow rates in these channels
vary from 0.007 kg/s per channel in the channels near the front of the blanket to 0.002

kg/s per channel in the rearmost channel.
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Table 5.8. Required Structural Shell Channel Diameters (excepting the first wall
channel) ~

Channel Diameter | Channel Pressure Channel h
Channel* (mm) Drop (Pa) (W/m*-K)

1 ** 9 6210 1850
2 9 6210 1850
3 9 6000 1850
4 9 5600 1830
5 9 5360 1820
6 8 6900 2000
7 8 6250 1970
8 8 5720 1940
9 8 4920 1870
10 7 5560 1970
11 6 5710 2000
12 5 4450 1780

13 5 1300 ‘ 1100***

14** 5 1300 1100***

* starting from the channel directly behind the first wall channel.

** these channels have an outlet temperature below 450 degrees C because they have a breeder region
only on one side.

*** a lower h is acceptable for these channels without exceeding either the maximum breeder or
maximum structural temperature limits, because of the lower volumetric heating at the rear of the
blanket. Because of the low pressure drop in these channels, flow restrictors will probably be necessary
to balance the flow between channels. '

Table 5.9 shows relevant blanket temperatures which result from the above thermal-
hydraulic design of Blanket Design 1. The minimum temperatures occur in the vicinity
of the coolant injet, and the maximum temperatures occur near the coolant outlet. The |
maximum temperatures are below the upper temperature limits for the structural and

breeder materials, and the lower temperature bound of the lithium oxide is only slightly
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below the desired lower limit of 325 degrees. This means that some of the breeder
around the helium inlet region will be slightly below the temperature required to have a
tritium residence time of 1 day or less. Thus the blanket will have a somewhat higher
tritium inventory in the breeder. However, most of the tritium in Blanket Design 1 will
be in the beryllium. As is shown in Appendix 4, the tritium inventory in the beryllium is
conservatively estimated to be about 3 kg, compared to a few tens of grams in the

breeder.

Table 5.9. Blanket Design 1 Operating Temperatures (deg. C

Helium Inlet Temperature: 250
Heliurh Outlet Témperature: 450
Maximum MT-9 Temperature: 550
Maximum Li20/Be Temperature: 185
Minimum LizOIBe Temperature: 309 |

The final design of the Blanket Design 1 was described in the above paragraphs. A
TWODANT run was performed on the final design to confirm the blanket tritium
breeding ratio. This run indicated that the blanket has a TBR in excess of 1.40. This
TBR exceeds the required value of 1.35. |

5.2.2.6. Required Pumping Power for Blanket and Helium Loop

As discussed above, the first wall cooling channels have a much greater mass flow rate
and associated pressure drop than do the mixed bed channels. As was seen, the pumping
power necessary to supply cooling to the first wall channels is 75 MW. By comparison,

the pumping power required for all the other channels combined is negligible. In
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addition to the pumping power required to move the coolant through the blanket
channels, power is also required to move coolant through the plenum region, the steam
generatof, and the rest of the helium loop piping. Table 5.10 shows estimates of the

pressure drops associated with these items.

Table 5.10. Pressure Drops of Associated Components and Piping (Pa)

' Piping to/from Steam
Plenum Region* Steam Generator** - Generator and
Circulator**
18,310 30,000 36,900

*pased on the ARIES-] reactor plenum pressure drop, including pressure drops from turns, contraction and
expansion (F. Najmabadi, "The ARIES-I Tokamak Reactor Study, Final Report," UCLA-PPG-1323, 1991,
p- 8-81)

**cee M. Huggenberger and K. Schultz, "Helium-Cooled Solid Breeder Blanket Design for a Tokamak
Reactor, Nuclear Technology/Fusion, Vol. 4, 1983, p.456.

