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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 significantdisadvantageof helium, however, is its
low density and volumetric heat capacity. This disadvantage manifestsitself 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
performssignificantlybetter during such accidentsthan current designs. The proposed
blanket uses reduced-activation ferriticsteel as a structuralmaterial and is designed for
I,,eutronwall loads exceeding 4 MW/m z. The proposed geometry is based on the
nested-shell concept developed by Wong,_ but some novel features are used to reduce
the severityof the first wall temperatureexcursion. These features include the following:
(1) A "beryUium-joint"concept is introduced, which allows solid berylliumslabs to be
used as a thermal conduction path from the first wall to the cooler portions of the
blanket. The .jointconcept allows for significantswelling of the beryllium(10 percentor
more)without developing large stressesin the blanket structure. (2) Natural circulation
of the coolant in the water-cooled shield is used to maintain shield temperaturesbelow
100 degrees C, thus maintaininga heat sink close to the blanket during the accident.
This ensuresthe long-termpassive safetyof the blanket.

By using jet-pumps in the shield water system, bypass valves around the shield water
coolant pumps are not necessary, hence natural circulationof the water can be assured.
The peak first wall temperatureduringa complete LOFA is less than 700 degrees C.
Therefore,the blanket can withstand such an accident without any damage even if the
heliumcoolant system remainspresgurized.

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

I C.P.C. Wong, et.al., "Blanket Design for the ARIES-I Tokamak Reaetor,'Proc. IEEE 13th S_np. 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 afierheat 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 !ntrod,,,uction
"The he_,ens declare the glory t?fGod,"

arm 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)

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 reactorsm

will decay much faster 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

tj. p. Holdren,et.al.,"ReportoftheSeniorCommitteeon Environmental,Safety,andEconomic
ofMagneticFusionEnergy,"LawrenceLivermoreNationalLaboratoryReport#UCRL-53766dated
September25, 1989.

2U.S.Congress,Officeof TeclmologyAssessment,Starpower:The U.S.and the InternationalQuestfor
FusionEnergy,OTA-E-338(Washington,DC:U.S. GovernmentPrintingOffice,October1987).
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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-ease 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 alloy

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 fight, 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 consequences 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 fen'itic

steel structure. Because they are in common use in engineering and nuclear applications

currently, 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 becomes essentially useless for heat removal, and the afterheat fi'om 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 l and 2). Blanket Design l is a modification of a previously

developed design, and is used as a starting point to establish t_e required overall blanket

and shield dimensions. Analysis of Blanket Design l, 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 Configuration
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 assumption 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 in 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 ArrangemenP

VALVES

PUMPS VACUUM
PUMP SHIELD

Near-term fusion power reactors will probablyfuse deuteriumand tritiumto generate

power, simplybecause this reaction has the largest fusion cross-section of the available

reaction types, and has been the most studied. This reaction is shown schematicallyas

follows:

(21) _D 3 4He(3.52MeV) '• +_T ::, +0n (14.1MeV).

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

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

3C. C. Baker,et.al., "STARFIRE- A Commercial TokamakFusionPowerPlant Study,"Argonne
National LaboratoryReport#ANL/FPP-80-1, 1980, Volume 1, Chapter2, Figure2.2.
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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 protect the

superconducting magnets from radiation damage and from an excessive neutron heat

load.

#Notethatsincetheneutronsareuncharged,theyarenotconfinedin the tokamak'smagneticfieldwith
themainfusionplasma. Hence,all neutronsgeneratedin the D..Treactionimmediately travelto,
impacton andpenetrateintothe blanket,wheremostof theirkineticenergyis convertedtothermal
energyastheyslowdown.

17
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CtTapter3 Neutronics, Activation and He..at
TransferCodes
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 position 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 neut,'on 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. l It basically involves solving the time-independent inhomogeneous

Boltzmann transport equation. This equation, in one spatial dimension, can be written as

follows:

lA.Henry,Nuclear-ReactorAnalysis,TheMITPress,Cambridge,MA, 1982.
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V.g2_l,(r.l:'.gl)+_ (r,E)_l,(r.E,Fl)

=j'IaEan , (r.L"--, ),,
(3.1)

l IIdE'df2' x ,+_ (r,t:" -_ E)vc_ (r,E')_v(r,t:",f2')
4x

+S(r,E,_)

where _, (r,E,_) is the neutron flux defined such that _ (r,E,_) dE df'dG is the flux

in the energy range dE about E, in the volume element dI."about r, with a direction of

motion in the solid angle element d,Q about __. S(r, E,_) is the source rate of

neutrons, and is similarly defined, o is the total macroscopic cross section, and or,is the

macroscopic probab;lity of scattering from energy E' to E through an angle _. fl', and

the macroscopic fission cross section is 6f. The fission term is used for reactions such

as (n,2n). The number of particles emitted isotopically (1/47t) per fission is v, and the

fraction of these panicles 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 turn

generate additional neutrons, TWODANT as well as most other neutronics codes are

capable of treating neutrons and gammas as a coupled set.

A numberof neutronicscodesexist whichsolvethe Boltzmannequation,suchas

ANISN 2, TRISM 3, ONEDANT 4,andTWODANT 5. Previousfusionreactorstudiesat

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

3j. Davidson, et.al., "TRISM, A Two-Dimensional Finite-Element Discrete-Ordinates Transport Code,"
Los Alamos National Laboratory draft report, 1986.
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/he MIT Plasma Fusion Center have used the ONEDANT code, which is a one-

dimensional discrete-ordinates neutron transport code 6 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 polynomial 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 P0 for a zeroth-order

expansion, P1 for a first-order expansion, etc. The order used for the present calculations

is

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 SN, where N is the number of quadrature directions is plane geometry. Order

$12 was used for the present work.

41LO'Dell,F. Brinldey,Jr.,andD.Man', "User'sManualforONEDANT:ACodePackageforOne -
Dimensional,Diffusion-Accelerated,Neutral-PanicleTransI)ort."LosAlamosNationalLaboratory
regx)nLA-9184-M,February,1982.

5R.Alcouffe,F.Brinkley,Jr.,D.Man"and R.O'Deli,"User'sGuideforTWODANT:ACodePackage
forTwo=DimensionalDiffusion-Accelerated,Neutral-ParticleTranslx)rt,"LosAlamosNational
Laboratoryreg)onLA-10049-1_LRevision1, 1984.

6j. MassiddaandM. Kazimi,"ThermalDesignConsiderationsforPassiveSafetyof FusionReactors",
MITPlasmaFusionCenterReportPFC/RR-87-18,October1987.

7M.Koch,"AComparisonofRadioactiveWastefromFirstGenerationFusionReactorsand Fast Fission
ReactorswithActinideRecycling,"MITPlasmaFusionCenterreportPFC/RR-91-9,April1991.
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In principle it is simple to run TWODANT. The user supplies the appropriate geometry

tbr the problem, which includes the materialcompositions 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 Boitzmann equation, and is all TWODANT needs to

provide the neutron flux distributionas a function of position within the blanket.

The geometry and source term data are easy for the user to generateand supply to

TWODANT. The cross-section information, however, requires a bit more work. This is

because standard cross-section data flies 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 appropriatecross-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, s the purpose of which is to convert standardcross-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.

SR.E.MacFarlane,"TRANSX2:A CodeforInterfacingMATXSCross-SectionLibrariestoNuclear
TransportCodes,"LosAlamosNationalLaboratory,May20, 1992.
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3. i. 1 The TRANSY lnterfacine 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 form. 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 MA .TXSCross.Section Libraries

The MATXS format is a standard for material-ordered cross-libraries. 9 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

9Formoreinformationof theMATXSfile structure,seeChapterIV ofR. E. MacFarlane,"TRANSX2:
ACodeforInterfacingMATXSCross-SectionLibrariesto NuclearTransportCodes,"Los Alamos
NationalLaboratory,May20, 1992.
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the MATXS tbrmat correspond to the fission and (n, y) cross-sections. A variety of

MATXS libraries exist, some tailored for fusion applications, some more useful for fast-

reactors. There are also MATXS libraries suitable for light-water reactor and shielding

problems. The MATXS5 library was used for the present work. This library, which is

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 P4 (TRANSX is used to convert the MATXS5 library into a P3 group-

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

3.1.3 Neutronics Model Geometre
l

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 model. 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 (a/R) of the tokarnak,

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 toroidai "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. I. 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 Ro /R, where Ro 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 toms wall (point A in

Figure 3.1) has a line-of-sight to a greater volume of plasma than does a point on the

inner portion of the toms 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 neutr¢_ wall load is higher 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 variations

in density and temperature as one moves from one poloidai 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 1°
To account for both the

z I/R geometry effect, and
1.8

the poloidai variation in
1.8

i I._ neutron wall load, the
a 1.2

following procedures are

" used. First, the non-
z 0.8
O

uniform wall loading is= o.s
Z

a_ averaged, prior to being

0.2 used as an input to the
0 - - - !r _ '_ - T - - " lr - - " z' - "'- _ Jn- J z' " " - rl'" " * r J J'" ,

leo 1so14o12o loo eo 6o _ 2o o TWODANTcode, This
POLOIOALANGLE(dqrml

averaging procedure is

described in more detail in Section 5.1.

t°fromITERDocumentationSeries.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 I MW / m 2 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 / Ro = 7 / 6 = 1.17 MW / m2 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.

Finally, the TWODANT neutron flux output data is corrected using the inverse of the

geometry factor used for the wall load, that is, R o / R. See Appendix 1 for further

details on how the I/R geometry factor was accounted for ealculationally. 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

r,,,
Inboard Outboard
Section Section

To model the blanketconfigurationshown aboveusing TWODANT,we makea vertical

slice throughthe centerof the plasma,separatingthe probleminto two parts,one part

correspondingroughlyto the inboardblanket/shieldsection,andthe other part

correspondingto the remainingoutboardsection(see Figure3.4.)
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Figure 3.4. Separation of Blanket/Shield into Halves

z

Inboard
Section Outboard

CL Section

I
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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 isotropie 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 vacuum port or into the

divenor), 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 b!anket 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.



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, l_ 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

TheprevioussubsectionsdescribedtheTWODANT codeandits supportingcode

TRANSX Theprimary outputof TWODANT istheneutronflux as a functionof

positionin theblanket. In order to calculatevolumetricheatingratesduring reactor

operationandaftershutdown,it isnecessaryto calculatehow theneutronflux activates

isotopesin theblanket. Thisis thepurposeof theREAC code.12 REAC is a codewhich

calculatesthechangein compositionof materialsin a neutronradiationfield andalsothe

activationof the irradiatedmaterials. The transmutationof a setof nuclidesexposedto a

neutronflux canbeexpressedwith the followingequation:

dN,(t.._.__)= do(t)._. Nj(t) trj_,, + _ 2,_.,N,(t)dt
(3.2) J *

-d_(t)N,(t). _. o;,_,,-N,(t)_ 2 ,_.,
i m

where N,(t) isthenumberdensityof nuclidei attimet, _(t) is thetotal neutronflux,

o'j_,,isthespectrumaveragedcross-sectionfor changingnuclidej into nuclidei, and

tIU. Fischer,"Qualificationof NeutronicBlanketandShieldingCalculationsin a One-Dimensional
Approachtoa TokamakReactor,"FusionTechnology,Vol.22, September1992,p.251.

12F.M. Mann."REAC*2:UsersManualandCodeDescription,"WestinghouseHanfordCompany
Report#WHC-EP-0282,datedDecember1989.

31



2.,,, is the decay constant for nuclide k changing into nuclide I 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, REAC3 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., Aflerheat Calculations,

REAC3 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 2's of Equation 3.1. The cross-

section library holds over 6,000 reactions covering over 325 isotopes, and uses a 63

energy group structure. The decay data library contains data for over 1,250 nuclides,

which are the nuclides which earl 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 _3to perform this conversion for ONEDANT flux files. This

13j.MassiddaandM. Kazimi,"Thermal-DesignConsiderationsforPassiveSafetyof FusionReactors",
MITPlasmaFusionCenterReportPFC/RR-87-18,October1987.
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code was modified for the present work to perform the conversion on TWODANT flux

files,

3.,3The HEATING H.e..,atTran..sfer,,Code

Oncethe decayheat,or aflerheat,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 HEATING3 is used. _4 Originally

developed at Oak Ridge National Laboratory 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.

Oncethe geometry, volumetric heat generationrates,andboundary conditions are

known, the HEATING code is capable of solving the 3-dimensional heat conduction

equation, namely:

aT
= V. kVT + q"',

(3.3) pc;, 0 t

where p is the material density, % 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 l-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.

t4W.D.TurnerM.Siman-Tov,"HEATING3- An IBM360HeatConductionProgram,"OakRidge
NationalLaboratowReport#ORNL-TM-3208,Febnhaty,1971.
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Cha ter 4 Past Blanket Desi n Conce ts
Over the last decade or so, there have been a number of different helium-cooled fusion

blanket design 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 Pressurized Module Desi¢/ns

One of theearliestdesignsusespressurizedmodulesor canisters_'.,hichwrappoloidally

aroundthe insideof the reactor.=Thesemodulesare roughlyone-thirdof a meterin the

toroidaldirectionandhalf a meterlong radiallyandcontainthebreeder,whichis 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 ensureflow distributionto the regionsbetweenbreederplates,a largegap is

neededbetweenthe first wall andthebreederplates. Thisgapcreatesa significantthermal

barrier to heattransferfrom thehot first wall to the restof theblanketandmakes

IM. HuggenbergerandK. Schultz,"Hcliam.CooledSolidBreederBlanketDesignfora TokamakFusion
Reactor,"NuclearTechnologyFusionVoi.4, November1983,p. 456.
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Figure 4.1. Pressurized Mod¢le Dcsi_ -_
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sustaininga LOCAor LOFAdifficult. This designhas in factbeen analyzedfor these

casualties, and unacceptablyhigh temperatureswere shownto occur at the firstwall.2

More recently,various othercanister-typedesignshave been proposed,4_e 7s 9 and

although they differfromthe originalconceptin detail, all have the characteristicof

2j. E. Massidda and M. S. Kazimi, "Thermal Design Considerations for Passive Safety of Fusion

Reactors," DOE/ID4)I570-3, PFC/RR-87-18, October1987.

3C.P.C. Wong, eL al., "Helium.Cooled Blanket Demgns," Fusion Technology, Vol. 8, 1985, p. 114.

4L. Anzidei, eL al., "I1Mantello - A Helium Cooled Solid Breeder Blanket for NET," Proc. 14th Syrup.

on Fusion Technology, Avignon, 1986, p. 1299.

SE. ProusL et. al., "Progress in Fusion Reactors Blanket Analysis and Evaluation at CEA," Proc. lqth

Syrup. on Fusion TechnoloKv, Avignon, 1986, p. 1261.

6M. Alxkm, eL al., "A Helium.Cooled 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," Fuaon 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 1 MW / m', which is relevant for

ITER, but much too low for an economical power reactor. This analysis also assumed a
i

minimal flow of helium purge gas during the accident, which would require an active

safety system. _°

4.2, Pressurized,,,Tube De,sans

Another common design configuration consistsof an array of tubes carrying pressurized

helium which is embedded in the breeder/multiplier matrix. II 1213In thesedesigns,the

helium tubes are arranged more denselynearer the first wall to account for the higher heat

load there (see Figure 4.2.) The LOCA/LOFA performance of such designsdepends

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

designsseem to offer more potential than the module designsfor surviving such an

8A. Raffray,ct. al., "Hdium-CooledSolid BreederBlanketforITER," Fusion Technology, Vol. 15,
March 1989. p. 858.

9M. Chazalon,¢t. al., "NextE_ Toms In-Vessel Components," Fusion Technology, Vol. 14,
March i 988, p. 82.

l°Z. Gorbis,et. al., "LOCAStudyfora Helium-CooledSolid BreederDesign forITER,"Fusion
Technology, Vol. 15, March 1989, p. 821.

tim FerrariandG. Simbolotti,"Thermaland StressAnalysis of the Solid B.O.T. BlanketforNET,"
Proc. 14th Swnp. on Fuaon Technology, Avignon, 1986, p. 123!.

12M.Dalle Donne, et. al., "PebbleBed Canister:A CeramicBreederBlanketwith Helium Cooling for
NET,"Proc. 14thSyrup.on Fusion Technology, Avignon, 1986, p. 423.

13A.Cardeila,et. al., "DesignandThermohydraulicOptimizationof a Solid CeramicBreederBlanketfor
NET,"Proc. 14thS.wnp.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 Tu.be Design _4
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4.3 Nested Shell Des_qn

Thisdesiguconceptisthenewest of theconceptsdiscussedhere,andwas usedin the

AR_S-[ design_5_6. In thisdesign,pressurizedheliumis circulatedin channelswhichare

14M. FerrariandG. Simbolotti,"ThemaalandStressAnalysisof the SolidB.O.T.BlanketforNET,"
Proc. 14thSyrup.on FusionTechnology,Avignon,1986,p. 1232.

I_F.Nail, et.al., "TheAR$ES-ITokamakReactorStudy,FinalReport,"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 17
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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., "BlanketDesignfortheARIES-ITokamakReactor,"Proc.1EEE13thSyrup.on
FusionEng.,Knoxville,TN, 1990,p. 1035.

]TF.Najmabadi,"TheARIES-ITokamakReactorStudy.,FinalReport,"VolumeII,Universityof
Californiaat LosAngelesReport#UCLA-PPG-1323,1991,p.8-7.

39



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 Hefium-Particulate Desiqns

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._s _9 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 efficiencyz°.

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.

lSc. Wong,et.al., "ALi-ParticulateBlanketConceptforITEIL"FusionTechnologyVol. 15,March
1989,p. 871.

19y.Gohar,et.al.,"Helium-CooledLithiumCompoundSuspensionBlanketConceptforITEIL"Fusmn
Technology,Vol. 15,March1989,p.876.

2°S.Mori,et. al., "PreliminaryDesignofa SolidParticulateCooledBlanketfortheSteadyStateTokamak
Reactor(SSTR),"Fusion TechnologyVol.21,May1992,p. 1744.
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4.5 Breeder, Neutron Multiplier, and Structural Materials

Many issuesareinvolvedwith theselectionof"thebreeder andneutronmultipliermaterials

in a fusionblanket,aswell aswith the formill whichthematerialsareused(e.g. slabs,

pebblebed, etc.) Any workablefusionblanketdesignmustaccountfor the following

considerations:(1) theallowableoperatingtemperaturerangesfor thematerials;(2)

irradiationeffectssuchasswellingandheliumproduction;(3) tritiumtransport

characteristics;(4) chemicalcompatibility;and(5) possiblycomplexthermalconductivity

characteristics,especiallywith pebblebeddesigns.

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 adequate tritium breeding performance, the breeder material used in a fusion

blanket should satisfy the following necessary criteria31 (1) Low tritium retention, to

minimize associated safety problems; (2) Chemical compatibility with structural and

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

21S.Mori.et.al.,"PreliminaryDesignofa SolidParticulateCooledBlanketfortheSteadyStateTokamak
Reactor(SSTR.),"FusionTechnologyVol.21,May1992,p. 1744.

41



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 C2223

ii i ii i

Breeder Matl: L!20* Li4SIO4"* LiAI02* Li2Zr03* Li2Ti03***,,

Li atom density: 750 kg/m 3 530 kg/m 3 220 kg/m 3 300 kg/m e 360 kg/m 3

Thermal Cond.: 4.0 W/m-K 1.4 W/m-K 2.8 W/m-K 1.4 W/m-K 1.9 W/m-K

General Upper
Temp. Limit • 850 o C 660 o C 970 ° C 970 ° C 920 o C

Creep Upper

Temp. Limit • 650 ° C 750 o C 1000 o C N/A .,, N/A
Temp. for 1 day

T,.,residence • 325 ° C # 380 ° C 430 o C 310 o C (380 ° C ?)
# 10gmgraindiameter. *** 15%porosity
• 1 _m graindiameter,20%porosity. **25 tungraindiameter,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,AnalysisandExperimentsforFusionNuclearTechnology,"PPG-1021
or UCLA-ENG-86-44orFNT-17, January1987.

23E. Proust.et.al.,"SolidBreederBlanketDesignandTritiumBreeding,"FusionEng_neenngand 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 blanket 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 time 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 which 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 are24:(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,Analysisand ExperimentsforFusionNuclearTechnology(FNT
ProgressReport:ModelingandFINESSE),Universityof Californiaat LosAngelesreportUCLA-ENG-
86-44,January1987.
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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 breeder designs. The lower limit is a

creep limit which may 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 10-6 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. 25

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 (Li20) 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

multiplier 26,though most blanket designs incorporating lithium oxide use some multiplier

material as well. Lithium oxide generates virtually no at_erheat, 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., "NextEuropeanTorusIn-VesselComponents,"Fusion Technology,Vol. 14,
March1988,p. 82.