The total mass flow rate for the entire blanket (assuming a reactor with a major radius of
6 meters and a minor radius of 1.5 meters) is about 2730 kg/s. Using this value, and the
pressure drops of the above table (which total 85,210 Pa), the pumping power to
circulate coolant through the plenum regions, the steam generator and the inlet and
outlet piping can be determined. Assuming a helium circulator efficiency 0f 0.90, a
pumping power of 28 MW is obtained. Adding this to the 75 MW associated with the
first wall yields a total pumping power of 103 MW for the entire first wall and blanket
system. Although this value is large, it is reasonable for a helium-cooled fusion reactor

design.?3

23see, for example, G. Melese and R. Katz, Thermal and Flow Design of Helium-Cooled Reactors,
American Nuclear Society, La Grange, IL, p. 369.
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5.2.3. Blanket Design 1: Accident Analysis

The accidents of interest here involve loss of cooling to the blanket regions. The loss
may be due to loss of helium coolant (a LOCA - Loss of Coolant Accident) due to a
rupture in a coolant pipe or channel, or it may be due to a loss of coolant flow. The
most severe loss of flow accident (LOFA) is the stoppage 6f all helium circulators at
once, perhaps due to a loss of site power. The following pa_ragraphs discuss the analysis
of the LOFA and LOCA. The accident analysis in this section will be done for the
outboard blanket region. This is because, as was shown in the Section 5.1, the outboérd
region has a higher average neutron wall load, hence it has more severe afterheating and

thus reaches higher temperatures than would be reached by the inboard blanket region.

An important input to the blanket accident analysis is the behavior of the plasma aﬂef the
accident. The temperature response of the blanket, especially the first wall, to the
accident depends on how soon after the accident the plasma is extinguished.
Unfortunately, currently there is not much information from which to postulate what the
plésma response following a particular accident might be. For a LOFA which occurs due
to a loss of site power, it is reasonable to assume that the plasma control system would
also be disabled, resulting in a rapid extinguishing of the plasma, probably via a
disruption. The helium circulators do not immediately stop upon loss of power. Rather,
there is a "coastdown" period during which the circulators slow down and coolant flow
gradually lessens.. Based on the above assumptions, for the purposes of the LOFA
accident, the plasma can be considered to be shut off instantly. An "instant plasma shut-
oﬁ" model has been used previously for the analysis of fusion blanket LOFAs.2¢ For
conservatism in the LOFA analysis, no credit is taken for heat removal due to the

circulator coastdown.

24Gee J. Massidda and M. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion
Reactors," MIT Plasma Fusion Center Report PFC/RR-87-18, October 1987.
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For a LOCA, it will take on the order of tens of seconds to fully depressurize the coolant
system, even assuming a large helium header completely fails.?* In a recent study, it was
assumed that the plasma could be shutdown within 5 seconds upon detection of an
accident.?¢ Hence, assuming that the plasma control system shuts off the plasma within a
few seconds of detection of loss of coolant pressure, the plasma will be shut off long
before the coolant system is fully depressurized. Note that there are a number of ways to
detect such a loss of pressure, such as a simple pressure detector in the coolant system,
or an overpressure detector in the reactor building. Hence, as with the LOFA case, for
the purpose of the LOCA analysis the plasma can be considered to be shut off instantly. -
For conservatism in the analysis, no credit is taken for heat removed by the escaping

coolant.

5.2.3.1. Simplified Analyses of Separate LOCA and LOFA

Assuming there is some capability for natural circulation of helium coolant in the blanket,
provided by an adequate driving head and by bypass valves around the helium
circulators, a substantial amount of heat can be removed by the naturally circulating
coolant as long as the coolant remains pressurized. Referring back to Figure 5.9, it can
be seen that as long as helium pressure is maintained at 10 MPa, the maximum first wall
temperature remains below 550 degrees C for a first waﬂ coolant channel diameter of 4
mm, which is the diameter adopted for Blanket Design 1. It is clear, theﬁ, that natural

circulation is completely adequate to prevent the first wall from failing, or even from

25pased on design-basis accident analyses of High-Temperature Gas-Cooled (HTGR) fission reactor
designs, for example, see G. Melese and R. Katz, Thermal and Flow Design of Helium-Cooled Reactors,
American Nuclear Society, La Grange Park, IL, p. 243. This reference states that for a 3000 MWth
HTGR design-basis LOCA, it takes over 100 seconds for the coolant system to fully depressurize.