26U.Fischer,"Qualificationof NeutronicBlanketand ShieldingCalculationsin a One-Dimensional
Approachto a TokamakReactor,"FusionTechnology,Vol.22. September1992,p, 251.
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excellent breeding perfbrmance 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 ofa LOFA or

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

concerns. The sintering limit is set at 0. 66. Tmel,, where T_, is the melting point of

lithium oxide, based on fission reactor experience. 27

A major issue of concern for lithium oxide is its chemical compatibility with the neutron

multiplier beryllium. There is a high chemical potential for reaction between these

materials, which may be inhibited by the formation of a thin beryllium oxide layer.28 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

blanket. How significant a concern this is requires further high-temperature, in-situ tritium

extraction tests.

Lithium Orthosilicate

Like lithium oxide, lithium orthosilieate (Li4SiO 4) generates negligible amounts of

aflerheat. 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. AtxIou, et. al.,Modeling,AnalysisandExperimentsforFusionNuclearTechnology(FNT
ProgressReport:Modelingand FINESSE),Universityof Californiaat LosAngelesreportUCLA-ENG-
86-44,January1987.

28D. Smith,et.al,"ITERBlanket,ShieldandMaterialDataBase,"ITERDocumentationSeries,No.29,
InternationalAtomicEnergyAgency,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 (LiAIO 2 ) 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 aluminumin this breeder generates substantial amounts of afierheat,

making lithium aluminate less attractive from an accident/safety standpoint. It has good

thermal conductivity, however, and is highly resistant to creep. It has the highest tritium

residence temperature limit, but also has a high creep temperature limit andgeneral

temperature limit (governed by the 0.66. Tm_ltsintering value). Thus, its temperature

window is substantial.

L it.hium Zirconate

Because zirconium generates a very high level of afierheat, use of lithium zirconate

(Li2ZrO3) 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.29 However, this is an expensive process, and does not entirely

eliminate the problem. The thermal conductivity of lithium zirconate is also low; this adds

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

29F. Najmabadi,et.al., "TheARIES-ITokamakReactorStudy,FinalReport,"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

Lithiu m Timnate

Thedataon lithium titanate(Li2TiO_) area bit moresparsethan thatof 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 atterheat

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) o No data is currently available on creep characteristics.

Lit,h,ium-6 Enrichment

' Natural lithium is composed of 92.5 percent Li-7 and 7.5 percent Li-6. Both of these
i

lithium isotopes can generate tritium when bombarded by a neutron. The applicable

equations follow:

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

3°M.A.Alxlou,et. al., Modeling,AnalysisandExlaerimentsforFusionNuclearTechnology(FNT
ProgressReport:Modelingand FINESSE),Universityof Californiaat LosAngelesreportUCLA-ENG-
86-44,January1987.
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(4.2) Li- 7 + n (last) => 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 study 3_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, a: "1perhaps 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, requirea neutron multiplierto achieve the required tritium breeding

performance. Of the possible multiplierchoices, 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

31Ibid.

48



reaction._ The neutronmultiplication performanceof beryUiumis fi.irtherenhancedby its

low neutronabsorptioncrosssection_ Beryllium canbe utilized in a blanket in two

different forms: pure metallic beryllium and beryllium oxide. The following paragraphs

discussthesetwo options.
I

_re Beryllium

Pure beryllium has a melting point of 1280 degrees C (very much higher than its nearest

competitor, lead), and has relatively high strength. 33 Beryllium has an extremely high

thermal conductivity, and generates no atterheat. 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 concern 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. This 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 ofChemiswv, and Phys_cs, 58th Ed., CRC Press, Inc., 1978.

49



The mostimportantirradiationeffect for berylliumis its potentialfor 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.-.4 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
I

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." These are very large uncertainty ranges, and make

design analysis difficult. There are efforts underway to more fully characterize the

swelling performance of'beryllium, 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.37 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., "TheARIES-ITokamakReactorStudy,FinalReport,"UCLA-PPG-1323,1991.

35D. Smith, et.al,"ITERBlanket,ShieldandMaterialDataBase,"ITERDocumentationSeries,No.29,
InternationalAtomicEnergyAgency,Vienna,1991.

36G.R.LonghursLSummaryfortheBerylliumTechnologyWorkshop,,IdahoNationalEngineering
LaboratoryReport#EGG-FSP-10017,December1991.

37G.R.Longhurst,IdahoNationalEngineeringLaboratory,personalcommunication,April,1993.
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i

weldability. IM beryllium also has significantly greater thermal conductivity than PM

beryllium,-_s

Hervl!iun,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 beryliosis. 39 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.IL LonghursL 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

potential of helium-cooled blankets, it is desirable to have as large as possible difference
J

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 these 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; some porosity is necessary to allow tritium release). Temperature

control of the breeder and multiplierwas attained by suitable routing of the helium coolant

flow. Note that in the pressurized 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 ram) spherical pebbles, and
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inserted into the appropriate blanket region. By varying the pebble sizes and gas pressure

ofthe bed, the thermal conductivity of the bed can be varied 4° 4l 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. 42 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. 4a

A design constraint which must 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

* tile 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-fitth the bed width, and preferably less

than one-tenth. 4445

4°M.S. Tillack, et.al.,"Experimental Study oftheEffectiveThermalConductivit_of a PackedBedas a
TemperatureControlMechanismforITERCeramicBreederBlanketDesigns,"Proc.1EEE13thSyrup.on
FusionEng., Knoxville,TN,1990,p. 70.

41Z.R.Gorbis,et.al.,"ThermalResistanceGapsforSolidBreederBlanketsUsingPackedBeds,"Fusion
Technology,Vol. I5, March,1989,p. 695.

42U.Fischer,"OptimalUseof BerylliumforFusionReactorBlankets,"FusionTechnology,Vol. 13,
January,1988,p. 143.

" 43F.Najmabadi,et. al., "TheARIES-ITokamakReactorStudy,FinalReport,"UCLA-PPG-1323,1991.

44p.GierszewskiandJ.Sullivan,"CeramicSphere-pacBreederDesignforFusionBlankets,"{\emFusion
Engineeringand Design}, Vol.17, 1991,p.95.

451LMcGeary,"MechanicalPackingof SphericalParticles,"{\emJ.Amer.Cer.SOt},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, three-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. 46This

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, suffÉcientto allow the first wall to last for roughly 5 years at

a wall loading of 3-5 MW / m2; (2) high strength at high temperatures (up to 550

46W.R.FundamenskiandP.J.Gierszewski,"Comparisonof CorrelationsforHeatTransferin Sphere-Pac
Beds,"CanadianFusionFuelsProjectRei_rt#CFFFPG-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); 47 (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 a 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 reduce 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 discussionof typicalheliumimpuritiesin an HTGILseeG. MeleseandR.Katz,Thermaland
FlowDeagn of Helium-CooledReactors,AmericanNuclearSociety,1984,p.193.
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Ferritic Steels

Ferritic, or martensitic steels constitute a class of' stainless steels characterized

by having up to 27 percent chromium as an alloying agent. 4s Since ferritic 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. 495o

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'sStandardHandbookfor MechanicalEngineers, EighthEd.,McGraw-Hill,
1978,p.6-36.

49T.Lechtenberg,et.al.,in "FerriticAlloysforUsein NuclearEnergyTechnologies,"Prec.Top.Conf.
Snowbird,LIT,1983,MetallurgicalSocietyandAmericanInstituteof Mining,Metallurgicaland
PetroleumEngineers,NewYork,1984,p. 179.

5°H.Attaya,et.al.,ibid.,p. 169.

Thethermalstressfactoris definedask o (1 - v) / E o_,wherek is thermalconductivity,o is failure
stress,v is Poisson'sratio,E is Young'sModulus,ando_is the thermalexpansioncoefficient.

51D.L.Smith,et.ai.,"ReducedActivationStructuralMaterialsDevelopmentforDEMOFusionReactor
Applications,"ArgonneNationalLaboratoryReport#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. -_2

A significant amount of data has been obtained on the performance of ferritic steels under

neutron irradiation, including some of the reduced-activation ferritic steel options. 53

Although the radiation-induced swelling for ferfitic 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,

i Austen itic 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.KluelLet.al.,"Ferritic/MartensiticSteels:Promisesand Problems,"in FusionReactorMaterials
SemiannualProgressReportforPeriodEndingMarch31, 1992,U.S. Dept.ofEnergyReport#DOE/ER-
0313/12.

53R.L.KluelL"DevelopingSteelsforServicein FusionReactors,"Journalof Materials,April,1992,p.
20.

_4E.E.Bloom."StructuralMaterialsforFusionReactors,"NuclearFusion,Vol.30, No.9, 1990,p. 1879.

57



even at modest doses of neutron irradiation. For example, cold-worked CRES3 !6

irradiated at a neutron dose equivalent to 1 year of operation at a neutron wall load of 5

MW / m 2 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 much 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 2 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 austenitie 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

steels.575s 5960

55Ibid.

56Ibid.

57M. Ztlcchetti, M. Zublena, "A Study on the Pr_ forDevelopmentof a NewLowActivity
Austenitic Stainless Steel for Fusion Applications," Fusion Technology, 1988, p. 991.

5SA.Khursheed,et.al.,"ActivationofMaterialsfortheFusionRe, orFirstWall,"FusionTechnology,
1988.p.971.
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Silicon Carbide

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 characteristics 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.61

The low long-term activation of SiC would also greatly reduce radioactive waste disposal

concerns. 62 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 numberof 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 andjoining

59G. Piatti,et.al.,"Developmentof LowActivationCr-MnAusteniticSteelsforFusionReactor
Applications,"FusionTechnoloKv,1988,p. 983.

6°E.E.Bloom,"StructuralMaterialsforFusion.Reactors,"NuclearFusion,Vol.30,No.9, 1990,p. 1879.

6iF. Najmabadi,et.ai.,"TheARIES-ITokamakReactorStudy,Final Report,"UCLA-PPG-1323,1991.

62j.p. Holdren,et.al.,"Reportof the SeniorCommitteeon Environment,Safety,and EconomicAspectsof
MagneticFusionEnergy,"LawrenceBerkeleyLaboratoryReport#UCRL-53766,September25, 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. 6_

The current problems with SiC may simply be due to the fact that 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.,"ReducedActivationStructuralMaterialsDevelopmentforDEMOfusionreactor
Applications,"ArgonneNationalLaboratoryReport#ANL/ER/CP-76020,September1992.
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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 tmdercooling 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 l's pebble bed breeder/multiplier region with "beryUium-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.,.,B/anketDesMn Constraints

As hasbeendiscussedpreviously,therearemanyfunctionsthata fusionreactorblanket

mustperform. Foremostamongtheserequiredfunctionsare the following:(1) the

blanket must breed adequate tritium; (2) the blanket must provide (in conjunction with

the shield) adequate neutron 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.

Desijzn Constraint 1: Tritium Breedimz Ratiow

Perhaps the most critical blanket function is the requirement for adequate tritium

breeding, for ifD-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 sdf-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.CarrY,et.al.,"Analysisof theTritiumRequirementsfora PowerReactor,FusionTechnology,Voi.4,
1983,p. 805.

62



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 !.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 divenor. 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,3 and is consistent

with the one-D TBRs calculated for the Blanket Comparison and Selection Study

(BCSS) blanket designs.4 For the blanket designs developed herein, a design constraint

will be that the TBR must be at least 1.35.

Design Constraint 2: Magnet Radiation Limit

The primarypurpose 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,"Qualificationof NeutronicBlanketandShieldingCalculationsina One-Dimensional
Approachto a TokamakReactor,"FusionTechnology,Vol.22, September1992,p. 251.

3F.Najmabadi,et. al., "TheARIES-ITokamakReoA'torStudy,FinalRelmrt,"UCLA-PPG-1323,1991.

4j. E. Massiddaand M. S. KazimL_l'hermalDesignConsiderationsforPassiveSafetyof Fusion
_rs," DOE/ID-01570-3,PFCdRR-87-18,October1987.
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that for cases of interesthere, the enhancementof TBR is minimal. Hence, the primary

concern is protection of the magnets.

The fiuence limitused for the AKIES-Ireactor designmagnets is also used herein. The

ARIES-I magnets use Nb3Sn as the superconductor,andthe allo_able fast neutron

fluence is 1.0x 102.ǹ / m2. This fluence was chosen to ensure that the Nb_Sn

superconductor performs adequatelyover the life of the machine. This fluence should

also be low enough to ensure that the polyamide insulatortypicallyused for fusion

reactor magnetswill last the machine lifetime. As willbe seen, the requirementto keep

the neutron fluence seen by the magnets belowthis value will control the thicknessof the

inboard blanket/shield.

Design Constraint 3: Neutron Wall Loading

The lifetime of a fusionblanketis determinedchieflybethe maximumneutronfluence

sustainableby the blanket'sfirstwall. To determinethe operationallifetime,the neutron

fluxat the firstwallmust be known. Theneutronfluxat the firstwall mustalso be

specifiedin orderto sizethe inboardblanket/shieldto protectthe magnets,and to

determinethe activationof the blanketstructure.Because of the toroidalshapeof the

reactorand plasma,the neutronwall loadvariesas one travelsalongthe firstwall in the

poloidaldirection. This is discussedinChapter3. The neutronwallload peaksat a

poloidalangleof 0 degrees(along the outboardcircumference),and is smallestat

poloidalangles of roughly90 and270 degrees(the top andbottom). Calculations

performedfor a reactorof representativedimensions(R-5.8 m, a-l.6 m) have shown

thatthe peak neutronwall loadis 1.5 timesthe averagewall load, andtheminimumwall

load is 0.4 timesthe average,s These calculationsalso show thatthe averagewall load

51TERDocumentationSeries,No.3,IAEA,Vienna,1989,p. 308.
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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 / r_) 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

example, the ARIES-I study has an average neutron wall load of only 2.2 MW/m 2. For

the present scoping study, the ep_e._kneutron 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. l.)

Table 5.1. Neutron Wal! Loa_

Overall Average: 3.3 MW/In s

Outboard Blanket Average: 4.0 MW/m s

Inboard Blanket Average: 2.7 MW/m s

Peak Load (Outboard): 5.0 MW/m s

Peak Load (Inboard): 3.4 MW/m s

Minimm Load: 1.3 MW/In s

The outboard and inboard average wall loads are used to determine the blanket TBR

and to determine the av_ra,_eactivation and aflerheat 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.,BlanketComparisonandSelectionStudy(BCSS)- Final_ ArgonneNational
Laboratoryreport#ANL/FPP..g4-1,September1984.
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5.2., Blanket DeaCon!,-- Nested, Shell with Mi.x.edPebble Bed

Of the types of blanketsdescribedabove in the section on pastblanketdesignconcepts,

one of the morepromisingdesignsfromthe pointof view of survivinga LOCAor LOFA

accidentis the nested-shelltype. This blankethas a good thermalconductionpathfrom

the firstwallbackto the cooler interiorportionof the blanket. As discussedin Chapter

4, this blanketdesignalso has the advantagesof a relativelysimpledesign,a minimumof

criticalweldedjoints, anda smoothplasma-facingsurface. The nestedshelldesignis
[

thereforechosen for BlanketDesign 1, the firstblanketto be developed inthis work.

The benefitsof a pebblebedblanketarrangementhavebeendiscussedin previous

sections. To summarize,a pebblebed allows the designersomecontroloverthe thermal

conductivityof the blanket,whichis advantageouswhenattemptin8to maintainthe

breedermaterialwithinits operatingtemperaturewindow. Using berylliumin a pebble

bed configurationmayalso helpmitisate theeffectsof radiation-inducedswellingof

beryllium. However,the reductionin thermalconductivitycharacteristicof a pebblebed

has a negativeinfluenceonthe LOCA/LOFAaccident. BlanketDesign 1 willuse a

pebblebedfor its breederzone, but the thermalconductivityof the pebblebedwillbe

increasedas muchaspossible,by maximizin8the amountof hish-conductivityberyllium

inthe bed, and maximizin8 the size of the pebblesin the bed. In thiswaythe best

possibleLOFA/LOCAperformancewill be obtained,consistentwithobtainingan

adequatetritium breedingratio(TBR).

As discussed previously,mixingthe breederwith the multipliergenerallyresultsin a

better TBR thanif the samematerials(at the samedensities)were placedseparatelyin

the blanket. Such mixingalso increasesthe thermalconductivityof the bed, which helps

withrespectto the LOCA/LOFA. In orderto maximizethe thermalconductivityas
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much as possible for the mixed bed design, the breeder with the highest thermal

conductivity, namely lithium oxide, is chosen for Blanket Design I. 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/LOFA, by reducing the amount of aflerheat-producing structure.

There are chemical compatibility concerns for the lithium oxide/beryllium combination

(see Chapter 4). For the purposes of this study, it is assumed that these concerns are

manageable.

It has been shown7 that for homogeneous mixtures of breederand 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 naturalabundance (7.5 percent) of Li-6.

The structural materialchosen for Blanket Design 1 is a reduced-activation ferritic steel.

As discussed in Chapter 4, the ferritic steels are a relatively near-termblanket 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 Fetter, s and used in a previous blanket safety study.9 It is a modification of

the steel kn_,_raas 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.

7M. A. Abdou, et. al., Modeling, Analysis and Experiments for Fusion Nuclear Technology (FNT
ProgressReport:ModelingandFINESSE),Universityof CaliforniaatLosAngelesreportUCLA-ENG-
86-44,January 1987.

sS. Fetter,"TheRadiologicalHazardsofMagneticFusionReactors,"FusionTechnology,Vol. 11,
March1987,p.400.

9j.E. Mar_ddaandM S.Kazimi,"ThermalDesignConsiderationsforPassiveSafetyof Fusion
Reactors,"DOE/IDOl570-3,PFC/RR-87-18,October1987.
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5.2.1. Lithium Oxide and BerFIlium 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 berylliumto 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 structuralmaterial 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 cm 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 used for the outboard

helium/solid breeder reference blanket in the BCSS study. I° 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.

I°D.L.Smith,el.al.,BlanketCo_n andSelectionStudy(BCSS)-FinalReport,ArgonneNational
Lal_ratoryreport#ANtJFPP-84-1,September1984.
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Figure 5.1. Multiplier Ratio Optimization Model

__1 ' ' The first wall of this model is
composed of MT-9 and helium,

il__!l!_il with the volume fraction of

"','.!_,_:_i__: !I'..; .., MT-9 equal to 0.28. This

_;;! '!!!_lli',iiii__ volume fraction would result
IllilSJ_gilW_ltt!l_ill ,,,,,, ,,, ,,, from using 5 mm radius tubes
0 em 43 em 109 em

with a 0.71 mm wall thickness

- Mixed Bed Blaaket Region for the first wall. The shield is

i _ • - Shield composed of water and MT-9
- F'wstWall 0 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

volume 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, t_ 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 regiondepend 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

i ly. 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

i

13e:Li20 Ra¢i9 First Wall Reeion Blanket Re_ion Shield
Reeion

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

, . ,,l ,,

4:1 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 52 are now used as input to the TWODANT

neutronics code. The results of these six TWODANT runs are shown in Figure 52.

Figure 5.2. TBR,,aS a Function of Be/Li20 Volumetric Ratio

1.4
1.M One can see from this

1.36 figure that the TBR
TBR 1.34

1.32 reaches a maximum of

1.3 139 as the beryllium to
1.28 .....

1 2 3 4 6 6 7 8 9 10 lithium oxide ratio

Be/Li20 Ratio becomes less than 3:1
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Sinceberylliumis an excellent conductor of heat, it makes sense to maximizethe amount

of it in the pebblebed, consistent with havinga good TBR; this willhelp the blanket's

performanceduring a LOCA/LOFA. Hence, a berylliumto lithiumoxide volumetric

ratio of 3:1 is adopted for the mixedbed.

Now that the optimumberylliumto lithiumoxide ratio has been established, the required

inboard and outboard blanket and shield thicknesses can be determined. These

thicknesses are driven bythe requirement to have a TBR of 1.35 for the blanket, and by

the shieldingrequired to protect the magnetic field coils throughout the reactor lifetime.

Because of space constraints, the inboard blanket/shieldcomplex is designed to be

thinner_than the outboard blanket/shieldcomplex. This makes sense from a neutronics

point of view as well, since becauseof the toroidal geometryof a tokamak, the average

neutron wall load is higheroutboard blanket than inboard. The inboard and outboard

blanket and shieldof our design need to be thick enough, when the variationin neutron

wall load is accounted for, so that the overall TBR is sufficient and the magnets are

sufficientlyprotected.

To determinethe proper inboardand outboard blanketand thicknesses, a neutronics

model is created whichincludes the heliumplenum region at the back of the blanket.

Inclusion of the plenum region does not significantly_ffect the TBIL but does makethe

model more realistic.



Figure 5.3. Model with Plenum Region

" il liili I r

- l_,_cedBed Blanket Region
- Shield

- Fu'stWall (1 cmthick)
- Plenum (:30an thkk)

Figure5.3 showsthe model withthe plenumregionadded. As shownin the figure,the

plenumregionthicknessis fixed at 30 cm, whichis the thicknessof the plenumregion

for the ARIES-Ireactor nested shellplenum,t2 Also likethe ARIES-Iplenum,the

model'splenumis assumed to havea structuralmaterialvolumefractionof 0.75. Forthe

presentmodel the structuralmaterialis MT-9.

As discussed above, the berylliumto lithiumoxide volumetricratio is fixed at 3:1 for the

mixedbed. In addition,for subsequent analysisthe pebbles in the bed are assumedto be

90 percentdense. The pebbles need to have someporosity to allow the tritium

generatedinsidethem to escape. Table5.3 below summarizesthe compositionof this

model.

12F.Najmabadi,et. al., "TheARIES-ITokamakRealtor Study,Final Report,"UCLA-PPG-1323, 1991.
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Table 5.3. Volume Fractions in Model with Plenum Re, on

Be:Li20 Fi_rs._tWall . B!anket Reti0n Plenum Shi¢!d ......
Ratio Re_ion ......... Re_ion Re2ion

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 TBg on the blanket region

thickness. With the shield region thickness fixed at 65 era, 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 Figure 5.4. TBR with Shield
Fixed at 65 em

1.3

Tea 1.2

1.1

1 , l ,
44 34 24

Blanket Region Thiokneu (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 / mz (seeTable 5.1) and holding the blanket

thickness constant at 44 om, obtains the results shown in Figure 5.5.
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Figure 5.5. Lifetime Fluence to MaRnet(Blanket
Thickness = 44 cm)

1.00E+25 The lifetimefluence

1.00E+24 values werecalculated

Fast assuming a 40 yearlife
Neutron 1.00E+23
Fluenoa at a duty factorof
(nlmA2)

1.00E+22 0.75.

1.00E+21 From the figure it can
0 20 40 60 80 be seen that a shield

ShieldThickness(cm) thicknessof 40cmis

sufficientto provide

adequateshieldingto keepthe lifetimefastneutronfluenceof themagnetbelow

1.0x 10_n/m', the fluencelimitspecifiedin Section 5.1. Sinceonly 40 cm of blanket

is necessaryfor breeding,andsince the shieldis more than twice as effective as is the

blanketis for attenuatingfast neutrons,ratherthan using44 cm of blanketand 40 cm of

shieldwe willuse 40 cm of blanketand 42 cm of shield. Theseblanketandshield

thicknesses,plus 30 cm for the plenum,gives a total inboardblanket/shieldthickness of

1.12 m, whichis reasonablebasedon past fusionreactorstudies. (It is actuallyquitea

bit thinnerthanthe inboardblanket/shieldthicknessadoptedfor ARIES-Iof 1.4 m. This

is dueto the fact thatthe combinationof MT-9 and water servesas a moreeffective

shieldthanthe siliconcarbide/boroncarbidecombinationused for ARIES-I.)

It shouldbe noted that the fluencevalues shownin Figure5.5 are somewhat higherthan

would actuallybe seen in a realreactorwiththisshieldthickness,since the TWODANT

calculationsneglected the effect of the magnet structurewhich surroundsthe magnet,

and the cryostatwhichin turnsurroundsthe magnet structure. Both of these would add

shielding"forfree," therebyreducingthefluenceseen bythe magnet superconductorand
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insulator. However, the shieldingeffect of these two items is small, and neglecting them

is conservative.

The thicknessof the outboardshieldis usuallychosen basedon whatavailablespace

exists in the outboardregion. The amountof space is governedfor the mostpart by the

toroidal fieldcoil geometry. Forthe presentwork, 1 meteris assumedto be availablefor

the outboard shield.

Estimates of the requiredblanket/shieldthicknesses for Blanket Design 1 havenow been

found. These estimateswill be confirmed whenthe blanketthermal-hydraulicdesign and

the corresponding blanketdesign details are known. Table5.4 summarizesthe

dimensionsof the inboard andoutboard shields and blanket.

Table 5.4. Es_ated Blanket/Shield Thickne.sses for Blanket Design 1

Inboard Section (Total .Thickness = !.12 m)

Blanketilb_?n Plcnu_ Resign ShiedRe2ion

0.40 meters 0.30 meters L0.42 metes .....

,Outboard Section (Total Thicknes s -- 1.7 m)

BlanketRemon PlenumRe_i9n ShieldRe, on

0.40 meters 0.30 meters 1.0 meters
m,, H
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5. 2.2 Lithium Oxide and Berld.lium Mixed Bed: Thermo-HFdraulics

Now that estimates of the overall blanket and shield dimensions have been made, the

detailed 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 andoutlet temperatures must be specified.

The helium inlet temperature is specified as 250 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.

5.2.2.1. Pebble Bed Conductivity n4

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 conductivityof a heterogeneous mixture of solid pebbles

and helium gas is difficult, especiallywhen the pebbles ate of two different materials. A

13M. Huggent_ger andK. Schultz, _lelium-Cc_ledSolidBreederBlanketDesignfora Tokamak
Reactor,"Nuclear TechnologyFusion,Vol.4, 1983,p. 456.

# Theaveragecoolantoutlettempetatmeis determinedusingtheaveragewallloadingfortheoultx)ard
blanketof4 MWpersquaremeter.Forportionsof theblanketreceivingdifferentwall loads,orificing
and/orslightlydifferentchanneldiametenwouldbenecessarytoensurean outlettemperatureof450
degreesC.

X4Muchofthe followingdiscussionon peeelebedcharacteristicscomesfromP. Gierszews_andJ.
Sullivan,"CeramicSp_ BreederDesign,"FusionEngineeringand 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 _5 The correlation found to be most accurate is a

modified version of the Schlunder, Zehner and Bauer (SZB) model. 1617 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 maximumpossible. 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.RFun_macnskiandP.Gierszew_, "ComparisonofCorrelaUonsforHeatTransferin Sphere-Pat
Beds,"CanadianFusionFuelsTechnologyProjectreportG-9181,August1991.

16E.Schlunder,"ParticleHeatTransfer,NProc. 7thIntl. Heat TransferConf.,Munich,Voi. 1,May
1982,p. 195.

17MDaRe-DonneandG. Sordon,"HeatTransferin PebbleBedsforFusionBlankets,"Fusion
Technology,VoI.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 ram), 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,_shence 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 Desi_ ! pebble Be_ 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.

t_r.Tcrai.¢t.al.,"ModelingofTritiumRecoveryfromCTRSolidBreeder,*FusionEngineeringand
Desisn,Vol. 8, 1989,p. 349.

The¢alcalationofbedoondac_ty usingthemodified$2_ modelwasgreatlyfacilitatedbyP.
Gierszewski,of theCanadianFusionFuelsTechnologyProject,whograciouslyprovidedtheauthorwith
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Figure 5.6 Conductiviw of Blanket Design 1 Mixed Bed Regions

As canbe seen inthe figure, thebed conductivitystaysbetween5.1 and 5.6 W / m. K

over a wide temperaturerange. This is quitea low conductivity,despitethe effortsmade

to increasethe conductivityof the bedregion. This low conductivityis the worst

characteristicof pebblebeds withrespectto performanceduringa LOCA/LOFA.

5.2.2.2. Mixed Bed Reefon Thicknessesw

To determinethe thicknessesof the mixed pebblebed regionsbetween the structural

shells,it is necessaryto know the volumetricheatgeneratedinthe mixedbedregions

duringreactoroperation,and the conductivityof the mixedbedregions,whichwas

discussed above. The bed thickness needto be made suchthat the peak temperatureat

the center of the bed does not exceed the uppertemperaturelimitfor lithiumoxide,

which is 800 degreesC (Chapter 4). The amountoflithium oxide that operates below

a versionof a MATHCADcode which incorporatesthe modified,SZBmodel. This code is shownin
Appendix10.
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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 aflerheat 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. m2,a typical value used in the ARIES-I design. 19 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.Najmalatdi,eLal.,"TheARIES-ITokanlakReactorStudy,FinalRelx_" UCLA-PPG-1323,1991.
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Figure 5.7, and the resultant bed thicknesses are shown in Table 5.6. For furtherdetails

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

Figure 5.7. Model for Mixed Bed Thicknesses

- hCxzed Bed

- Shield
- StnL-'turalShells (1 cut thick)

_ - tqenum
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Table 5.6. Blanket Design 1 Bed Region Thicknesses

Number of Bed Regions: [ 13

Bed Region Thicknesses

Region Numb¢r Thickness (rnm_

1 12
i , ,, ,, ,,,,'"

2 14
.... , , ,,,

3 15

4 17

5 19

6 21

7 24

8 28
,, ,.,

9 32

10 36
Ill I

11 40
Ill I I

12 40
i i i i

13 43

5.2.2.3. Struc_ral Shell Thicknesses

The dimensions ofthe 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 highest heat load, and 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 also lower the

surface heat transfer coefficient h, which is fixed at 1,800 W / K. m 2 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

potential 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

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

Fisure 5.8. Simplified Flow LOOPfor,C..oolantCharnel Sizing

' ' 4"

I O_ P_enul[_]" [,_Hum F_ow .,...... _

H_: 2 metersH
CoolantChannelL[ HeliumCirculator

(2 metersl°ng) II '

[In.Plenum] _:__ ]wX ]

Spring-LoadedBypassValve
(Open)
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As can be seen, the heliumcirculator is assumed to be equipped with a bypass valve

which willopen automatically upon loss of circulator head (it could be a spring loaded

flapper valve held shut during normal operation by the circulator's differentialpressure,

and openingvia 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 shell-typeblanket design.

Since the steam generator is assumed to be located above the coolant outlet plenum, H,

= 2 meters represents the vertical distance availablefor development of a naturalI

circulation drivinghead. This drivinghead is developed by decay heat from the coolant

passage walls causing a change in temperature between the coolant channel inlet and

outlet.

It shouldbe notedthatalthoughthis modeldoes notdependon havingthe coolant

channelsinthe reactor orientedvertically;in fact, the channelsin the nested shelldesign

arehorizontal. The 2 metersof naturalcirculationdrivinghead is developedbyensuring

that the steamgeneratoris located at least 2 metersabovethe top of the top if the

reactor.

The coolant channelinlet temperatureis assumedto be constantat 250 degrees C 0he

steam generatoris assumedto have a passivesecondarywater circulationsystemcapable

of maintainingthisheliumcoolant outlet temperature).The heliumcoolantoutlet

temperature,andhencethe maximumcoolantchannelwall temperature,varies

dependingon the assumeddiameter of the coolant channel.

As the coolant channeldiameteris increased(the channelis assumedto be cylindrical),

the pressuredropin the channelgoes down, whichtends to helpthe naturalcirculation
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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 are examined.)

Higher pressure increases the maximum wall temperature, because a 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 aflerheat 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 onset of the LOFA, and the aRerheat calculations assume 3 full-power-years of

operation at a neutron wall load of 4 MW / m2(seeSection 5.2.3.2 for a discussion of

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

Figure 5.9. Maximum First Wall Temperatures During Natural
Circulation

950 '
---_ 2 MPa \\ .; -

850 \ ", ..... 5 MPa • _ _, "_ ,,.

G" 7so ',,,,,,,.. loMPa. \.\
-. _ ". OperationalMax.Temp.

! !.55O
I-

450 "'""-" ........

350

250 ...........
3 5 7 9 11

ChannelDiameter(ram)
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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 natural 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.

5.2,2.4. 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 nun 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 temperaturedrop 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 signitieantly

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

2°Thisthicknesvalueis basedon valuesusedinImststudies,includingthe NETPebbleBedCanister
(M.DalleDonne,et.al,"PebbleBedCanister:A CeramicBreederBlanketwithHeliumCoolingfor
NET,"Proc.14thSyrup.on FusionTechnology,,1986, p. 423.) whichhasa 2 mmsteelerosionlayer,
andtheSSTR(S. Mori,et.al.,"BlanketandDivertorDesignfortheSteadyStateTokamakReactor,"
SecondlnternaaonalSymposiumon FusionNuclearTechnology,1991,p. 55.)whichhasa 2.5 mm
stcellayer. Ifthis thidmessshouldproveinsuttieient,the2 mmofstcel couldbeusedasabase toattsch
ceramictiles. Theadditionofceramictileswouldnotchangetheheatloadtothe firstwall,hence
wouldnotaffectthisanalysis.

21see,forexample,W.C.Reynolds,"TudmlentHeatTran_erina CircularTubewithVariable
CircumferentialHeatFlux,"Int.3. HeatandMass Transfer,Vol.6, 1963,p.445,andM.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.:2

Figure 5.10. Pumoing Power for Different First- All of these factors mean that in
Wall Chann.e!s (10 MPa Coolant Pressure)

lao order to maintain the maximum

lOO _ j temperature of the first wall below

p_ Io
u the required value of 550 degrees

(MW) 4O C, the coolant channel for the first
2o

o -- , : : .... : wall requires a very high coolant
0 2 4 6 $

cmmm _ Imm) velocity to maintain h sufficiently

high. The high velocity results in

a high mass flow rate and presm+_'edrop 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 I 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 diameter

(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

"EffectsofNonuniformSurfaceHeatFluxandUniformVolunmtricHeatingonBlanketDesignfor
FusionReactors,"FusionTechnology,Vol16,1989,p.44.

22tiffsvalueis recommendedin theARIES-Ireactorstudy,whichusosheliumcoolantat 10MPa,and
hasfirstwallconditionssimilartothoseof interesthere(1=.Najmabadi,¢t.al.,"TheARIES-IToka_
ReactorStudy,FinalRelxm,"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

ChannelDiameter ChannelPressure h_ Channel Mass FIo.w

,..(ram) _ (Pa), , (W /m2.K) .... _ (ks/s)

4 460r000 ' 6500 ..... 0.061

Figure, 5.11. First Wall Shell Arrangement The high mass flow rates

necessary in the first wall

_d Bed Relien
coolant channel to keep the

maximum first wall temperature

below 550 degrees result in a
Flnt
Wall coolant outlet temperature well

below the 450 degree C value

desired for thermalefficienc3,.

It is not necessary or desirable,

therefore, to have such high

mass flow rates in the other

\
Coolant Clmmml_ I blanket coolant channels. In

for Fh'st Wall Cooimt _ addition, having a mass flow
for 3,fir.ed Bed

rate so high requires a

#Notethat4nunisarelativelysmalldiameterfi'omafabricationstamll_int.Concernswiththe
requiredfabricationtolerancesmightwellmakea largerchanneldiameterdesirable,despitea the
resultingincrmsein requiredimmpingpower.Toaddresssuchfabricationissuesin detailis beyondthe
scopeofthepresentwork.
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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.

Blanket 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 systemcomplexity, 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 channeljust behind the first wall coolant channel continued m operate.
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5.2,2.5. Coolit_ of the M/xed Bed Regions

The cooling channelsbehindthe first wallare designedto removethe heat fromthe

mixedbedregions,heating the coolant from the inlet temperatureof 250 degreesC to

the desiredoutlet temperatureof 450 degrees C in the process. Since the thicknesses of

the mixedbedregions(discussed in Section 5.2.2.3 above) are based on the surfaceheat

transfercoefficient to the heliumbeing 1,800 W / K- m2,the velocity in the channels

mustbe high enough to produce this heat transfercoefficient. Despite the fact that the

bed regionsget thicker,the amount of heat flowing into each channel decreasesas one

goes towards the back of the blanket (both because the volumetricheating decreasesand

because the channelsare gettingshorter). Hence, the mass flow rateneeded to obtain

the desiredinlet/outlettemperaturedifferencebecomes smaller. To keep the channel

velocities high enough, the channel diametermust decreasecorrespondinglyas one goes

toward the back of the blanket. Using the mixedbed thicknesses in Table 5.6, the

channel diametersrequiredto maintainthe requiredh and the inlet/outlet temperature

differenceof 200 degrees are shown in Table 5.8. The mass flow rates in these channels

varyfrom0.007 kg/s per channel in thechannels nearthe front of the blanketto 0.002

kg/s per channelin therearmostchannel.
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Table 5.8. ReQuired Structural Shell Channel Dia_neters (exceotin_ the firstwall

i - -- --... -- ..... i -- , ii lul!l

Chapel Diameter _ChannelPressure Chann_¢l,h-

_*- L- (mm) _ _ -:__(Pa) (W/m 2",K) _

1"* 9 6210 1850
,,,, ,,,, __ , ,,,IL_ ,,,, I, , , ', , ,, ,,,I , , __ , __ __

2 9 6210 1850
,, , ,, ,, __ , ,,, t_ , i __ ,.........__, __

3 9 6000 1850
- ,,,,,, ,, -- ,

4 9 5600 1830
,, ,,,, , , ,,,, ,, ,, _ _

5 9 5360 1820
,,i, -- : ,L , , , ,, ,, ,

6 8 6900 2000
. i , - ,.

7 8 6250 1970
, ,,, ,,,,, J, , ,,, , i ...... ,,

8 8 5720 1940
,,, , , ,,,,, , ,

9 8 4920 1870
.,, , . i ,, . , , . _

lO 7 5560 1970

I l 6 5710 2000
,,. i m, i .H. i J .. . i _ . • __

12 5 4450 1780
,,, ,,

13 5 1300 1100'**
ii i i |11 , iii ii ii _

14"* 5 1300 1100'**
a iil liB ail, ii I i

• startingfromthechanneldirectlybehindthefirstwallchannel.
• * thesechannelshaveanoutlettenq_ratureUelow450degreesCbecausetheyhavea breederregion
onlyon oneside.
•**a lowerh is acceptableforthroechannelswithoutexcccdi_ eitherthe_ breederor
maximumstructuraltemperaturelimits,becauseofthe lowervolumetricheatingatthe rearof the
blanket.Becauseofthe low pressuredropinthesechannels,flow restrictorswillprobablybe necessary
tobalancetheflowbetweenchannels.

Table 5.9 shows relevant blanket temperatures which result from the above thermal-

hydraulic design of Blanket Design 1. The minimumtemperatures occur in the vicinity

of the coolant inlet, and the maximumtemperatures occur near the coolant outlet. The

maximum temperatures are below the upper temperature limits for the structural and

breeder materials, and the lower tew4>emturebound of the lithium oxide is only slightly
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below the desiredlower limitof"325 degrees Thismeansthat some of thebreeder

aroundthe heliuminlet regionwillbe slightlybelow the temperaturerequiredto have a

tritiumresidencetimeof I day or less. Thus the blanketwill have a somewhat higher

tritiuminventoryin the breeder. However, most of the tritium in BlanketDesign 1will

be in the beryllium. As is shown in Appendix4, the tritiuminventoryin the berylliumis

conservativelyestimatedto be about3 kg, comparedto a few tens of grams in the

breeder.

Table 5..9, Blanket Desi_ ! Operating Tem_m_es fdeg. C)

.... nl I I i i iii .... i , ,

Hel;um Inlet Temperature: ..... 250

HeliumOutl.etTemperature:..... 450

MaximumMT-9 Temperature: ............. ,550

MaximumLi20/Be Temperature:, 785 ....

MinimumLi20/Be Temperature: 309

The final designof the BlanketDesign I was describedin the above paragraphs.A

TWODANTrunwas performedon the finaldesign to confirmthe blanket tritium

breedingratio. This run indicatedthatthe blankethas a TBR.in excess of 1.40. This

TBR exceeds the required valueof 1.35.

5,2.2,6. Reauired..Pumvmg Powerfor Blanket _ Helium

As discussed above, .*,hefirstwall coolingchannelshave a muchgreatermass flow rate

andassociatedpressuredropthando the mixedbedchannels. As was seen, the pumping

power necessaryto supplycoolingto the firstwall channelsis 75 MW. By comparison,

the pumpingpower requiredfor all the other channelscombined is negligible. In
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additionto the pumpingpower requiredto move thecoolantthroughthe blanket

channels,power is alsorequiredto movecoolantthroughthe plenumregion,the steam

generator,and the restof the heliumlooppiping. Table5.10 showsestimatesof the

pressuredropsassociatedwith theseitems.