26]. P. Holdren, et.al., "Report of the Senior Committee on Environmental, Safety, and Economic
Aspects of Magnetic Fusion Energy (ESECOM)," Lawrence Livermore National Laboratory Report
#UCRL-53766 dated September 25, 1989.



exceeding normal operating temperatures, provided that there is a modest driving head
(2 meters was assumed in Figure 5.9) and the normal helium coolant preésure is
maintained. The capability of natural circulation to reduce the maximum temperature of
the first wall decreases markedly as helium pressﬁre is decreased. It is reasonable to
assume that the coolant does remain pressurized following a LOFA, however, since the
most likely cause of a complete LOFA, namely a loss of site power, would probably not

also result in a break in the helium coolant containment.*

During a LOCA, the helium pressure rapidly decreases to atmospheric pressure, greatly
reducing the density of coolarit in the blanket, and consequently, the coolant's ability to
remove heat efficiently. Since a LOCA presumes a break in the helium coolant
containment, it is conceivable that air gets sucked into the coolant system as a result of
the LOCA, especially if the break occurs directly upstream of a helium circulator. Since
air has a specific heat almost five times lower than helium, an air ingress will further
degrade the ability of the coolant to remove heat ﬁbm the blanket. However, presuming
that the helium circulators continue to function following the LOCA, the depressurized

coolant will continue to circulate in the blanket, and heat will be removed.

| To see the effect of a LOCA with and without air ingress, simplified analyses are

performed to determine the maximum first wall temperature during a LOCA. The first

analysis assumes that no air enters the helium loop during the LOCA (perhaps because
the leak is relatively small). The second analysis assumes ALL of the helium in the

| coolant loop is replaced by air. For both analyses, the helium circulators are assumed to

continue operating. Since the operating head-flow curve as a function of pressure for

the helium circulators depends on their detailed design, for these analyses it will be

# During the LOFA analysis in the present work, it is asssumed that the coolant pressure remains at the
design operational pressure (10 MPa). It is assumed that relief valves maintain the coolant pressure at
roughly operational pressure, even if the coolant expands during the accident.
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assumed that the volumetric flow rate through the circulator is the same before and
after the LOCA. In other words, the depressurization of the coolant has no effect on the
volumetric flow through the helium circulator, or thorough the coolant channels. As was
done for the natural circulation analysis in Section 5.2.2.3, all of the afterheat from the
first wall channels is assumed to be deposited in the coolant (either helium or air). The

results of these simplified LOCA analyses are shown in Table 5.11.

Table 5.11. Simplified LOCA Analysis Results

‘ Coolant Type in Coolant Loop Maximum First Wall Temperature
Helium 460 degrees C

Air 1260 degrees C

As shown in the table above, with helium in the loop, the maximum temperature for the
ﬁrét wall during a LOCA with continued helium circulator operation is below the
maximum normal operating temperature for the first wall. This is because the reduction
in heat removal capability caused by depréssurization is more than balanced by the
reduction in heat load caused by the plasma being extinguished. However, if air is
assumed to displace the helium in the loop, the maximum first wall temperature rises to
1260 degrees C. This maximum temperature occurs at the outlet of the first wall
channel, and is much larger than the temperature seen with helium coolant because of the
dramatic difference in specific heat between air and helium. As discussed in Section

- 5.2.3.6, 1260 degrees C is well above the temperature at which the MT-9 structure
would be expected to fail, even under very low stresses. Hence, this simpiiﬁed analysis
indicates that for a LOCA which involves a substantial air ingress, there is a concern for
structural failure. However, as will be shown in the detailed accident analysis later in

Section 5.2, which accounts for thermal conduction within the blanket, the simple
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analysis method used above significantly overestimates the temperature in the first wall

during a LOCA with air ingress.

From the simple analyses above, it is clear that for a LOCA without air ingress or a
normal LOFA, Blanket Design 1 will not be damaged. For a LOCA with air ingress,

* there is a potential concern for structural damage, based on the simplified, conservative
analysis perfohned so far. The accidents analyzed so far involve a single failure (e.g. loss
of power to the pumps, or a coolant line break). We turn now to a more severe, and less
likely scenario, a LOFA without natural circulation. In this worst-case type of accident,
it is assumed the helium circulators fail but there is no natural circulation of coolant.

This is quite unlikely, but conceivable, and involves a second failure (for example,

- perhaps a bypass valve around a circulator fails to open upon loss of flow, prevent'mg the
blanket region served by that circulator from obtaining natural circulation of coolant).
This is the worst type of undercooling transient the blanket can undergo, since the
capability of the coolant to remove heat is eliminated by the flow blockage, but the
pressure stress in the coolant channels from the high pressure coolant still exists.
Showing that a blanket design can survive an accident which is so severe greatly

enhances the desirability of such a design from the safety point of view.

The No-Flow LOFA, as we will call this accident, proceeds as follows. Upon initiation
of the LOFA, the helium circulators coastdown as usual, but following coastdown the
helium coolant in the blanket ceases to move. The No-Flow LOFA thereby eliminates
the ability of the coolant system to remove heat. Hence, the only method by which heat
can be removed is via conduction through the blanket, and then by radiation across the
vacuum gap to the cooler shield. To analyze this accident properly requires that a time-
dependent heat transfer model be developed for the entire blanket. This model is now

developed.
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5.2.3.2. Afterheat Calculations

The first step in analyzing a blanket design for the No-Flow LOFA invoives
determination of the afterheat as a function of position in the blanket. To do this, the
neutron flux data for a particular position in the blanket are obtained from the
TWODANT code and fed into the REAC3 activation code. REAC3 outputs the
volumetric heating as a function of time for a particular position in the blanket. It is
‘impra‘ctical to run the REAC3 code for every point in the blanket. Instead, REAC3 runs
are performed for three positions in the blanket: the first wall, the middle of the blanket,
and near the back of the blanket. This yields volumetric afterheat values as a function of
time for three positions in the blanket, as shown in Figures 5.12 and 5.13. In generating
these figures, a wall load of 4 MW / m” is assumed. This corresponds to the average
outboard blanket wall load (see Section 5.1). This wall load is applied for three full

power years (corresponding to five years at a duty factor of 0.60).

Figure 5.12. Afterheat of 100% MT-9 in Blanket Design 1
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Figure 5.13. Afterheat of Breeder Regions in Blanket Design 1
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In a blanket with MT-9 structural material, lithium oxide breeder and beryllium
multiplier, the predominant producer of afterheat is the MT-9 structure, as can be seen
by comparing Figures 5.12 and 5.13. Beryllium produces very little afterheat; roughly
10° MW / m® for locations near the first wall for the first few hours after shutdown.
By comparison, MT-9 produces between 0.1 and 1.0 MW / m’ for locations near the
first wall during the same period. Lithium oxide pro-duces‘a.ﬁerheat mainly via the decay
of two isotopes produced during irradiation: tritium and N-16. Of these, N-16
contributes the most initially, but has a very short halflife (7 seconds). The results in
Figure 5.13 show the effect of the N-16 decay. After N-16 decays, the tritium decay
dominates, but at a level far below the afterheat level for the MT-9. Note that the resuits
shown in Figure 5.13 assume all of the tritium generated in the blanket remains in the
blanket. Since the purge flow is in fact removing the majority of the tritium generated,

Figure 5.13 represents a very conservative curve for breeder afterheat.
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To obtain the afterheat for regions of the blanket other than those analyzed using
REACS3, it is assumed that the afterheat drops exponentially as one goes deeper into the
blanket. This is not strictly true, however, especially for MT-9. As can be seen in Figure
5.12, the afterheat curve for MT-9 for the first wall has a more substantial initial peak,
and decays away more rapidly with time than it does in the interior regions of the
blanket. This is because the higher energy neutron flux near the front of the blanket
generates more higher energy, short-lived isotopes in the MT-9. These isotopes decay
away rapidly, however, and the curves for the three regions become similar in shape a

few hundred seconds after shutdown.

To conservatively account for this fact, the afterheat-vs.-time curves for regions in the
front half of the blanket (from O to 19 cm from the first wall) are assumed to have a
shape similar to that of the top curve in Figure 5.12. For regions further back, the
afterheat curve shapes are assumed to be similar to the those of the bottom two curves in

~ Figure 5.12.