T_b[¢,5.!o. pressureDropsQfAssociatedComponents_d P.jping(Pa)

........ i i ii _ [lllll iii l l lUlll i ii iiiii lllll I [I I ]I lillll II III I

o/fr StePiping t, om.......
P!¢nm Region* Stem Generator** Generator_d

, ,i i _.

' i.

18,310 ......... 30,000 ....... 36,900,,,,,
*basedonthe ARIES-Ireactorplenumpressuredrop,includingpressuredropsfromturns,contractionand
e._masion(F. Nail, "TheARIES-ITokamakReactorStudy,FinalRel_rt,"UCLA-PPG-1323,1991,
p. 8-81.)
**see 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 radiusof

6 meters and a minor radiusof 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 irJet and

outlet piping can be determined. Assuming a helium circulator efficiency of 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. 23

23see, for example, G. Melese and P.. 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 AnalFsis

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 (LOPA) is the stoppage of all helium circulators at

once, perhaps due to a loss of site power. The following paragraphs discuss the analysis

of the LOFA and LOCA. The accident analysis in this section will be done for the

outboard blanket region. This is bec_:_se, as was shown in the Section 5.1, the outboard

region has a higher average neutron wall load, hence it has more severe aflerheating 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 after 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

plasma 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, probablyvia 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-

off" model has been used previously for the analysis of fusion blanket LOFAs. 24 For

conservatism in the LOFA analysis, no credit is taken for heat removal due to the

circulator coastdown.

24SeeJ.Massiddaand_ Kazimi,"ThermalDesignConsiderationsforPamiveSafetyofFusion
Reactors,"M]'I"PlasmaFusionCenterReportPFC/RR-87-18,October1987.
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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.25 In a recent study, it was

assumed that the plasma could be shutdown within 5 seconds upon detection of an

accident. 26 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 naturalcirculation 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 maintainedat 10 MPa, the maximum first wall

temperature remainsbelow 550 degrees C for a first wall coolant channel diameter of 4

nun, which is the diameter adopted for Blanket Design 1. It is clear, then, that natural

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

25basedon design-bmisaccidentanalysesof High-TempemtmeGas-Cooled(HTGR)fissionreactor
designs,fore_zmnple,see G.MeleseandR.Katz,Thermaland FlowDesignof Helium-CooledReactors,
AmericanNuclearSociety,LaGrangePark,IL,p.243. Thisreferencestatesthatfora 3000MWth
HTGRdesign-basisLOCA,it takesover100secondsforthecoolantsystemtofullydeil_ess'm_ize.

26j.p. Holdrel_ft.al., _)ort of theS_-'niorCommitteeon Environmental,Safety,ar_lEconomic
Aspectsof MagneticFusionEnergy(ESECOM),"LawrenceLivermoreNationalLaboratoryR.c_rt
#ZICRL-53766dated_r 25, 1989.
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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 pressure is

maintained. The capability of natural circulation to reduce the maximum temperature of

the first wall decreases markedly as helium pressure 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 coolant 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 resull:of

the LOCA, especially if the break occurs directly upstream of a helium circulator. Since

air has a specificheat almost five times lower than helium, an air ingresswillfurther

degrade the ability of the coolant to remove heat from the blanket. However, presuming

that the helium circulators continue to function following the LOCA, the depressurized

coolant will continue to circulatein 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 maximumfirst 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 cir_dators 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

#DuringtheLOFAanalysisinthepresentwork,it is asssumedthattheooolantpressureremainsat the
designoperationalpressure(10MPa). Itis amm_ thatreliefvalvesmaintainthecoolantpressureat
roughlyoperationalpressure,evenffthecoolantexpandsduringtheaccidenL
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assumed that the vohlmetric 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 naturalcirculation analysis in Section 5.2.2.3, all of the afierheat 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

II I I Ill I I

Coolant Tvne in Coola nt Looo Maximum Firs¢ W_ll Temperature

Helium 460 degrees C

Air 1260 degrees C
I I !

As shown in the table above, with helium in the loop, the maximum temperature for the

first wall duringa 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 depressurization is more than balanced by the

reduction in heat load caused by the plasma being extinguished. However, if air is

assumed todisplace 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 simplified 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 performed 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, preventing 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.,,'. Afterheat Calculatioos

The first step in analyzing a blanket design for the No-Flow LOFA involves

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

impractical 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 atterheat 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 / ms 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. At_erheat of 100% MT-9 in Blanket Design 1
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Figure 5,13. Afterheat of Breeder Regions in Blanket Design,l
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In a blanketwith MT-9 structuralmaterial,lithiumoxide breederandberyllium

multiplier, thepredominantproducerof aflerheatis the MT-9 stru_re, ascanbe seen

by comparingFigures5.12 and5.13. Beryllium producesvery little adterheat;roughly

10-a MW / ra3for locationsnearthe first wall for the first few hoursaftershutdown.

By comparison,MT-9 producesbetween0.1 and 1.0 MW / m 3 for locationsnearthe

first wall duringthe sameperiod. Lithium oxideproducesaflerbeatmainlyvia the decay

of two isotopesproducedduringirradiation:tritium andN- 16. Of these, N- 16

contributes the most initially, but has a very short halflife (7 seconds). The remits 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 aflerheat level for the MT-9. Note that the results

shown in Figure 5.13 assume all ofthe tritium generated in the blanket remalm 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 aflerheat.
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To obtain the afierheat tbr regions of the blanket other than those analyzed using

REAC3, 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 afierheat 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 0 to 19 cm from the first wall) are assumed to have a

shape similarto that of the top curve in Figure 5.12. For regions further back, the

af_erheatcurve shapes are assumed to be similarto the those of the bottom two curves in

Figure 5.12.
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5.2.3.3. One-D Model for Accident Anal_'sis

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 HEATING3 is

used to calculate the temperature distribution, 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 a 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 I.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 ModelforAccidentAnalysis
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The bed thicknesses of Figure 5.14 correspond to the thicknesses that were shown in

Table 56. 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

in previous sections. The volume fraction
Figure 5.15. Geometry ofa Channel

in the shell regions are based on a shell

geometry as shown in Figure 5.15. As

shown in this figure, the channel wall
w_

'-_ thickness is defined as the thinnest portion

of the channel wall.

The arrows pointing at the shield regionin Figure 5.14 signify coolinsbyradiation

across the vacuum region between the back of the blanket 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._ The rate of radiative heat transferbetween paraJlelsurfaces at

temperatures Th and T_ and emissivity s is as follows:29

27Thewailthicknesseswerechosenas thelargestof twovalues:them/n/mumthicknessrequiredto
containthe assumed10MPaheliumcoolantpresmu_(t = PrlS,whereP,=I0MPa,r=theclmmw,l radiu&
andS is thestresscorn_pondingto I%creepafter3 yearsof continuousoperationat500degreesC),
andtheminimumthicknessallowabletoensurestmgm_ ruggedness.Thengluimmcntforruggeduem
wasset,somewhatarbiUarily,ata valueequalto r/7. Forthechannelthickueumofconcernhere,the
wall_clmem is alwaysg_ _ tl_ rugg_ na_mcnma, andtl_ wallthictamsbetwezn
channelsis twicetl_ thiclams requiredfor_. Hencethecoolantclmmelsareall quiteover-
design_ forthel_liumpressure.

2STheemissivityofoxidizedHT/MT-9is _ rangefrom0.7to0.8 fortempemmrubetween0 and
900 degreesC,basedon datafromother,similarmetals(seeTheMaWrialsHandbookforFusionEnergy
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6 or(r/-(5.1) Q=
2-_'

where o is the Stefan-Boltzmann constant (5.67 x 10-"W / m2.K4). Using an emissivity

of 0.7 results in Q = 0.Scr (_ 4 - 7_4). 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

shieldregion..

.5.2.3.4. ?he S_ield Model

The shield is insulated from the blanket by a vacuum break, generates only a small

amount of heat duringoperation (as compared to the blanket). Because the shield

generates such a small amount of power during re,actor 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 depresmrized water below 100 degrees C. The exact operating temperature of the

shield depends on the design of the shield cooling system, which is discussed in Chapter

6.

For the purposes of the present analysis of the No-Flow LOFA, the shield temperature is

an important 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 Mauidda, 30have assumed that the shield water remains stagnant during

Systems,USIX)EReporttqX)E/HC-10122,McDonnell_ AstronauticsCo.,In/tialIssueApril
30, 1980). Inthepreseataaaty_ 0.7isadap_formmenat/sm

29FromT. Baumeil¢_,ergot, Mark'sStandardHandbookfor MechamcalEngineers8th Ed.,_-
Hill,NewYork,1978,p. 1936.

3oj.MassiddaandM.Kazimi,"ThermalDeignCons/derationsforPassiveSafetyofFusionReactors,"
Mr]"PlasmaFusionCenterRelx_ 1_C/RR-87-18,October1987.
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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 shwM

water can minimize the temperature of the shield enough to help reduce the length and/or

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 design_ with jet pumps

located outside the main shield water flow stream. The jet pumps, if they failed (as they

would if the blanket LOFA was caused by a loss of site power), would thereby not

create resistance to the natural c_culation of the shield water. As is shown in Chapter 6,

the natural circulation of water in the shield system will, with proper system design,

maintainthe shield temperature below 100 degrees C for the duration of a No-Flow

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

5.2.3.5.Resultsof theNo.FtowLOFAdna as

All of the _ed information is at hand now to perform 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.

107



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
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Figure 5.17 shows plots of temperatureversus distance into the blanket at five different

times: at shutdown, one minute az_ershutdown, 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 heliumcoolantoutlet side. This _ temperaturepoints in thiscurvearethe

centralportionsof the 13mixedbedregions.The minimumtemperaturescorrespondto

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 atter shutdown

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

Figure 5.17. Temperatures In Blanket Design 1 After No-Flow LOFA
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wall temperatureof'772 degreesC). By thistime,the temperaturepeaksin themixed

bedregionshaveall equilibratedaway. Thetemperatureat thebackof theblankethas

increasedto almost400 degrees,andis radiatingto theshield,which is assumedto beat

100 degreesC. By 13 hoursafter shutdown,theafterheatin theblankethassubstantially

dropped,andthe firstwall temperaturehasalso,althoushtheback portionof theblanket

remainsat itspeaktemperatures.By 32 hoursafter shutdown,theentireblanketis

besinnin8to coolofffi'om thepeaktemperaturesreachedduringtheaccident.
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5.2.3.6. Faih/re Anal r,stsfor the bTrst Wall

Now that the temperature history for the first wall is known, a determination needs to be

made of whether the first wall will sustain damage as a result of the accident. For the

temperatures seen here, which are well below the melting point for MT-9, the two

possible modes of failure are classified as acute structural failure, which occurs when

the material exceeds its ultimate tensile strength, and creep rupture, which occurs when

the material undergoes extensive high-temperature creep. The following paragraphs

discusses these two failure modes further.

Acute Structural Failure

For a material to fail acutely, the stress level must exceed the material's ultimate tensile

strength (UTS). The UTS for a material is temperature-dependent, andgenerally goes

Figure 5.,18. UI"timateTensile Strength of HT/MT-9 down with temperature.
Steel____.3_

For MT-9/HT-9, the

8oo [ ..... _rs_ available data base for
I Meuuma

_- this material extends only

800_ up to 550 degrees C.

5 400 ",, Hence, values for the

". UTS (andfor mostother
200 ",.

• properties)are only

o ..... _ - availableup to this
300 6O0 900

temperature. Sincethe
Temperature(*C)

temperature of the first

wall exceeds 550 degrees C in the accident, an extrapolation must be done from the

available data base. For this extrapolation, it is assumed that the slopeof the UTS vs.

3tSee the Materials Handbeok for Fusion Energy Systems, USDOE Rein _C-10122,
McDonnell Douglas Astmnaulies Co., Initial _ April 30, 1980.
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temperature curve is constant for temperatures higher than 550 degrees C. Figure 5.18

shows the UTS as a function of temperature for MT-9.

Stress Rupture

When materials are subjected to load at high temperatures, they experience a gradual

flow, called creep, even for stresses that are significantly lower than the material's yield

stress. Figure 5.19 shows a typical creep versus time curve for a metal at elevated

temperature, s_

Figure 5.19. Typical Creep Curve This figure shows the three

regions which typify a creep

curve. The first region, the

i region of primary creep, has

_, a slope which is decreasing.

0 _:seconda_/creed This signifies that in this

region the strain rate is

decreasing with time. The
, i , i ,

0 secondary creep region

r,rne exhibits a constant strain rate,

andthe tertiary creep region

has an _ncreasing strain rate. If the materialenters the tertiary creep region, the

increasing strain rate causes large deformations in the metal which eventually causes the

metal to fail. This mode of failure is called stress rupture.

3:IT.Baumeister,eLal.Mark'sStandardHandbookfor MechanicalEngineers,EighthEdition,McGraw-
Hill,NewYork, 1979.
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Testing can be performed on a metal to determine how long it takes for it to undergo

stress rupture at a given temperature and stress level. When such data is plotted, the

resulting curves are known as stress rupture strength curves. The appropriate curves for

HT/MT-9 are shown in Figure 5.20. The curves in this figure indicate the time it takes

for MT-9 to experience stress rupture for a particular temperature and stress level. The

curves represent a conservative lower bound for the rupture strength for HT/MT-9, and

were derived based on ASME guidelines. 33 However, as with the UTS curve,

extrapolation has to be done for temperatures greater than 550 degrees C. This is done

using the Larson-Miller parameter, which is used to predict creep behavior at a

temperature for which there is no test data using test data at a different temperature. See

Appendix 9 for a discussion of the Larson-Miller parameter, and for details on how the

stress rupture strength curves are generated. The appropriate stress values to enter on

the y-axis of this figure are the Von Mises equivalent stress values, which are defined in

Equation 5.10 below.

33Th¢ASMEguidelinesforg_eratmg conscrvativ©stressrutxu_curvmarcelucidatedin P. M.
Bristcr,"CodeDesignCriteriain tl_ U.S.K - Evalualionof StrengthProperties,"in thehamlmok1977
DesignCriteriaof Boilersand PressureVessels,TheAm_can SocietyofMechanicalEngineers,1977,
p. 35. Thedatausedforgcngcatingthecurvesis fxomtheMaterialsHandbookforFusionEnergy
Systems,USDOERclx)rt#1:X3F./TIC-IOI22,McDonnellDouglasAstronaul_ Co.,InitialIssueApril
30, 1980. See_ 9 fordetailson generationof thecreepruptmco.u'ces.

112



Figure 5.20. HT/MT-9 Stress Rupture Strength
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First Wall Stresses

A necessary input to the failure analysis for the first wall is the stress state seen by the

first wall during the accident. The stresses in the first wall region during an accident can

be classified into two categories: thermal and pressure stresses. Pressure stressesare

caused by the 10 MPa helium coolant inside the first wall channels; these stresses remain

constant throughout the accident. Thermal stresses are causedby the temperature

gradient which exists in the first wall during re.or operation (when the plasma is on),

but which vanishes when the plasma is shut off duringthe accident. The temperature

gradient which exists during reactor operation will, at the beginning of blanket life, cause

initial thermal stresses in the first wall. These stresses will gradually lessen as the reactor

operates, however, via creep of the first wall metal. By the end of the blanket lifetime

(corresponding to about 3 years of full power operation), creep will presumably have

eliminated the thermal stresses which existed duringnormal operation. However, when

the plasma is shut off_and the first wall temperature distribution becomes essentially
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uniform, thermal stresses reappear in the first wall. These stresses are of the same

magnitude as the thermal stresses which occurred at the beginning of life, but are

opposite in sign.

Figure 5.21. The First Wall Re,on The geometry of the first wall

region, shown in Figure 5.21,

is somewhat complex. This
First t
Wall I twl I means that the stress field in

g

the region will also be

relatively complex. To

accurately calculate the

stresses in the first wall
d

x duringthe accidentwouldI"

/ [ require detailed time-
Coolant Chanul

for F'n-:tWall dependent analysis of the

region, using for example

finite-element techniques. This type of analysis is beyond the scope of the present work.

A first-order estimate of the stresses, however, is possible using some simplifying

approximations. These first-order estimates can provide an indication of how close the

first wall region comes to structural damage during the accident. An estimate of the

stresses at point A of Figure 5.21 is necessary. This is the point which is expected to be

most limiting, as the following discussion demonstrates.

The thermal stresses experienced by the first wall at shutdown are examined first. It is

assumed that before shutdown, the reactor has operated for a sufficiently long period

that there are no thermal stresses in the fast wall when the plasma is on. When the

plasma shuts off, the plasma side of the first wall (point B in Figure 5.21) cools, creating

a tensile thermal stress at point B and compressive stress at point A. It is the tensile

114



stress that is of concern, since tensile stress causes positive creep strain, and it is positive

creep strain which ultimately causes failure.34The magnitude of thermal stress at points

A and B can be estimated as follows. During operation, the front side of the slab (at

point B) is exposed to high temperature T,,_, while the back side (at point A) is exposed

to a lower temperature Tu . These temperatures are determined based on the plasma

surface heat load, the thickness and thermal conductivity of the first wall, and the

temperature and surface heat transfer coefficient of the coolant. At plasma shutdown,

the magnitude and sign of thermal strains at points A and B for such a slab is given by

1

(5.2) es_h = es_h = -e_ = -e_._ = _(Tm, - T.,)a

where a is the coefficient of thermal expansion for the metal. There are no thermal

strains in the z direction.

To estimate the thermal stresses in the first wall, it is assumed that the first wall is

constrained to have no deflection in the z direction, but is allowed to expand at the

edges. In this case, the stresses for a thin plate ate given by:"

(5.3) L.0= I,.o I,.0= (r.. - r,,)aE
2(1- v)

There are no thrall stresses in the z direction. Equation 5.2 gives the magnitude of

thermal stress at the beginning of the accident (t--O). However, as discussed above, the

initial thermal stress induces creep which acts to reduce the thermal stress E,_as the

accident proceeds. (The pressure stress, since it is a primary mess, and neglecting

geometry changes, remainsconstant with time.)

341n _x T of ASME Code CameN-47-28 for Class I Compotmmts in Elevated Tempm'atu_
Servia, thedeformationandstrainlimitsareassociau_withpositivevaluesofstrain.

35B. A. Boley and J. FLWeiner, Theory of Thermal Stresses, John Wiley and Son& 1960, p. 405.
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For Blanket Design 1, the first wall thickness (including the erosion layer) is 26 ram, and

the peak surface heat load seen by the outer blanket is 1.0 MW / m-' (corresponding to a

neutron wall load of 5 MW / m' ). This yields a temperature difference of 95 degrees C

across the first wall, which corresponds to an initial thermal strain of less than 0 1

percent. According to the ASME Code, local strain magnitudes of less than 5 percent

are considered acceptable. _6 Since the maximum value of thermal strain is more than an

order of magnitude below this, thermal strains a+'eneglected in the following failure

analysis for Blanket DesiEn 1.

The pressure stresses seen by the first wall region are now examined. Point A, on the

inside of the coolant channel, experiences the highest pressure stress caused by the

coolant inside the channel. To estimate the pressure stress at point A, it is conservatively

assumed that the first wall erosion layer (of thickness t,, in Fisure 5.21) does not help to

contain the coolant pressure. The wall thickness t in Figure 5.21 is equal to r/7, where r

is the coolant channel radius. Use of this formula ensures that the wall thickness is

greater than that necessary to contain the pressure duringnormal operation, and ensures

that the wall thickness does not become excessively thin. An excessively thin wall

thickness would result in the channel lacking adequate structural ruggedness.

Since the wall thickness is greatm"than r/10, these channels can not be approximated as

thin cylinders. Hence, for the stresses in the radial and azimuthaldirections (the x and z

directions of Figure 5.21), the pressure stresses for a thick cylinder are used, namely:37

36Thiscriterionis sm_ m the_ Tof ASMECocbCaseN-47-28.

37FromMark'sStandardHandbookfor MechanicalEngineers,T. Blmnlciil_,ct.aL,eck.,McGraw-Hill,
NewYork, 1978.
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= 1- r°_'
(S.S) o',:, (re.,' -r,.')

where P is the coolantpressure,rmis theinnerradiusof the channel,and ro_ is the

effective outer radiusof the channel, definedas r_.*t. For pointB, thereis no z-direction

pressurestress(since there is no externalpressure),and the x-directionpressurestressis

2P(r,.) 2

(s,6) o_ - (re.,:- r,.')

The longitudinal(y direction)stressesat pointsA and B aregiven simplyby a force

balanceinthe y direction. Thus,we obtain

= = pA_, = pdzn'r_.Z(5.7) o'_, o'_ A,, - n"r,.z

where A,, is the channel cross-sectionalarea,A. is the cross-sectionalarea of structure

associated with the channel,and dis shown in Figure5.21.

Cre¢# Ruoture Ana!¥sis Met.,ho_ds

The ASME code specifiesindetaulhow to designcomponentsforhigh-t_aperature

servicein CodeCase N-47. The analysismethodsto be used hereinarenot extensive

nordetailedenoughto demonstratetotal compliancewith Code CaseN-47; this type of

exhaustiveanalysisis notjustili_l forthe presenteonceptamldesignstudy. However,the

analysismethodsto be used arebased onthe requirementsgiven in Code CaseN-47.

Hence, the resultsof the analysisshouldgive a good indicationof the likelihoodthe
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blanket will fail via high-temperature creep rupture during the accident. Two different

analysis methods based on different databases for HT/MT-9 are used. Only if both

analysis methods indicate the blanket does not fail will the blanket be considered to have

survived the accident undamaged. Use of two methods in this fashion will serve both to

demonstrate different analysis methods, and hopefully help offset the fact that substantial

extrapolations in the existing database are necessary to perform the high temperature

analysis for HT/MT-9.

Rupture Fracti0n..MethQd

The firstmethod of creep rupture analysis is called the rupture fraction method. This

method makes use of the stress rupture curves for the material to be analyzed. The

stress rupture strength curves in Figure 5.20 are only applicable when the stress level and

temperature are constant for the entire time period. To analyze the more relevant case

where the temperature and/or stress level varies with time, a method specified by the

ASME Code is adapted for use here.3sThis method involves calculation of the rupture

fracaon, f, associated with a particulartemperature-stress transient. The rupture

fraction is a measure of how close the materialis to stress rupture, with a rupture

fraction equal to 1.0 signifying that stress rupturehas occurred, and rupture fractions

below 1,0 indicating no stress rupture.

To calculate the rupture fraction, the temperature-stress combination must be known as

a function of time for the transient of interest. The transient is broken up into many

small increments of time At, with the temperature and stress assumed to be constant over

the time increment. The time to stress rupture can then be determined for the time

3sSlmbsfioally,ASMECodeCaseN-47-28forClassI Co_ in ElevatedTemCenllt_Service,
1988.Themethodusedwasalsousedin J. _andM. Kazimi,_ DesignComiderations
forPassiveSafetyof FusionReaetml,"MITPlama FusionCenterRelmrtPFC./RR-87-18,October1987.
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increment, using the stress rupture curves for the material The rupture fraction for the

time increment i, then, is simply

(5.8) f = At----z-'
(l,),

where (t,), is the time-to-rupture associated with the stress and temperature during the

time interval At,. The rupture fraction associated with the whole transient is given by

= _.., A t,
(5.9) : t-S,

Direct Calculation of Creep Magnitude

The second method of analysis involves a direct estimation of the magnitude of creep

sustained by the first wall during the accident. ASME Code Case N-47 stipulates that

the total through-wall creep magnitude (in each principle direction) should not exceed 1

percent for high temperature components (for positive values of creep). Hence, if an

estimate of the through-wall creep magnitude which occurs in the first wall during the

accident can be obtained, we can determine how close the first wall comes to violating

the ASME criterion. Since the creep correlations for a material generally come from a

different database than the rupturestrength data, calculating the creep magnitude serves

as an independent cheek on the rupture fraction results.

To determine how much creep strain is induced by the pressure stresses as the

temperature changes in the first wall region, a correlation for the creep of HT/MT-9 steel

as a function of temperature and stress is needed. Such a co_on is generally given in

one of two ways. Either the creep itself is given as a function of time for a given

temperature and stress condition, or the creep rate is given as a function of stress and

temperature. When the creep itself is given, the entire form of the creep curve shown in
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Figure 5.19 can be reproduced for a given stress level and temperature, with primary,

secondary and tertiary creep regions. When the creep rate is given, it is presumed to be

constant in time. Hence the creep rate correlations focus on the secondary, constant

creep-rate region, neglecting the primary and tertiary regions.

Form of theCreep StrainRelations39

The following discussion discusses the form of creep strain correlations. Creep

equations are generally of the form

(5.10) c,_ = f (cr,q,T,t)

where T is the temperature, t is time, e_ is the magnitude of the creep, and a,_ is the

Von Mises equivalent stress, defined as follows:

i

(5.11) cr_ crx o'y + - +(o'_,

The above equation is valid when no shear stresses exist on planes normal to the

coordinate ax_ as in the simplified ease being analyzed here.

Creep rate equations are generally of the form

(5.12) =

with the creep magnitude determined by multiplying _,_ by an appropriatetime

increment.

The creep magnitude, s.q, is relat_ to the creep strains in the principaldirections as

follows (asain, for the case of no shear stresses):

39Thissubsectionis basedonnotesforMrrCourse22.314,Fall1991.
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wheree,isthecreeprateintheithdirection,andjandkdenotetheotherprincipal

directions.Notethatforanisotropicstressdistribution,thecreepstrainsbecomezero,

aswouldbeexpected.

If a creep strainrate relation suchas Equation 5.12 is to be used, an iterativeapproach

is taken to determinethe creepstrainas a functionof time. Since the pressurestress

values are known andconstant, and the temperatureas a functionof timeis known,

Equation 5.12 can be used to providethe creepstrainratefor a shortamountof timeAt

followingtime t. The new values of strainarethus:

(5.14) g,[,+At=g,L+A t._,(o_,T],),

wherethevaluesonthefight-handsideoftheequationaboveareevaluatedattimet,as

indicated.Theinitialstrainforthetransientisassumedtobezero.

AvailableCreedStrainCorrelations

For MT/HT-9steel,creepstrainand strainratecorrelationsexist whichcan beused to

determinethe creepas a functionof time for a given stressand temperaturecondition.

Unfortunately,as withthe rupturetimecurvesshownin Figure5.20, these relationsare

basedon datafor a limitedtemperaturerange. Thecreepstraincorrelationis basedon

empiricaldatafittingto existingcreep datafor HT-9, andgives the creepas a functionof

time,temperatureandstress,as follows:4o

(5.15) 8,q=0 !"to'

4°G. Lewis and C.-C. Chuanlg "Analyzing "['nermalCreep Strain ofa Tokamak First-Wall SteeL"
Journal of Materials, [Moeml_, 1990, p. 22.
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where t is time in hours, 0, = -A(T+cr) 2 + B(T+o)+C, and 02 = D(T+o)+ E.

Here, A = 7.491E-8, B = 1.612E-4, C = -8.494E-2, D = -3.028E-4, and E = 6.681E-1.

T is in K and o is in MPa. This correlation is based on data in the 500-600 degree C

range.

The strain rate correlation is based on empirically fitting a phenomenologicaUy-based

model, and is written as follows: al

B

(5.16) _.q= --_( o'- Oo)eXp(-a" / kT),

where B = 7.385e-3, Q* = 1..23eV, k = 8.6207e-5 eV/K, and Oo = aT+C ksi, where a =

-0.2185 andC = 198.1783. The units of(_,_ are (l/hr), T isin K, and o is in ksi. As

with the creep strain equation, this equation is based on data in the temperature range

500-600 degrees C.

Comparison of Crecp Strain Limits

The rupture fraction, creep strain, and creep rate relations all suffer from a lack of data

above 600-650 degrees C. Therefore, it is prudent to take a look at the extrapolated

behavior of the three relations for temperatures above 650 degrves C. To compare the

relations, each of the relations are used to calculate the time to failureof a first wall

channel as a function oftem_re assuming it is pressurized to 10 MPa. For the

rupture time relation, failure is of course considered to occur at the rupture time. For

the creep str_ and creep rate correlations, failure is considered to occur at 1% creep

strain. The Von-Mises stress caused by pressure in the first wall channels is 75.9 MPa at

10 MPa helium pressure. Figure 5.21 shows the results of the comparison.

41R.J.Amod_ and N.M.Ghoniem,"Devul_ ofDesignEquationsforFerriticAlloysm Fusion

Reactors,"NuclearEngineeringand Deslgn/Fuston,Volume2,1985,p.97.
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As can be seen in this

Figure 5.22. Comparison of Creep Limit Relations figure, the Amodeo

I_ N_ RuptureTime Relation and GhonJemcreep
_'_ ",Nx Lewisand ChusngCreep Relation

.c_ ',x.X -" --- Amodeoand GhoniamCreep Rate Relation.. ,o' .__. _ rate and the rupture

I x, ', \ time relations behave

t0' "_ _,, _\
_--, ratherasonewould

"_,_

_ '°_ expect. That is, the
_, • time to 1% strain or
.o _°'i

-_ _o' rupturegets smaller as
p.-

_o _ 7oo 7= the temperature

Temperature(°C) increasesand the rate

of creepgetslarger.

The LewisandChuangcreeprelation,however,indicatesthat the timeto rupture

increases with temperature at higher temperatures. This is a completely unphysical

result which effectively means that the above extrapolation of the Lewis and Chuang

relation above 600 degrees C is inappropriate. Therefore, for the failure analysis of the

present work, only the rapture time and the Amodeo and Ghoniem relations will be used.

The blanket design will be considered to have survived the transient if the rupture

fraction is less than 1.0 and the total creep is less than 1% at the end of the transient,

based on the Amod¢o and Cdmniemcreep relation.

Failure Analysis Results

To evaluate whether the first wall is damaged by acute structural failure, the maximum

Von Mises equivalent stress at point B isevaluated. This maximum stress occurs at the

onset of the casualty, before the thermal stress is relieved via creep, and at point B the

thermaland pressure stresses are both positive. Hence they combine in the case of a No-

Flow LOFA to make a larger positive stress. For an operational plasma heat load of
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0.8 MW / m' (corresponding to an average neutron wall load of 4 MW / m"), an

erosion layer of 2 ram, and a channel wall thickness of 0.6 mm (corresponding to the

first wall channel diameter of 8 ram) the Von Mises equivalent stress at the onset of a

No-Flow LOFA is 197 MPa. For a LOCA, the pressure stress does not exist; the

thermal Von Mises stress alone at point B at the onset of the accident is 150 MPa.

Creep of the first wall region will work to decrease the thermal stress as the accident

proceeds.

Acute structural failure is predicted to occur if the Von Mises equivalent stress at point

B exceeds the UTS for MT/HT-9. Although structural failure may not result in a loss of

coolant channel integrity (for example, a small crack at point B which did not go through

the wall may not compromise blanket performance), for the purposes of this study, any

structural damage will be considered to be unacceptable.

Figure 5.18 shows the temperaturedependence of the UTS for MT/HT-9. For the No-

Flow LOFA, the maximum Von M/ses stress, as we have seen, is 197 MPa. Figure 5.18

indicates that the UTS remains higher than 197 MPa for temperatures below 780 degrees

C. Since the temperature of the first wall reaches a maximumof 772 degrees C during

the No-Flow LOFA, acute structuralfailure should not occur.

A simplified analysisof a LOCA and a LOCA with air ingress was performed in Section

5.2.3.1, which neglected any conduction from the first wall to the back of the blanket.

Now that the effect of such conduction has been accounted for, it can be seen that the

maximum temperature of 1260 degrees C determined in Section 5.2.3.1 for a LOCA

with air ingress (see Table 5.11) was much too high. The results of the No-Flow LOFA

analysis indicate that conduction within the blanket will limit the first wall temperature to

772 degrees C even without any flow within the helium channels. Hence, clearly, for a
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LOCA with air ingress, the maximum temperature would be even less than 772 degrees

C, since the air circulating within the channels would augment the conductive cooling.

Since the maximum Von Mises stress in the first wall during a LOCA is only 150 MPa

(due to thermal effects), clearly there should be no acute structural failure as a result of a

LOCA with air ingress. Since there are no pressure stresses during a LOCA, there is no

creep rupture concern. Hence, contrary to the results of the simplified analysis of

Section 5.2.3.1, Blanket Design 1 should be able to withstand both a LOCA and a

LOCA with air ingress with no damage. Furthermore, it is clear that the conductive

cooling of the first wall is sufficient to keep the temperature below the temperature

required for acute failure. Hence, Blanket Design 1 should withstand even a LOCA

which occurs in tandem with a failure of the helium circulators.

Using the creep-rupture analysis methods discussed above, the rupture fraction and creep

strain accumulated for the No-Flow LOFA in Blanket Design 1 can be calculated. The

rupture fraction and total creep strains at the end of the transient are shown in Table

5.12.

Table 5.12. Blanket Design 1 Failure Analysis Results

in

Rupture Fraction: 4.9 (failure)

Total s inx-direction: 4.1% (failure)

As can be seen, the rupture fraction significantly exceeds 1.0 for the No-Flow LOFA,

indicative of failure. Additionally, the creep strain in the x-direction (refer to Figure

5.21) exceeds 1%, also indicative of failure. The creep strains in the y- and z-directions

are negative, hence they are not a concern from a structuralfailure standpoint.
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One possiblemethod to improve Blanket Design 1 would be to reduce the Von-Mises

pressure stress seen by the first wall coolant channelsby making the walls thicker, or by

reducing the coolant design pressure. To see how big the changewould have to be to

allow Blanket Design 1to survive the No-Flow LOFA, the rupture fraction is calculated

for a varietyof coolant pressures, assumingthe temperature vs. time profileof Figure

5.16. Figure 5.23 shows the results (note that the creep strain is not plotted here

because the Von-Mises stress valuesdrop far below the stress range wherein the creep

correlationis valid,andthe creepresultsbecomespurious).

Figure 5.23. RuptureFraction vs. Coolant Pressure
for Blanket Design 1 As can be seenin thisfigure,

s forcoolant pressure above

4 about6 MPa, the rupture

Rt_m 3
Fr.ct_ fractionrapidlyexceeds 1.02

1 forthe accident. Lowering

o the coolantpressureby40
0 2 4 0 8 10

coopt _ (uPe) percentwould havea serious

impacton the required

pumpingpower forthe firstwall,whichwould decreasethe overallblanketpower

conversionefticiencyto undesirablylow values.

Othermethodsto reducethe stressinthe firstwall, such as decreuing thecoolant

dimneteror increasingthechannelthicknesswould also significantlyincrea_ the

requiredpumpingpower. Increasingthe wallthicknessincreasesthe temperaturechange

across the wall,whichtherebyrequiresa higherheattransfercoefficientto the heliumin

orderto preventthe onboardsideof the firstwall _om exceedingthen_dmum
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allowable operating temperature. This in turn requires a higher helium flow velocity,

which translates into much greater pumping power necessary to maintain that velocity

Increasing the wall thickness also increases the amount of at_erheat released into the

blanket during the casualty, making it more severe.

Since the pumping power is already relatively high for the first wall channels in this

design, increasing the required pumping power by a large amount would result in an

undesirable blanketdesign. Hence it can be concluded that although Blanket Design 1

survives a LOCA, a LOCA with air ingress, and even a LOCA in tandem with helium

circulator failure, it is not a suitable blanket design for survival of the worst-case

undercooling accident, a No-Flow LOFA.

127



5.3. Blanket Design 2. Nested She//with Bery/fiumJoints

Blanket Design 1 fails to survive the worst-case No-Flow LOFA, despite efforts to

maximize the conductivity of the pebble bed region and minimize the overall blanket

thickness Hence, a new, more radical blanket design concept will be investigated in an

effort to find a design which can survive the No-Flow LOFA. Lithium oxide and

beryllium perform well from a neutronics point of view, and so they will continue to be

used as breeder and multiplier materials. Additionally, we desire to stay with MT-9 as a

structural material, and with the nested shell blanket concept. Rather than changing

materials or basic blanket design, then, we look toward modifying the breeder region to

significantly increase its thermal conductivity.

Based on the analysis on Blanket Design 1, it appearsthat the pebble bed breeder region

cannot be made conductive enough to allow the nested shell blanket design to survive

the No-Flow LOFA It will be recalled that the beryllium volume fraction and pebble

size were maximized in Blanket Design 1 to increase the pebble bed region's conductivity

to the highest achievable value Hence, the next blanket design concept to be studied

(Blanket Design 2) will use soled berylfium,ratherthan pebbles of beryllium, in the

breeder regions

It is desirable to use solid beryllium as a conductor to help heat flow from the first wall

region toward the cooler back of the blanket (and ultimately to the shield), but the use of

solid beryllium slabs is problematicbecause of beryllium's potential for severe swelling

under high-energy neutron irradiation. In Blanket Design 2, a concept is proposed

which allows the use of solid beryllium for thermal conduction while allowing for

significant swelling of the beryllium.
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The key to this concept is the useof "beryllium joints," rather than solid beryllium slabs,

for thermal conduction throush the blanket This joint concept takesadvantaseof

thermal conduction throush solid beryllium attdyet provides for ._'ellmg of the

beryllium _'tthout producing stresses m the blanket stm_cture. A beryllium joint is

composed of two slabs of beryllium placed next to each other in thermal contact, but not

welded or brazed together. Thus, the two slabs are free to move relative to each other.

Space is left between the slab and the other shell to accommodate swelling in the slab in

the direction perpendicular to the shells. Figure 5.24 shows the beryllium joint

configuration. The lithium oxide beds are separated from the beryllium slabs by dimpled

metal divider plata, and the lithium bed is packed loosely to allow for swellin8 of the

beryllium in the direction parallel to the shells.

Figure 5.24, Beryl!ira Joint Conc_t

M1"..9Shell Lithium Oxide Oed
Spring Buylllum Slab
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it is obviously important to ensure that the beryllium slabs remain in contact with the

MT-9 shells and with each other, to ensure a flow path for heat through the beryllium is

maintainedt It would be very difficult to ensure this if the beryllium slabs were attached

to the MT-9 shells permanently, via brazing or welding. The tolerances required to

fabricate the blanket if this were done would be quite difficult to achieve, since each

beryllium slab would have to be perfectly lined up with the one opposite it. Additionally,

even if the blanket could be fabricated to the required tolerances, the slightest strain

(due, for example, to thermal effects as the blanket heats up to normal operating

temperatures) could result in a gap appearing between the slabs, and the resultant large

decrease in thermal conductivity.

Rather than attach the slabs permanently, then, the beryllium slabs are held next to the

MT-9 shells via springs located at the ends of the slabs, which cause the slabs to be

pressed against the MT-9. These springs do not need to be complicated (see Figure 5.25

for an example of what the spring might look like), and ensure that the beryllium slabs

always remain in comact with the MT-9 shells, barringextreme deformation of the shell

geometry (which would not be expected). To keep the slabs in contact with each other,

the thin metal plates dividing the lithium oxide beds from the beryllium slabs are

equipped with dimples, which maintaincontact pressure between the slabs (refer to

Figure 5.25). The divider plates also provide tension to keep the MT-9 shells on either

side of the breeder regions from separating due to the beryllium slab spring forces. The

"tensioner_ wire shown in Figure 5.25 helps to maintainlateral contact pressure between

the slabs, and helps in fabrication of the blanket. During fabrioation,the beryllium joints

would be assembled as shown in Figure 5.25 prior to nesting together the blanket shells.

The shells would then be nested together with the joints installedbetween them, and the

metal divider plates would be electron beam welded to the adjacent structuralshell.
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To thnher ensure thermal contact between the beryllium slabs and the MT-9 and

between the two slabs in the event some misalignment does occur at the contact regions,

porous copper inserts are used between contact surfaces (see Figure 5.25). This porous

copper is fabricated by sintering copper powder together with a built-in porosity. Such

porous copper is used in fuel filters and in porous bearings. Copper metal has a high

thermal conductivity, and a low yield strength, especiallyat hightemperatures. The high

conductivity ensures good heat transfer in the gap regions, and the low yield strength

ensures the copper will conform to misalignments of the slabs. Adding porosity to the

copper reduces the thermal conductivity, but also makes the copper more compliant,

helping to ensure good conductivity even with low contact pressures.