102



5.2.3.3 One-D Model for Accident Analysis

The model used for the accident analysis is based on the nested shell blanket design
discussed in the sections above. The finite difference heat transfer code HEATINGS is
used to calculate the temperature distribution as a function of time in a one-dimensional
model of the blanket. The one-D model is based on taking a slice through the center
section of the blanket module. Such a model, though computationally simple and
requiring only 2 modest amount of computing time (less than a half-hour on a CRAY-2/8
machine for the transients of interest here), does not account for "end-effects” at the
ends of the module. Thus, the temperature versus time plots calculated herein should be
considered estimates. To obtain truly accurate results, a full, 3-D model, requiring much

more computing time and effort, would have to be used.

Figure 5.14 shows the 1-D model geometry. In this figure are shown the various regions
in the model, beginning with the first wall at the top of the figure, and ending with the
shield at the bottom of the figure. The region thicknesses are shown, as well as the
region compositions, by volume fraction. Note that the scale of the figure is

approximate.
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Figure 5.14. One-Dimensional Model for Accident Analysis
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The bed thicknesses of Figure 5.14 correspond to the thicknesses that were shown in
Table 5.6. The channel thicknesses of Figure 5.14 are larger than the channel diameters
shown in Tables 5.7 and 5.8, because the channel wall thickness has been accounted

for.27

The volume fractions in the mixed bed regions assume a 3:1 beryllium to lithium oxide
ratio, a pebble porosity of 0.10, and a total pebble packing fraction of 0.80, as discussed

Figure 5.15. Geometry of a Channel in previous sections. The volume fraction

in the shell regions are based on a shell
geometry as shown in Figure 5.15. As
shown in this figure, the channel wall
thickness is defined as the thinnest portion

of the channel wall.

The arrows pointing at the shield region in Figure 5.14 signify cooling by radiation
across the vacuum region between the back of the bianket and the front of the shield.
The emissivity of the MT-9 on either side of the vacuum region is assumed to be 0.7 for

this analysis.2® The rate of radiative heat transfer between parallel surfaces at

temperatures 7, and 7, and emissivity ¢ is as follows:?

27The wall thicknesses were chosen as the largest of two values: the minimum thickness required to
contain the assumed 10 MPa helium coolant pressure (t = Pr/S, where P=10 MPa, r= the channel radius,
and S is the stress corresponding to 1% creep after 3 years of continuous operation at 500 degrees C),
and the minimum thickness allowable to ensure structural ruggedness. The requirement for ruggedness
was set, somewhat arbitrarily, at a value equal to /7. For the channel thicknesses of concern here, the
wall thickness is always governed by the ruggedness requirement, and the wall thickness between
channels is twice the thickness required for ruggedness. Hence the coolant channels are all quite over-
designed for the helium pressure.

28The emissivity of oxidized HT/MT-9 is expected range from 0.7 to 0.8 for temperatures between 0 and
900 degrees C, based on data from other, similar metals (see The Materials Handbook for Fusion Energy
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where o is the Stefan-Boitzmann constant (5.67 x 10° W/ m”*K"). Using an emissivity

6D | Q

of 0.7 results in Q = 0.5 (7,* - I'*). This formula is used in the HEATING3 code. The
shield is assumed to be held at a constant temperature of 100 degrees C by natural
circulation of the shield water. The following section discusses the modeling of the

shield region. .

3.2.3.4. The Shield Model

The shield is insulated from the blanket by a vacuum break, generates only a small
amount of heat during operation (as compared to the blanket). Because the shield
generates such a small amount of power during reactor operation, the heat generated by
the shield is not used for electrical power generation. Hence, there is no need to
generate steam from the shield water coolant system, and it can be designed to operate
with depressurized water below 106 degrees C. The exact operating temperature of the
shield depends on the design of the shield cooiing system, which is discussed in Chapter
6. '

For the purposes of the present analysis of the No-Flow LOFA, the shield temperature is
“an irnportant. input because the shield is the only heat sink available to the blanket. Past
~ analyses of blanket casualties, notably the comprehensive blanket accident survey |
performed by Massidda,30 have assumed that the shield water remains stagnant during

Systems, USDOE Report #DOE/TIC-10122, McDonnell Douglas Astronautics Co., Initial Issue April
30, 1980). In the present analysis, 0.7 is adopted for conservatism.