The proposed berylliumjoint design has the benefit of separatin8 the lithium oxide from

the beryllium, eliminatingthe possibility of chemical interactions between the two

materials. There is serious concern for the possibility of such an interaction between

lithium oxide and beryllium (see Chapter 4), hence, physical separation of these materials

is indeed an attractive feature.
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Figure_5,25_. Beryllium Joint Details

F,fontView

,__ Locationof spring(see side v=ew)

ii....... ! ...............

i'.-i ..... ++.._-.. Tensioner(see sideview)

lt_+_._..,_+::_.:+_._....._._,__+.+._._,._._..._..._._H _ Copper,n.rt

SideView(showingsoring)_

Tensioner
Spring

Be slab

MT-9 Shell

The berylliumjoint designproposedherecanbe designedto accommodatea largerange

of'sweginBvalues,bymakin8 thesaps at the endsof'the berylliumappropriatelylarge,

andby sufficientlyunder-packin6 the 5thiumoxidebeds. In the analysiswhichto[lows,

I0 percentberylliumswellingis somewhatarbitrarilytakenas the designvalueforthe

blanket. Thisvalue is abovethe 4-5 percentswellingrangetargetedby materialsexperts

as a Boa]for berylliumused forfusionapplications,but is below the possiblevalue that

couldbe seenat hisher operatinBtemperatures(see the paragraphon berylliumin
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Chapter 4 for more information on beryllium swelling behavior) Higher or lower values

could have been chosen and designed for as well, with lower swelling values resulting in

smaller gap sizes and somewhat better thermal and neutronics performance, and higher

values resulting in somewhat worse performance.

5.3,1. Blanket Design 2: Neutronies

The neutronics analysis of Blanket Design 1 resulted in an optimum beryllium-to-lithium

oxide ratio, as well as the required thickness of the blanket for adequate tritium breeding.

Blanket Design 2 uses the same materials as Blanket Design 1, but in a different

configuration. The configuration of Blanket Design 2 is significantly less homogenous

than that of Blanket Design 1, since the beryllium and lithium oxide in the blanket are in

separate regions, rather than in a mixed pebble bed. This non-homogeneity makes the

blanket much more complex to analyze from a neutronics point of view, and to start

from the beginning and analyze Blanket Design 2 as Blanket Design 1 was analyzed

would'require a significant amount of computational time and effort.

Fortunately, the results of Blanket Design 1 can be used for Blanket Design 2 as well,

provided the length scale of the separate lithiumoxide and beryllium regions in Blanket

Design 2 are small enough. The effect of inhomogeneity on breeding performance in

breeding blankets has been investigated by Fischer.42 He showed that since the mean

free path of a neutron is ratherlong in a typical fusion breeder blanket (3 to 6 era), as

long as the length scale of the heterogeneous regions is kept small enough (of order I cm

or less), the tritium breeding perfornumce of the heterogeneous blanket is the same as

that of a homogeneous blanket. Therefore, the neutronics and tritiumbreeding

perfornumce will be the same for the two blanket designs if the following design features

4=U.Fischer,"_ UseofBerylliumforFusionReactorBlanke_"FusionTechnology,Vol.13,
1988,p.143.
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are incorporated in Blanket Design 2: (1) keep the widths of the berylliumjoint region

and the lithiumoxide bed regions of Figure 5.24 less than or equal to 1 cm; and (2)

maintaina similaraverage volume fraction of lithiumoxide and berylliumfor Blanket

Design 2 as existed for Blanket Design 1.

The first of the two requirementsstatea above is accomplishedby simplyrequiringthat

the berylliumjoint regions (which are thicker than the adjoininglithiumoxide bed

regions) be 1 em thick (note the scale of Fi_au'e5.24). The second requirement is

satisfiedby pickingthe appropriateregion thickness,packingfraction,and pebble

porosityfor the lithiumoxidebed regions. The berylliumslabsare chosen to be 100

percent dense, to maximtz"e their conductivity. The lithiumoxide pebblebed packing

fraction is chosen to be 54 percent. This is 10 percent less than the maximumsingle-

sized packing fractionof about60 percent, allowingfor 10percentswelling in the

berylliumslabson either side of the bed. If the lithiumoxidebed region is 0.62 em thick,

the resultingaveragevolume fractions for the breeder region are shown in Table 5.13.

Table 5.13 also shows the volumefractions in the mixedbed breeder region for Blanket

Deign 1, for comparison.

Table 5.13. Volume Fractions in Breeder Regions

B_wvllium Lithium Oxide

Blanket IDesiRnI 0.54 0.18i

Blanket Design 2 0.55 0.19

As canbe seen in thistable,BlanketDesign 2 has slightlyhigherberylliumand lithium

oxide volumefractionsthanBlanketDesign 1. It also has a slightlylowerberyllium-to-

lithiumoxide ratio. Keferringback to Figure5.2, however, it canbe seenthat a slightly

lower beryllium-to-lithiumoxide ratiowill not hurtthe tritiumbreedingratio. Hence,
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because Blanket Design 2 has higher volume fractions, there should be a slight increase

in the tritium breeding ratio for Blanket Design 2, assuming the shell spacing and the

number of shells are kept the same as Blanket Design 1. Since the tritium breeding ratio

of Blanket Design I was more than sufficient, the analysis to follow will assume that

Blanket Design 2 has the same blanket thickness and shell spacing as Blanket Design 1,

with the only change being the eortfiguration of the breeder regions.
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5.3.2. Blanket Design 2: Ber_,llium Joint Design

The tbllowing section discusses the design pmameters for the berylliumjoints, including

the appropriate porosity range to use for the copper inserts and the required magnitude

of the contact pressure to ensure the inserts comply with misalignments of the beryllium

slabs. The following paragraphsalso discuss the thermal performance of the beryllium

joint design andBlanket Design 2.

It is recognized that the effectiveness of the design of the sprihgs, dimpled divider, and

porous copper arrangementfor the berylliumjoint would have to be confirmed by actual

construction andtesting of the joint, which is beyond the scope of the present work.

However, the design discussed here is proposed as a feasible method to ensure that

thermalcontact between the beryllium slabs and the MT-9 shell, as well as between the

slabs themselves, is maintainedduringoperation of the blanket.

To model the berylliumjoints in a one-dimensional thermal-hydraulicscode for the No-

How LOFA analysis, the effective thermalconductivity of the joints between coolant

channels as a function of temperature must be found. This effective one-dimensional

conductivity can then be used in the HEATING code to c_dculatethe heat flow through

the joints toward the back of the blanket duringthe accident.

The first neeeuary piece of informationis the conductivity of the beryllium slabs in the

joint. There are two basic processes for producing beryllium slabs, the ingot metallurgy

(IM) process and the powder metallurgy (PM) process (see Chapter 4). 100 percent

dense berylliumproduced via the IM process has a significantly higher conductivity than

beryllium produced by powder metallursy. Hence, this type of beryllium is used for the
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beryllium slabs to enhance the conductivity of the joint. Figure 5.26 shows the

conductivity of IM beryllium.

Figure 5.26. Conductivity ot tM Beryllium As tiffs figure shows, the
( 100 percent dense)43

conductivity of IM beryllium is200

m _ above 100 W/m.K for temperatures
up to 600 degrees C, and

k (W/rn.,K)100

approaches 200 at loweru

temperatures. (For temperatures
0 ' I t,,,,,,, I

0 2oo 4oo ue above 600 degrees C, conductivity
Temperature (C)

data are unavailable; the

conductivity is considered to

remain constant at the 600 degree

C value for these temperatures.)

The conductivity of the lithium oxide bed is the next necessary ingredient. This depends

on the size of the lithium oxide pebbles in the bed. As discussed in the section on

neutronics above, the bed packing is such that the pebbles take up 54 percent of the bed

(which allows for swelling oftbe beryllium). A pebble diameter of 0.88 mm is chosen,

which is well below 1/5 of the bed width of 0.64 cm, ensuring good bed packing (refer to

Section 5.2.2.1). The thermal conductivity for the bed is about 1.3 W/m.K for the

temperature range 220 to 820 degrees C. This conductivity is used in the following No-

How LOFA analysis.

43From D.R.Floyd,_ _es of a NewIngotMetallurgyBet_lliumProductLine,
pres_tzd to theBerylliumTechnologyWorkshopat theFifthInternationalConfemnacon Fusion
ReactorMatermb,idahoNationalEngineeringLaboratoryRein #EGG.FSP-10017datedDecember
1991.

137



A critical element in the beryllium joint concept is the thermal conductance for the

contact regions between the slabs and the MT-9 shells and between two slabs. The

conductance of such a region is sensitive to a number of factors, including the nature of

the surfaces in contact, the characteristics of the porous copper in the gap, the pressure

applied to the contact region, and whether or not there is a bond between the surfaces.

The porous copper between the regions helps to maintain thermal conductivity even if

there is misalignment between surfaces. The reason copper is chosen as the material for

the inserts in the berylliumjoints is that it has a relatively low yield stress. This makes it

more compliant, and hence less contact pressure is required to ensure good thermal

contact in the gap regions. R is assumed that good compliance, and hence good thermal

contact, occurs in the gap regions if the contact pressure is equal to or greater to the

yield strength of the porous copper. A lower porosity is desirable since it resuRs in

higher thermal conductance. However, the copper becomes more compressible at higher

F_re 5.27. 100 Percent Dense Covver Yield porosities, therefore more

Stre_tgth44 able to accommodate

i misalignments between the; so..............................................,................i..................................................................surfaces.

i

4o
o_ The yield strength of 1O0

..............i.............................i..............................."..................i................................percentdense copper is

stronglytemperature-

o dependent. Figure 5.27
0 IO0 200 300 400 500 eO0 700 800

Temperature(°C) shows the estimated yield

44ForOS050temper,oxygen-free(OF)copper.Carvedrayedby scalingtheyieldstrengthvs.
curve of 1180 temper OF copper (which has a room _ yield strength of 415 MPa)

tothe room_ yieldstrengthof OSOSOmnla_ oF _. Source,W.H.Cuttx=ly,ettl. eds.,
Metals Handbook, NinthEdition,Vol. 2, Ameriam Segiety for Metals, 1979, pp. 275-277.
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strength curve for oxygen-flee copper. As shown, the yield strength drops rapidly as

temperature is increased. As it turns out, the temperature in all of the beryllium joints

reaches 500 degrees C or above quickly after the No-Flow LOFA begins (refer ahead to

Figure 5.38). Hence, the yield strength for the copper matrix of the gap inserts rapidly

decreases to 5 MPa or less _er the onset of the LOFA.

The yield strength for a porous matelial with a matrix material which yields plastically

has been shown to be determined by the following relation:4s

(5.17) o_ = Coy(l- P) t'',

where o_ is the yield, or plastic collapse, strength of the porous material, o y is the yield

strength of'the matrix material, P is the porosity, and C is a constant which varies from

1.0 to 0.3. C is 0.3 for porosities greater than 0.7, and approaches 1.0 as porosity

decreases to 0. For the following analysis, it is assumed that C - 1.0 for all porosities.

Figure 5.28. Copper Insert Yield Strength at 500 degrees C This yields a

s 700 conservatively high

4 000 value for the required

5003 .[ stress to obtain

! '°° i yielding °fthe c°pper2 3oo inserts. Assuming the

2oo copper matrix yield1

loo strength is 5 MPa,

o o Figure 5.28 shows the0 0.2 0.4 0.6 o.e 1.0

Poro,_ stress requiredto

yielding u a

4sS. K. Maiti, eL al., "Deformation and Energy AbsorlXion Diagrams for Cellular Solids," Acta metall.,
Vol. 32, No. 11, 1984, p. 1963.
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function of porosity in the copper inserts. For porosities greater than 0.3, the yield

strength is below 3 MPa (430 psi). This is quite a modest required stress, and is the

magnitude of the pressure required to be imposed on the beryllium slabs by the beryllium

joint springs and dimpled dividers to ensure good thermal contact in the gap regions.

This pressure is resisted by the dimpled metal dividers between the lithium oxide beds

and the beryllium slabs (refer to Figure 5.25).

At this point the effective conductance of the gap regions containing the inserts can be

determined. A schematic of the Be/Be gap region is shown in Figure 5.29. As shown in

the figure, the gap region is modeled as a slab of porous copper of thickness t

surrounded by spaces of thickness 8. These spaces are filled with helium purge gas at 1

atmosphere. The width of the gap regions is governed by the surface roughness of the

porous copper and the beryllium slabs.

The gap region between the Figm'e 5.29. Schematic 0fBe/BeGap Region

beryllium slabs and the MT-9

coolant shells is sinail_ to that PorousCu

shown in Figure 5.29, except Be Slab

that one side of the gap is MT-9

material Additionally, it is

desirable to braze the copper

directly to the MT-9 during

assembly, so that only the
hit Isl

beryllium side of the MT-9/Be

gap has a space 6.
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To calculate the conductance of the gap regions, we focus on the Be/Be gap shown in

the figure, Since the MT-9/Be gap has a space 8 only on one side of the copper, it has a

higher conductance that the Be/Be gap. However, the conductance calculated for the

Be/Be gap is used in all of the gap regions for conservatism.

The conductance of the gap region is calculated by calculating the series conductances of

the porous copper and the two spaces, as follows:

1
(5.18) h_, = 1 2'

hc. h6

where he. is the conductance of the porous copper, and h,_is the conductance of the

space 8. hc. can be calculated with the following relation:

(5.19) he. = k°',
t

where kc. is the conductivity of the porous copper. The conductivity of copper with

porosity P is given by the following formula:

l-P
(5.20) kc,, = kc,,. 1+11. pl

where kc, , is the conductivity of 100 percent dense copper.46 Using the value of kc. as

calculated by Equation 5.19 is conservative, since any compression of the copper insert

in service tends to reduce the porosity, and hence increase the conductivity of the insert.

Calculation of the conductance of the spaces S is somewhat more involved. In general,

conductance across a gap is given by the following equation:a7

_Correlation for copla_ presented by IK C. BiUone at the Beryllium Technology Workshop in
Clearwater Beach, FL, Idaho National Engineering Laboratory report EGG-FSP-10017, 1991.
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(5.21) h_ = h_.,_ + h,,,,

where h s.om is the conductance which would exist with no contact pressure, and h,,,u,,

is the added conductance caused by contact pressure. Neglecting radiation effects,

which are negligible for cases of interest here, h_.o_, is given as follows:

k_,

(5.22) =

where k_ is the conductivity of the cover gas, and ,5,_r is the effective gap width,

defined as:

(5.23) 8,fr = 8 +,Sj,_, I +gj=na

where the (Sj=p's are correction terms which account for mean free path effects near the

gas-solid surface caused by the small number of gas molecules present near the surface.

The subscripts 1 and 2 correspond to the two surfaces bounding the space 8, namely the

copper and beryllium surfaces, For conservatism, negligible contact pressure is assumed

in the gap regions. In this case, the gap conductance to be dominated by the hg.,_ term

of Equation 5.22.

8j_t, can be calculated by the following formula:

(5.24) 8J")-{ 2-aa r+12. k.__.l.tCvj

where k is the gas meanflee path, C, is the specific heat, _tis the viscosity, 7 is the ratio

of specific heats, and a is called the accommodaaon coefficient. 4s Cv, Ix, k... and y for

helium are obtained from Melese and Katz,(9 with _tand k... being temperature

47The following discussion of gap conductanccs is fromN. Todreas and M. Kazimi, Nuclear Systems L
Thermal Hydraulic Fundamentals, l.lcmisl_¢, New York, 1990.

45E. H. Kcnnard, lOne_c Theory of Gases, Mo.Graw Hill, 1938, p. 314.

49G. Melese and _ Katz, Thermal and Flow Destgn of Helium-Cooled Reactors, Am_can Nuclear
S_ ""._y, La Grange Park, IL, 1984.
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dependent. The mean free path _.depends on the pressure, temperature and type of gas;

for helium at atmospheric pressure at a temperature of 600 degrees C, _. is about 0.2

_tm._ The accommodation coefficient (a) is a measure of how gas molecules' energy is

adjusted upon bouncing off the surface. The numerical value of the accommodation

coefficient is never greater that 1, but varies widely depending on the surface

characteristics, gas type, andtemperature, and is somewhat difficult to measure

experimentally. However, Song and Yovanovich 5°have provided an empirical

correlation based on numerous experimental measurements. The accommodation

coefficient is very sensitive to surface conditions; the Song and Yovanovich correlation

is based on data from "engineering" sta'hce$, that is, surfaces which have not been

specially cleaned. Hence, the correlation is particularlyapplicable for use in the present

work. The correlation is presented below:

a = exp Co + l-exp Co
(5.25) 2"_ C m+ Ms (1 +co) _ ,

where T is the temperature in desrees C, Ms is the molecular weisht of the gas, and ¢o

is equal to Ms / M,, where M. is the molecular weisht of the surface material. Co

equals -0.57 and C1 equals 6.8. The accommodation coefficient, as can be seen,

depends on temperature andthe masses of the surface materialandthe cover gas. Since

it is known that berylliumdevelops a surface coating of beryllium oxide in the presence

of air, the molecular weight for the beryllium surface is assumed to be that for BeO, not

Be. This results in a higherjump distance, hence is conservative.

7,= 1/(1.414<m).whereo is thenmlecularcollisioncromsectionandn is the_ density.

5°S.SongandM.M. Yovamvich,"CorrelationofThermalA_ommedationCoefficientfor
"Engmeerins'Surfaces,"inFundamentalsof ConductionandRecentDevelopmentsin Contact
Resistance,M.Imber,et.al.,eds., TheAmericanSocietyof MechanicalEngineers,1987,p. 107.
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We now are in a positionto calculate the conductance of the gap region given the

thickness of the copper insert(t), the porosityof the copper (P), the temperatureof the

gap region, and the width of the spaces (8). To calculate5, the followingrelation is

used, derivedfroma detailedgeometric analysisof conformingrough surfaces'._

(5.26) 8 -- 1.184o [-1n(3.312P / H)]°_4,,

whereP is thecontact pressure,H is the hardnessof the sorer surface (in this case,

copper),ando is the effectivermssurface roughness,definedas:
2 2

(5.27) O2 = 01 + 02,

whereo,, o 2 are the rmsrouglmessesof the two contactingsurfaces. The hardnessH

for copper at roomtemperatureis 50 MPa,S2and if a very low contact pressureof 5000

Pa (less than 1 psi) is assumed,then we obtain:

(5.28) q5= 4.26o',

which is used for conservatismto calculate8. The surfaceroughnessfor engineering

surfaces mayvary fromabout 50 pm for rough,flame-cutor sand-castsurfaces to about

0.01 I.tmforsurfaceswhich are speciallypolished,s_ A varietyof techniques exist for

obtaining highlypolished surfaces,but as would be expected,highlypolishedsurfaces

cost moreto fabricate.

Sincesurfaceroughnesshasa strongeffecton the overallgapconductance,it is initially

assumedthatthe copperandberyUiumsurfaceshaveanrmsroughnessof O.03pan,

which resultsin an effectivermsroughness(o) of 0.05 I.tm.These roughnessvalues are

quite small, andwill be relaxedto largervalues in Section 5.3.5 as partof optimization

51M. M Yovlumvich, "Thermal _ CorreI_ons," in Spacecraft Radmave Transfer and
Temperature Control, T. E. Honon, ed., Vol. 83 of Progress in A_tronauUc_ andAeronau,cs, lV£
Summm_©ld, ed., 1982, p. 83.

S3T. _r, et. al., otis. Marks' Standard Handbook for Mechanical Engineers, Eil0_h Edition,
McCn'aw-Hili, 1978, p. 13-79.
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of the gap parameters. The copper insert thickness (t) must be small to maximize the

gap conductance, but must also be fabricable A value of 0 5 mm is initially assumed for

the copper insert thickness. The porosity (P) of the copper is initially assumed to be 03.

Note that in Section 5.3.5 optimum values for all of' these gap parameters are

determined.

Figure 5.30 shows the gap conductance as a function of temperature for the chosen gap

parameters. As can be seen, the gap conductance increases with temperature, mostly

because the conductivity of hefiumincreases. Figure 5.31 shows the effect of

temperatureon helium conductivity, with the conductivity of air for comparison.

Figure5.30. GapConduc_n_;evs, Temoe_ture
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Figure 5.3!. Air. and Helium C0nductivities
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One-Dimensional Thermal Modelin_gof Beryllium Joint

To incorporatethe berylliumjoints into a one-dimensional thermal-hydraulicscode, the

effective one-dimensional conductivity of the joints must be known. This varies as a

function of temperature(since both the conductivity of berylliumandthe conductance of

the gap resions varies with temperature), and as a function ofjoint thickness. To

determine appropriateone-dimensional conductivity values for the joints, a number of

two-dimensional HEATING3 runs is performed to evaluate the temperaturedistribution

through the joints for a Oven value of heat flow through the joints. The averase

temperaturedrop throush the joints is then calculated, and this aventse temperaturedrop

is used to determine the effective conductivity of the joint, via the relation:
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(5.29) k_tr= _i ,

where k,_ris the effectiveconductivityof the joint, q" is the specifiedheat load flowing

through the joint, t is the joint thickness (the distancebetween the adjacentcooling

channels),andA T_ is the averagetemperaturedropacross thejoint. The two-

dimensionalmodelused for determinationof k,_ is shown in Figure 5.32. Note that q"

in thisfigure is the amountof heat flowing into the joint during the No-Flow LOFA.