29From T. Baumeister, editor, Mark's Standard Handbook for Mechanical Engineers 8th Ed., McGraw-
Hill, New York, 1978, p. 19-36.

30]. Massidda and M. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion Reactors,”
MIT Plasma Fusion Center Report PFC/RR-87-18, October 1987.
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the blanket accident. This assumption, while conservative, tends to make the first wall of
the blanket experience high temperatures for very long periods of time in the event of a

blanket LOCA of LOFA.

The present study determines, in Chapter 6, whether natural circulation of the shield
water can minimize thg: temperature of the shield enough to help reduce the length and/of
magnitude of the first wall temperature excursion following a blanket accident such as a
LOCA or LOFA. It should be noted that the shield water system can be designed in
such a way as to guarantee natural circulation of the shield water in the event of a LOFA
in the shield water system, without relying on bypass valves (which could always stick

- shut). Whereas the helium circulators serving the blanket require bypass valves to permit
natural circulation during a LOFA, the shield water system, since it is a water system'
requiring low flow rates and negligible pumping power, can be designed with jet pumps
located outside the main shield water flow stream. The jet pumps, ifthey failed (as they
would if the blanket LOFA was caused by a loss of site power), wbuld thereby not
create resistance to the natural circulation of the shield water. As is shown in Chapter 6,
the natural circulation of water in the shield system will, with proper system design,
maintain the shield temperature below 100 degrees C for the duration of 2 No-Flow

LOFA. Hence, this is the shield boundary temperature used in Figure 5.14.

3.2.3.5. Results of the No-Flow LOFA Analysis

All of the required information is at hand now to perfor\m'the No-Flow LOFA thermal
analysis on Blanket Design 1, the nested shell design with MT-9 structure and a mixed
bed of lithium oxide and beryllium. The results of this analysis are shown in Figures 5.16
and 5.17.
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Figure 5.16 shows the temperature response of the first wall after the accident. It peaks
at 772 degrees C about 4 hours (15,400 seconds) after the onset of the accident and
steadily decreases thereafter, approaching the normal operating temperature of 550

degrees C at the 30 hour (108,000 seconds) point.

Figure 5. 16, Temperature of First Wall of Blanket Design 1 After
No-Flow LOFA

800

700

600

First Wall Temperature (°C)

0 0.25x10° 0.50x10° 0.75x10° 1.00x10° 1.25x10°

500

Time After Shutdown (sec)

Figure 5.17 shows plots of temperature versus distance into the blanket at five different
times: at shutdown, one minute after shutdown, 7.6 hours after shutdown, 13 hours
after shutdown, and 32 hours after shutdown. The "at shutdown" curve shows the
normal operating temperature distribution in the blanket at the hottest point in the shell,
the helium coolant outlet side. This maximum temperature points in this curve are the
central portions of the 13 mixed bed regions. The minimum temperatures correspond to
the coolant channels. The flat portion of the temperature curve at the back of the

blanket is the plenum region. This region is where the inlet and outlet manifolds for the
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helium are, and the normal operating temperature chosen for this region is 350 degrees
C, which is the average between the helium inlet temperature of 250 degrees and the
outlet temperature of 450 degrees. The curve at one minute after the accident shows
fewer temperature peaks, since the mixed bed regions have stopped generating heat and
the temperature is equilibrating through them. The curve for 7.6 hours after shutdown

shows a first wall temperature of 750 degrees C (which occurs after the maximum first

Figure 5. 17; Temperatures In Blanket Design 1 After No-Flow LOFA
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wall temperature of 772 degrees C). By this time, the temperature peaks in the mixed
bed regions have all equilibrated away. The temperature at the back of the blanket has
increased to almost 400 degrees, and is radiating to the shield, which is assumed to be at
100 degrees C. By 13 hours after shutdown, the afterheat in the blanket has substantiaily
dropped, and the first wall temperature has also, although the back portion of the bianket
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