Figure 5.32. Model for Beryllium Joint Effective ConducliviW

SurfaceheldatTo

I' _ '1' 1' '1'
Fixedq.,

1 "Beryllium

-moe,d
- 40_ MT_

Thevalueof q" dependson the timeafterthe onsetof theaccident,andon wherethe

joint is in the blanket.Thejoints furtherbackinthe blankethavehigherheatflow

throughthemat anyparticulartimeduringthe accident,becausethe heatfromall

channelscloserto thefirstwall mustultimatelyflowthroughthe rear-mostjoints in

orderto get to the shield. The thicknessof the 40 %MT-9 inFigure5.32 is 9 mm(a
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typical channel thickness for channels near the front of the blanket.) The beryllium slabs

are each 5 mm thick, and the lithium oxide bed regions are 3.1 mm thick (half the

thickness of the actual beds; the lithium oxide bed midplanes are the planes of symmetry

for the joints, and are modeled as insulated boundaries.)

Figure 5.33. Results from 2-D Model of Be Joint
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Figure 5.33 shows the temperature distributionof a berylliumjoint 12 mm thick, with a

q" value of 7200 W / ms (note that the orientation of Fisure 5.33 is 180 degrees

opposite the oriemation of Figure 5.32). 12 mm is the thickness ofthe first breeder

region, and 7200 W / ms is a reasonable value for the heat load which would be

expected to flow through this channel roughly an hour after shutdown. Thisheat load

comes from the aflerheat of the first wall erosion layer, and the two coolant channels

behind this layer.
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A possible concernwith using the average temperature drop across thejoint in our

calculationof the effectiveconductivity is the fact that the temperatureof the MT-9 in

contact with the joint is not uniform. Hence, using the averagetemperaturedropacross

thejoint as a basismay not be conservative. Figure5.33 can be used to estimate how

large this nonuniformityof temperatureis, and whether it is a concern. Looking at the

temperaturesalong the top portionof Figure5.33, which is where the MT-9 coolant

channelconnects to the hot side of the breederregion,we note a temperaturedifference

of about 10 degreesC betweenthe hoRestand coolest portions of the MT-9. This

meansthat the hottestportionof the firstwall is a maximumof about 5 degreeshotter

than the averagetemperatureof the firstwall. Thistemperaturedifferenceis small,and

is thereforeneglected.

Figure 5.34. Effective Conductivity of Be Joints
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Figure 5.34 showsthe effectiveconductivityof the berylliumjoints basedon the analysis

just described. Note that for a givenjoint thickness,there is verytittleconductivity
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variation with temperature. This can be explained by noting that the conductivity of the

beryllium slabs decreases with temperature (see Figure 5.26), but the gap conductance

increases with temperature, as the conductivity of helium rises (see Figure 5.31). These

two effects tend to cancel making the temperature dependence on the effective joint

conductivity negligible.

On the other hand, Figure 5.34 shows that there is a strong dependence of the effective

conductivity on the joint thickness. This is easily explained by noting that the heat which

flows through the joint basically follows a path which takes it through one of the

beryllium slabs where it contactsthe MT-9channel,across the gap between the

beryllium slabs, and out through the other slab's contact region into the other MT-9

channel. This flow path can easily be discerned by noting the direction of the isothermal

lines of Figure 5.33. Since most of the heat has to flow through the gap between the

beryllium slabs, the longer the beryllium joint is, the lower the resistance to heat flow,

since the contact area in the gap region gets larger. Hence the effective conductivity

rises along with the joint thickness.

£3.3. Blanket Design 2: Thermo'Hv draullcs

Because the average volume fractions ofbe_llium and lithiumoxide in the breeder

region of Blanket Design 2 are so close to those of the mixed bed section of Blanket

Design 1, the average heat load from the breeder is also similar. Hence, the overall shell

sizing, spacing and helium flow rate calculations performed for Blanket Design I (in

Section 5.2.2) are generally applicable for Blanket Design 2 as well. The heterogeneous

nature of the breeder region of Blanket Design 2, however, makes the normal operating

temperature distributionof this region more complicated than for Blanket Design I. The

HEATING3 code is used to determine the two-dimensional operational temperature
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distribution, and thereby the maximum and minimum temperatures for the MT-9, lithium

oxide and beryllium materials.

To ensure that the maximum temperatures in Blanket Design 2 are acceptable,

HEATING3 is run for two limiting cases, which are now described. Refemng back to

Figure 5.17, note that during normal operation the first nine breeder regions of Blanket

Design 1 (which are identified by the temperature peaks in the "at shutdown" curve of

Figure 5. !7) are bordered by coolant shells which are at the maximum operational MT-9

temperature of 550 degrees. To ensure that the MT-9 structure of Blanket Design 2

does not exceed 550 degrees C, then, the temperature distribution of one of the first nine

breeder regions in the blanket must be evaluated using HEATING3. The first breeder

region is chosen, and this is the first limiting case.

For the second limiting case, note that the tenth breeder region in the at shutdown curve

of Figure 5.17 has the highest peak breeder temperatureof 780 degrees C. To determine

the highest lithium oxide and beryllium temperatures for Blanket Design 2, the

temperaturedistribution in the tenth breederregion is evaluated. This is the second

limiting case. If the _ temperatures for these two cases are acceptable, the

temperatures in the other regions of Blanket Design 2 should be also.

Because the Blanket Design I breeder regions had a uniform pebble bed geometry, and

the Blanket Design 2 breeder regions alternate between ben_um slabs and lithium oxide

pebble beds, there are t_ture peaks along the cooling channels of Blanket Design 2.

Because of these peaks, it is expected that the surface heat transfercoefficient (h) for the

helium coolant will have to be modestly increased for the cooling channels in Blanket

Design 2 to ensure the MT-9 shell material does not exceed its maximumallowable

operational temperature of 550 degrees C. Using the HEATING3 code, it is found that
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increasing the coolant channel h to 3000 W / m2.K (from the values of between 1000

and 2000 W / m:.K used in Blanket Design 1) ensures that the MT-9 shells stay below

550 degrees C for Blanket Design 2. The increase in h is accomplished by making the

coolant channel diameters smaller for Blanket Design 2, while retaining the channel mass

flowrates. This makes the blanket a bit thinner overall, which helps reduce the severity

of the LOFA. However, the overall blanket thickness does not change by much, hence

the cooling channels were conservatively left at the diameters used for Blanket Design 1

for the accident analysis. Increasing the h in the Blanket Design 2 breeder region

channels also increases the coolant velocity and channel pressure drops. However, the

pumping power required is still small for these channels (about 5 MW) relative to the

pumping power required for the first wall channels (121 MW).

Figure 5.35 shows the temperature distribution in the first breeder region of Blanket

Design 2, and Figure 5.36 shows the temperatures for the tenth breeder region. The

helium coolant h is assumed to be 3000 W / mZ.Kfor both of these figures.

Figure 5.35. Maximum _ting Temperatures for 1st Breeder Region of Blanket
Design 2
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Figure 5.36. Maximum OperatingTemperaturesfor 10th Breeder
Region of Blanket Design 2
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Both figuresshowtheberylliumslabsinoutline,andexhibitrotationalsymmetryabout

thecenterof thejoint,asisexpected.Theisothermsin thefiguresareeachl0 degreesC

apart. TheflSqm_,,sshowthelargetemperaturedropwhichoccursin thegapbetweenthe

berylliumslabandtheedgeof theMT-9 coolantshell,andonecanclearlyseehowthe

heatflowsintotheberylliumslabsfromthelithiumoxidebeds,andthenintotheMT-9

coolantshellthroughtheareaswheretheberylliumcontactstheMT-9. Thepeak

temperatureattheedgeof theMT-9 shelloccursat thoseareas,andisbelow550

degreesC forbothcases.Thepeaktemperaturein the lithiumoxidebedisabout660
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degrees C for both breeder regions. Table 5.14 summarizes the operational temperatures

for Blanket Design 2. The tritium inventory in Blanket Design 2 is about 4 kg, and as

with Blanket Design l, most of the tritium resides in the beryllium. See Appendix 4 for

details in tritium inventory estimation.

Table 5.14. Blanket Design 2 Operating Temveratures (deg. C)

Helium Inlet Temperature: 250

Helium Outlet Temperature: 450

Maximum MT-9 Temperature: 550

Maximum Be Temperature: 575

Maximum LifO Temperature: 660
IIll II

Minimum LifO Temperature: 309

$.3.4. Blanket Design 2: Accident AnalFsis

Now that the one-dimensional conductivityof the berylliumjointswas determined in

section 5.3.2, these joints can be incorporated into the one-dimensional HEATING

model for the blanket. Since the geometry andmaterials of Blanket Design 2 are the

same as Blanket Design 1, the dimensions of the one-dimensional model shown in Figure

5.14 still apply. The normal operating temperatures for Blanket Design 2 are similar to

those of Blanket Design 1, as was seen in the last section.
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5.3.4. 1 Immediate Plasma Shut-Off

For the first analysis we assume the same type of No-Flow LOFA as was analyzed for

Blanket Design 1 (see Section 5.2.3), that is, a No-Flow LOFA wherein the plasma shuts

off immediately after the LOFA. The same at_erheat values for the MT-9 channels are

used here as were used in the analysis for Blanket Design 1, since the neutronics

Figure 5.37. Temperature of First Wall of Blanket Design 2 After No-
Flow LOFA
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behavior is almost identical between Blanket Designs I and 2. The resulting first wall

temperature vs. time graph for Blanket Design 2 is shown in Figure 5.37.

As can be seen, the peak first wall temperature is only 678 degrees C, well below the

peak temperature of the first wall of Blanket Design I (772 degrees C). The time at the
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elevated temperature is also shorter than for Blanket Design 1. Both of these facts

make Blanket Design 2 much more capable of sustaining the No-Flow LOFA

Figure 5.38 shows the temperature distribution throughout the blanket at various times

after shutdown for Blanket Design 2. As with Blanket Design 1, within the first few

seconds the temperature distribution smoothes as conduction between adjacent blanket

regions occurs. The time of the peak first wall temperature (1.5 hours after shutdown) is

shown, and the last time plotted is 12.9 hours after shutdown, when the first wall cools

almost back to its normal operating temperature of 550 degrees C.

Figure_5.38. Temperatures in Blanket Design 2 After No-Flow LOFA
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A failure analysis of the type previously described for Blanket Design 1 is now

performed. The results are shown in Table 5.15. The rupture fraction is much less than

1.0, and the maximum tensile creep strain (in the x-direction) is also much less than 1%.

Hence, Blanket Design 2 can easilysustain a No.Flow LOFA without structmal damage,
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assumingthe plasmashuts off immediately. Intact, since the values shown in Table 5.15

areso low, it is evident that this blanket design could survive quite a few such accidents

without exceeding the creep or rupture time limits.

Table 5.15. Blanket Design 2 Failure Analysis Results

Rupture Fraction: ,, ,0.027

Total ¢ in the x-direction: 0.063 %
,,,, , , , , , , ,,,,,
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5.3. 4.2 Plasma Continuation

We now turn to the No-Flow LOFA case wherein the plasma continues to burn

tbllowing the onset of the LOFA. This is unlikely ifthe LOFA is assumed to occur due

to Loss of Site Power, however, if an individual circulator pump failed, the plasma

would continue to burn until an active or passive system shut it off. It is of interest to

determine how long Blanket Design 2 can sustain a LOFA with the plasma on without

structural failure, since this would be a measure of the required response time for a

passive or active plasma shutdown system. Note that for this analysis, the effects of a

plasma disruption, which could deposit additional energy onto the first wall, are

neglected.

As discussed in the previous analysis of the LOFA with immediate plasma shut-off, the

first wall may fail acutely or due to creep rupture. For the plasma continuation case,

acute failure is much more of a concern because of the very high first wall temperatures

which are reached as the plasma burns when there is no coolant flowing through the first

.vail coolant channels. When the plasma shuts off, thermal and pressure stresses exist in

the first wall. Calculation of these stresses was performed in the Section 5.2.3.6.

The maximumVon-Mises equivalent stress in the first wall at plasma shutdown

(assuming no plasma continuation, and combining the thermal and pressure stresses) was

determined in Section 5.2.3.6 to be 197 MPa. Although the thermally induced portion of

this stress would be expected to decrease during a plasma continuation via creep, this

effect will be neglectedfor conservatism and simplicity. Assuming, then, that an

equivalent stress of 197 MPa exists in the first wall throughout the transient,acute

structural failurewill occur when the temperatureof the first wall increases to the point

where the ultimate tensile strength of MT-9 decreases to 197 MPa. Referringback to

Figure 5.18, note that the temperature corresponding to 197 MPa is 780 degrees C.
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Therefore, a necessary condition for the first wall to sustain a plasmacontinuation No-

Flow LOFA is that the first wall temperature remainbelow 780 degrees C.

Figure5.39 shows the maximumfirst wall temperatureas a function of plasma

Figure 5.39. M_ximum First Wall Temperaturef0r continuation time for a No-
Plasma Continuation Cases Flow LOFA The firstwall
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It has been shown thatBlanket Design 2 can sustain 7 secondsof plasmacontinuation

withoutacute structuralfailure. Performingthecreeprupturecalculationwilldetermine

if the firstwall failsoverthe longterm. The temperatureof the firstwall.versus time for

Figure 5,40, FirstW_ Tem_'rature for 7 the 7 secondplasma

Second Plasma Continuation continuationcase is shown in

I ,_-..a m, 7m j,,,.=,a,mm Figure5.40. Forcomparison,
the case previouslyanalyzed

G
with no plasmacontinuation

(thatis, immediateplasmashut-
_e

off) is also shown.
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o _eeo _ (moo

Time AlterLose of Flow (see)
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The first thing to note about the plasma continuationcase is that th: first wall

temperaturerapidlydecreases from its maximumwhen the plasmashuts off, Thisis

because the short, 7 second burnof the plasmaheats up only the regionvery close to the

firstwall. Then, followingplasmashut down, the hot firstwall regionrapidly

equilibratesvia conductionwith the muchcooler regionsjust behindthe firstwall,

rapidlyreducingthe temperatureof the firstwall below 700 degreesC.

The secondthingto note is thatthe curveforthe 7 second plasmacontinuation is, except

for the firstfew secondsafter the plasmashutsoff, only about 25 degreesC hotterthan

thecase with no plasmacontinuation. Thismodest temperatureincreasemeansthe

amountof creepwillnot be significantlylargerforthe 7 secondplasma continuation

case. The resultsof failureanalysis forthis case areshown in Table 5.16. As expected,

the rupturefractionand creepvalues arewell below those necessaryto cause failure.

Hence, Blanket Design 2 is capableof sustainingmultipleNo.How LOFAswith plasma

continuation withoutdamage,as long as the plasmashuts off within7 seconds.

Tab!f 5.16. 7 Second Plasma Continuation Failure
Analysis Results for Bl_et Design 2

Ilmmllll I Is I I

Rupture Fraction: 0.14i ,,, i i i i , i i

Tot.a.I8 in the x-direction: 0.3 %

£3.5. Blanl_, Desert 2:,SensMvltF Analvs..i_

Theaccidentperformanceof BlanketDesign 2 reliesonthe thermalconduction

performanceof theberylliumjoints. This inturnrelieson theconductanceof the gap

regions,and the conductivityof the berylliumslabs. It is difficultto predictprecisely

whatthe gapregionconductanceswillbe in service,since swellingof theberylliumand
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possiblemisali$nmentof the joint configurationmay result in changesto the gap

conductances over the blanket lifetime. Because of the difficultyof predicting precise

valuesfor the gap conductances,a conservative approachwas taken in Section 5.3.2 for

calculationof the conductances. To ensureconservativeconductancevalues, contact

pressure,whichcandramaticallyimprovethe conductanceof a gap region, was assumed

to be less than 7 kPa (1 psi).

Inthe gap conductanceanalysisassumptionshadto be maderegardingthe surface

roughnessof the gap materialsand the porosityand thicknessof thecopper inserts. It is

difficultto determinewithoutactual fabricationand testing of the joints (which is beyond

the scope of the presentwork)whetherthese assumptionsare all trulyreasonable. For

example,perhaps the assumedcopper insert thicknessof 0.5 mmis too smallto be

readilyfabricatedand installedin a large.scale blanketstructure. Orperhapsobtaininga

verysmoothsurfaceis cost-prohibitive.Thevaluesforthese parametersare speculative,

and perhapsmaybe overly optimistic.

In the accidentanalysisjust p_ormed, the conductivityof the berylliumslabswas

assumedto be that of 100 percentdense beryllium. This assumptionis somewhat

optimistic,sinceduringirradiationthe berylliumswellsfromthe generationof helium

atomsin the berylliumgrains. At higher swellingvalues,these heliumatomsbeginto

congregateinvoids, creatinga porosityin theberyllium.Thisporositycanreduce the

conductivityof the berylliumslabs. Additionally,thereis the possibilityof thermal

stressesand/orthe stressescausedbydifferentialswellingvalues withintheberyllium

slab causingcrackingin the slab,whichwould reduce the conductivityfurther.

Thepurposeof this sectionis to evaluatethe effectsof a decreasein gap conductance

andberylliumslab conductivityon the performanceof BlanketDesign2. The likelihood
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of cracking in the beryllium,and the possible effectsof swellingon the slabconductivity

are also discuessed From this evaluation, it can be determinedhow robust the designis

to adverse changes in some of the assumptions used in the previousanalysis

5.3.5.1 Effect of Gap Conductance

To evaluate the effect of lowering the conductance of the gap regions, a simplified

version of the accidentanalysisof Section 5.3.4 is performed. Rather than allowingthe

gap conductanceto vary with temperature, as was done previously, the gap conductance

will be fixedat a chosen value. The berylliumslab conductivitywillalso be fixedat the

low value of 114W / m. K for the present analysis. This will result in a conservative

berylliumjoint effectiveconductivityfor a given gap conductance. Figure 5.41 shows

the reault of these assumptions.

Figure 5.41. Be Joint Effective Conduetivi..tyvs. Gap As shown in Figure 5.41,

Conductance (k of Be fixed m 114 W/m-K)
theeffectiveconductivity

x _ of the berylliumjoints is
2e .--I--a.o an

---Ik--s.om not very sensitiveto the
I_tllacll_llt 20 '_' 4.0cm

gap conductance. An
10

s, order of magnitude

0 reductionof the gapt_ tmlo Im tmmm

cap_ rm,_a4q conductanceresultsina

dropoftheeffectiveconductivitiesbyonlyafactoroftwoorso.Thisresultis

somewhatsurprising,andindicatesthatahighgapconductancemaynotberequiredin

ordertohaveBlanketDesign2 surviveaNo-FlowLOFA.

Usingthe effectiveberylliumjoint conductaneesshownin Figure5.41, the No-Flow

LOFAcase with7 secondplasmacontinuationis runagainfor the differentgap

conductancevalues. The resultingtemperatureprofilesareshown in Figure5.42. The
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curve labeled"InitialCase" is the curve alreadypresented in Section 5.3.4. For this

curve, as willbe recalled, the gap conductancewas allowed to varywith temperature

(from23,400 to 39,200 W / m2.K). The berylliumconductivityfor this curve also

variedwith temperature.

Figure 5.42. FirstWall Temperaturesfor Different
Gap Conductivities (for 7 second plasma As expected, as the gap
continuation) conductivities are lowered,

8OO i
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5.43. This figureshowsthat Figure 5.43, Blanket Design 2 Margin tOFailure for
7 Second Plasma Continuation

both the totalcreep strain 2.0

andtherupturefraction _ .----o Creep 81rain (x-dir)

J O-_ O Rupture Fraction

remainwellbelowthefailure 1.5 ;

limituntil the gap _"

conductancedropsto below 1.o--_
c,_ F-aJura

i '
2500pointfurtherW/ mz.decreasesK,at whiChingap _a_o.s "x\_,,,'_....."7-"_---'2-'-'-______N_
conductanceresultinarapid 0

0 5000 10000 15(XX) 20000 25000 30000 35000

increaseif bothcreepstrain
GapCor_act,rm0Nha2-K)

163



and rupture fraction to beyond the failurelimit.

As was expected when the effectiveconductivityof the berylliumjoints was evaluated

earlier in this section, Blanket Design2 can survivea No-Flow LOFA with 7 second

plasmacontinuation even if the gap conductancesare reduced by an order of magnitude

from their originalassumed values. Additionally,the effect of changes in gap

conductance above a gap conductance value of 10000 W / m2.K is small,as indicated

by the flat slope of Figure 5.43 in this region. Thisis encouraging, since the gap

conductance is difficult to predict accurately.

Recall from Section5.3.2 thatthe gap conductancedependson three designparameters,

the thickness (t) andporosity (P) of the copper insert, andthe surface roughness (a) of

the gap surfaces. (The gap conductancealso depends on temperatureand contact

pressure.) Recall also that the choices for t, P, and a were ratherarbitrary,and may

have been overly optimistic. Hence, it would be interesting to see how different

combinationsoft, P and a influencethegap conducta,ces. Hence we can determinethe

allowableranges of these parameterswhichstill result in no blanketfailureduring the 7

second plasmacontinuationcase.

Table5.17 showshow muchone canvaryeach of the parameterst, P and o beforethe

gap conductancedecreasesbelow 2500 W / m2.K, whichis thepointbelow whichthe

Table 5.17. Variation of G-anDesian Parameters

ii i

t (mnt_ ]D (_(Bnz) hem(WIm*-K)i i

InitialCase: 0.5 0.3 0.03 30000
i i

Maximumt Case: 48 0.3 0.03 2500. ii

MaximumP Case: 0.5 0_Q_696 0.03 2500
Maximumo'Case: 0.5 0.3 9 2500

I _' ' ' ....
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first wall is damaged according to Figure 5.43. The assumed gap temperature is 500

degreesC. The underlined valuesare those varied.

Table5.17 shows that each of the gap design parameters- the copper insertthickness,

porosity and the surfaceroughness- can begreatlyincreasedfromthe values assumed

for the initialBlanketDesign 2 case without causingthe firstwall to fail duringthe 7

second plasmacontinuationNo-Flow LOFA. The maximumallowablecopper insert

thicknessand porosityare absurdlylarge,at 48 mmand 0.96 respectively. Clearly,a real

design would not come close to valueswhich are that large. Hence, a real designwould

performbetter,and would have more marginto failure. The maximumallowablesurface

roughnessis 9 _. Thisvalue is veryrough, and can easilybe attained via sawing or

snagging processes, or even sandcasting._4

Although loweringthe gap conductanceto 2500 W / mz.K would not result in blanket

failureduringa LOFAwith 7 second plasmacontinuation, there is verylittlemarginto

failurefor this case. On the other hand,Figure5.43 indicatesthat reducingthe gap

conductance to 10,000 W / ms.K has little effect on the rupturefi'actionortotal creep

strain. Using 10,000 W / ms.K also allows some relaxationof the gap parameterso, t

and P. Using somewhat largero and t parameterswould makefabricationof the blanket

easier. Usinga higherP would allow the copper insertsto be morecompliant. Table

5.18 showsa revisadset of gap parameterswhichresultin a gap conductanceof 10,000

W/m2.K.

54"r.Baumgistcr, ¢t. al., ¢ds., Maeka' Standard Handbook foe Engineers, Eighth Edition, McGraw-Hill,
1978, p. 13-79.
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Table 5.18. Revised Gap parameters for Blanket Desi__ 2

t (ram) __P _(kLm) h.., (W ImLK)
Revised Values: 2 0.5 ! 10000

As can be seen, the reduction in required gap conductance to 10,000 W / m2. K, while

not affecting the blanket design's marginto failure by much, allows the required surface

roughness to be increasedby almost 2 orders of magnitude. This roughness value is

easilyattainedby a large varietyof inexpensiveprocesses, includingsawing, planing, and

casting,s5At the same time, the thickness canbe increasedby a factor of 4, and the

porosity can also be increased. The valuesused in Table 5.18 willbe used in subsequent

analysisfor BlanketDesign2.

5_Ibi(L,p. 13-79.
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5.3.5.2 t:'[lectof Ber},,ilmm ConductJvi_,

The previous analyses for Blanket Design 2 were based on the beryllium slab

conductivity varying from 134 W/m.K to 114 W/m.K, depending on the temperature (see

Figure 5.26). This temperature range is appropriate for 100 percent dense beryllium.

However, there are two means by which the conductivity of the slabs could be reduced

during reactor operation, cracking and swelling. This section discusses these processes,

and determine an estimate of the maximum plausible conductivity reduction for the slabs.

Then, the No-Flow LOFA case with 7 second plasma continuation is again run with the

reduced slab conductivity to see the effect of the conductivity reduction on blanket

performance.

Beryllium Crackina

The first process that could reduce the conductivity of the beryllium slabs is cracking of

the slabs. Cracking could occur due to thermal stresses imposed on the slabs during

operation or duringaccident conditions. Crackingcould also occur due to differential

swelling in different regions of the slab. (Residual stresses from fabrication are assumed

to be negligible.) Such differential swelling can induce stresses in the slab, just as

temperature differences induce thermal stresses. It is difficult to predict the effect of

cracking on thermal conductivity, especially without knowing the details of the crack

geometries. Fortunately, it appears unlikely that cracking will occur in the beryllium

slabs of Blanket Design 2. The following paragraphswill describe analysis methods used

to support this conclusion.

Thermal Stressgs

The order of magnitude of the thermal stresses in a solid is generally governed by the

maximum temperaturedifference (AT) seen in the solid. Because of the heat deposition

in the beryllium and the lithium oxide which occurs during normal operation, the
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maximum AT in the beryllium slabs occurs during normal operation (compare Figure

5.33 with Figure 5.35). As would be expected, the slabs in the thicker breeder regions

have a higher AT than the slabs in the thin regions (compare Figure 5,35 with Figure

5.36). Hence, the thicker breeder regions will have higher induced thermal stresses than

the thinner regions.

However, aswill bediscussedlater, the thinnerbreederregionssustainmuchhigher

neutronfluencesovertheblanketlifetime,andhenceseegreaterreductionin fracture

toughness,or crackresistance.Therefore,in this analysisboththe 10thbreederregion

behindthe firstwall, whichistheregionwith thehighestthermalstresses,andthe

breederregionjustbehindthefirst wall channels,whichseesthehighestneutronfluence,

are examined.

Figure 5.44. Maximum Operating Tem_ratures for 1st Breeder Region of Blanket
D,.esi_m2
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..Figure5.45. Maximum Operating Temperaturesfor 10th Breeder Region of Blanket
Design 2
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Figure5.35 andFigure5.36 are reproducedagainherefor convenienceas Figures5.44

and 5.45. As canbe seen in these figures,the isothermsinthe berylliumslabsarefor the

most parthorizontal.Hence, the tmnperaturedistributionwithin the slabscanbe

reasonablyapproximatedby assumingthatthe temperaturevariesonly inthe vertical

directionof the figures.
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Figure 5.46. Temperature Distribution in Be_llium Slab in 1st Breeder Region
570

.0_ ...--0-- -- "0-- -- -0_ ...._0
i

.,0""
/

o 560 /0,..,

o/

550 /
/

/
/

540
0 4 8 12

DistancefromMT-9 ContactRegion(ram)

Figure 5.47. ,TemperatureDistrib,.utio.nin Beryllium Slab in 10th Breeder Re.on
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Plots of the temperaturedistributioninthe verticaldirectionfor the middleof the left

berylliumslabof Figures5.44 and5.45 areshownin Figures5.46 and5.47. Thethermal

strainsresultingfromthe temperaturedistributionsof Figures5.46 and 5.47 canto some
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extent be accommodated by slight deformations of the slabs (of order 0 1 mm for the 3.6

cm long slabs). However, because the temperature distribution is not linear, there will be

some thermal strains which cannot be accommodated via deformation, and hence will

result in thermal stresses within the slabs. Assuming no external loads, and assuming

that the vertical direction is defined as the y direction, and the x direction is the direction

out of the plane of Figures 5.44 and 5.45, the thermal stress in the slabs is in the x

direction, and is given by:S6

MT:Y(5.30) o= (y) = -or ET(y) + Pl, + , where
A I,

(5.31) PT= J"aET(y)dA, and
A

M.r,= Sot yET(y)dA.(5.32)
A

Where y is the distance fi'om the center of the slab, a is the thermal expansion

coefficient, E is Young's Modulus, and A is the cross sectional area of the slab in the y-z

plane. The thermal expansion coefficient a for beryllium is about 1.6 x 10-_ ( °C") from

400 to 600 degrees C.57 Young's Modulus for beryllium decreases linearly with

temperature for temperatures above room temperature, such that at 650 degrees C it is

only about 88 percent of the value at room temperature. 5' The value of Young's

Modulus can vary depending on the purity and method of fabrication for beryllium;

however,theseeffectsareusuallynot large. Young's Modulus for a typical sample of

beryllium in shown in Figure 5.48.

56See_ 5 fordmvatioa.

57D.Smith,et. eL,ITERBlanket,ShieldandMaterialDataBase,ITERIMcuag,ntationSeries,No. 29,
InternationalAlmmcEnergyAgency,Vienna,1991.

5SD.W.White,Jr.andJ.E.Burke,eds., TheMetalBeryllium,U.S.AtomicEnergyCommission,1954,
p. 316.
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Figure 5.48. Young's Modulus for Beryllium
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Figure 5.49. Thermal Stresses in lOth Region Beryllium Slab
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Figure 5,50. Therma! Stresses in 1stRegion Beryllium Slab
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The thermalstress is positive(tensile) at the edges of the slabs,wherethe slabsare

coolest, and negative(compressive)_t the hotterinboardareas. The maximumstress is

tensile, andoccurs at thecontact region with the MT-9 coolant sheU. As expected,the

thickerslabof the 10thbreederregionhashigherthermalstresses;the magnitudeof the

maximumstressfor thisslabis 113MPa. For the 1stbreederregionslab, the maximum

stress is only43 MP& As a firsttest to determineif suchthermalstresseswill cause

cracking,the thermalstressesare comparedto the ultimatetensilestrengthof the slabs.

Thisis a conservativeapproach,sincethemmlstressesaresecondarystresses,andhence

ductileyieldingwithinthe slabwould limittheactualmagnitudeof the stressesto the

yieldstress of the slab.

Theultimatetensilestrength(UTS) of unirradiatedberylliumas a functionof

temperatureis shownin Figure5.51. At the highesttemperatureof the slabs,575

degreesC, the UTS is 145 MPa,andtheUTS will increasewith irradiation.Hence, the

maximumthermalstressin the slabs(I 13 MPa)remainsbelow the minimumUTS. This
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indicates that for a slab with no Figure 5.51, Be_ilium Ultimate Tensile

internal flaws, thermal stresses StrengthS9
4O0

should not cause the slab to

crack. 3oo

The analysis presented above
showed that an unflawed slab

100_

would not be expected to crack

due to thermal stresses, o - . •
0 200 400 eO0 8OO

However, there is a possibility Temperature (°C)

that fractureof theslabcould

occur even at stress levels well below the UTS. Fracturecould occur if there were a

flaw in the berylliumslab of a sufficient size to initiate crack growth at the maximum

thermal stress value seen in the slab. To test for the likelihood of such a fracture, a

simple fractta,e mechanics analysis is performed,s0

Decades of study of fracture behaviorhave demonstrated that the magnitude of the

applied stress which causes failureis related to the size and orientation of the crack or

flaw within the structure. The larger the crack or flaw, the smaller the requiredfailure

stress. Through geometric analysis of simple cracks, coupled with materialstesting, a

simple rule has been developed to ensure against fracture. The rule is based on the

59R. E. Taylor, et. al., "rnemmld_ysical Properties of Be Metal, A Report to Manufacturing Sciences
Corp.," Relx_ No. TE_ 1071, _ Properties Research Lalmratory, Schonl of Mefhanical
Engineering, Purdue Uniwrsity, pmsemed by D. R. Floyd at the Beryllium Technology Workshop,
ClearwaterBeach,FL, November20, 1991, Idaho NationalEngi_ L_ ReportNo.EGG.
FSP-10017, G. IL l,onghn_ ed.

6°The following discussion on fracture mechanics is _ fTomJ. A. Collins, Failure of Materials in
MechanicalDesign: Analysis,Predictlon,Preventlon,JohnWileyand Sons,1981,pp.49-67 and erom
T. Baumeister, et. al., eds., Mark's Standard Handbook for Mechanical Ensfneers, Eighth Edition,
McGraw.Hill, 1978, pp. 5-7 to 5-9.
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principle that fracture is not expected to occur unless the work required for an increment

of crack extension is exceeded by the elastic-strain energy released at the crack tip,

Based on this principle, fracture is not expected to occur in a material if the following

relation is satisfied:

(5.33) K0 > Co_,

where Ko is called the critical stress intensity, and is a property of the material and the

state of strain, o is an applied stress, a is the crack length, and C is a constant which

depends on the crack geometry. For a given material, the critical stress intensity Ko

decreases to a lower limiting value as the state of strain approaches a plane strain

condition. This lower limit defines a basic material property, known as the plane strain

fracture toughness, or K_. Thus, if the exact state of strain in the material is unknown,

Equation 5.33 can be modified to obtain the following criterion:

(5.34) KL, > Co_.

As long as Equation 5.34 is satisfied, fracUa'e is not expected, no matter what the strain

state. The constant C c_anvary from about 0.3 to 1.122, for a simple crack or crack-

shaped flaw, depending on where the crack is located and what the stress distribution is.

For conservatism is this analysis, C is assumed to be at the high end of its range, namely

1.122.

If Kz, is known for the material, and the stress state, Equation 5.34 can be solved to give

the critical crack length above which fiacmre is expected. Denoting this critical crack

length as a,,, we have:

(5.35) a.  kcoJ "
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Very little information exists on the value of Kit for beryllium, especially at high

temperatures and after/during neutron irradiation. However, there are some data on the

effect of temperature and irradiation on parameters such as the yield strength and the

ductility of beryllium. Since these parameters can be related to Klo, a qualitative

estimate of the effects of irradiation and temperature on the fracture toughness of

beryllium can be made.

There are a numberof standard test methods used to calculate KIo for a material (for

example, ASME tests E-399 or E-813). However, these test methods are expensive,

time consuming, and require substantial quantities of material. Because of this, a method

has been developed to relate K k to quantities which are obtained though simple,

inexpensive tensile tests. In the critical strain model, failure is assumed to occur when a

critical fracture strain (8"I) is locally exceeded over some microstructurally significant

characteristic distance (i_) ahead of the crack tip. Using this model, fracture toughness

can be expressed in the form:61

(5.36) K_ - constant3/_,"_ .I_"o,.E,

wherecryisthematerialyieldstress,andE isYoung'sModulus.

Since the critical framme strain s/is difficult to determine experimentally, it has been

proposede2 to substitute the fi'amurestrain, or ductility,el from a simple, u_,iaxialtensile

test for the critical fracture strain in Equation 5.36. Although there is no theoretical

basis for such a substitution, the critical fracture strain has been shown to be

611LO.Ritchi¢,el,al., "CrilJcalFractureStressandFractureStrataModelsforthe_ of Lower
andUPl_ ShelfToughnessinNm:lemPresmreVesselSteels,"MetallurgicalTransac_on8A, Vol.
10A,October,1979,p. 1557.

SSF.M.HaggagandR.K.Nanslad,_ FractureToughnessUsingTensionofBallIn_
Teslsanda _ CrilJcalStrainModel,"inInnovativeApproachesto lrradiatlanDmm_e and
FractureAnalysis,D.L. Mammt,el. al.,eds.,PVPVol. 170,TheAmericanSocietyofMechanical
Engineers,1989,p.41.

176



proportional to the ductility in tensile tests. Furthermore, tests for low strength steels

indicate that at room temperature, _ _ _ y 6_ /o"is a distance related to the material

microstructure, and is usually obtained empirically. The constant of Equation 5.36 is

3.00 for steels, but may be different for different materials.

Substituting _/for _ in Equation 5.36 yields:s4

(5.37) K_0= constantx/ ¢i .1_ .oy .E.

In this equation, the yield stress o y and ductility _j, can both be measured using a simple

tensile test. Such tensile test data are available for beryllium at high temperatures, and

for irradiated samples. The value of E has also been measured as a function of

temperature for beryllium. If E and I_ are assumed to be constant functions of

irradiation,and furthermorethat i_ remainsconstant with temperature, then knowledge

of how E changes with temperature, and how Oy and of change with both temperature

and irradiation will give information on how Kt, could be expected to change.6s

Specifically, with these assumptions we can write:

(5.38) g., (T,t) - C. _ef (T, 4_).o,,(T,40 •E(T).

where T is temperature and 4' is a measure of irradiationdamage.

63R. K. Pandey and S. Baaerjee, "Strain Induced Fmftme in Low Strength Stee_" Englneenng
Fracture M__, Vol. 10, g 817.

e4Notethatia Hqgag aadlgmm_ Eqmtiea6 wM_m'itteawith Kr,, ratherthatKb, on the left Imad

side. __ lameaa', Ks, --_Kb (m, fzfema_, Ritahie,et. aL);Ks. is dmmaiaed

by fingdetemtLniag thevalmefthe m.calledJ-integraL andthen relatingit to K s. For infommionon

J-illgral _ see for _ D. Brock, Elementary Eagineena_ Fracture MecA,mics, Sijtlmff
aad_ Attain aaa dmm_ The_batm_ 197S.

6SSince_ degm_on thematerialmk_mtra_me,it mayinfaftchaalgeaaa rema_imdiatioa. For

bcrynium,_, theclrmso/"_ m/h/shu_rgm on_ areeakmw_ m henu they
aremaa_ to besmallmnqat_ tothechaa_ indaftih'tymatyieldm_m.
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Since the fracturetoughness and other roomtemperature propertiesof berylliumare

presumablyknown, it would now appearto be a simple matter to use tensiletest data for

irradiatedberylliumsamples,and data on how the properties of berylliumchange with

temperature,to determinevia Equation 5.38 how the fracturetoughness changes with

temperatureand irradiation.Therearea numberof complexitieswhich arisewhen

attemptingto do this, however. Firstof all, dependingon the detailedfabrication

processand microstructurefor the beryllium,and such variablesas the levelof beryllium

oxide present in the metal, its propertiescan varysignificantly.For example,room

temperaturetests of different samplesof unirradiated,1O0% dense berylliumhave

resulted in yield strengthvalues from 175-245 MPa,and fracturestrainvalues from3-30

percent._ Withdifferenceswhich arethat large, one mustbe verycareful when tryingto

generalizethe propertiesof beryllium,and especiallywhencomparingdata from tests on

differentberylliumsamples.

Basedon a shortsurveyof availableliteratureon beryllium,it appearsthat typicalyield

strengthandfracturestrainvaluesare closerto the lower boundsof the rangesshown

above.67Theroomtemperaturefracturestrain,yieldstressandfiae_e toughnessof

unirradiatedIM berylliummanufacturedbyMaterialSciencesCorporationis shownin

Table5.19. Thistype of berymmnis thesameas thatassumedfor the LOFAanalysisof

BlanketDesign2, andhaspropertieswhichare"typical"(i.e. close to the lower bounds

C_ompmedamin(1)J.M Beemm,eLal.,"MmchaaimlPmpenimofIrradimedBerytliun_"Journalof
Nuclear Matcriab, Vol. 195, 1992, p. 102; (2) J. M. Beeslon,eL al., "Comqpmisoaof

and Swclfing of Beryllimn _ at Variotls TeJe_erlmu_ "Jomwal of Nuclear
Materials, Vol. 122-123, 1984, p. 802; and (3) IL E. Taylor, et. al., 'Whefmesphysic81Preper_es of Be
Mead.Aaepoa toMam_mar_ SctenaaCorp.,"_ NO._ 1o71,Themott_ pmpmm
Samarch_, SchootofMechaaiadF_qimmaS.Puremuaivmity,pmm_ D.R.no_a
the Beryllium Technology Wogkslmp, _ Beach, PL, November 20, 1991, Idaho National
En_meri_LabormmyReproNo.eGG-FSP-t0017,O.P,.t,ongUum,

67See,for example, 1) D. W. White, Jr. andJ. E. Broke,eds., The Metal Beryi//am, U.S. Atomic EnerllY
Com_ 1954;2) IL E. Taylor, eL al.; 3) J. M. Beeslon,eL al., 1992;and4) D. S. Gellesand FLL.
Heiff_h, "Neutron Damage, in Begyllium," Jmu'nal of Nuclear Materials, Vol. 191-194, 1992, p. 194.
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of the yield strength and fracture strain ranges discussed above) for room temperature

beryllium.

Table 5.19. Properties of Unirradiated, 1.00% Dense, IM Beryllium at RT68

' III I II II i

Fracture Toughness (MPa. m°_) 41

Tensile Yield Stress (MPa) ..... 175

Tensile Fracture Strain I_%) 4I • I I II I I

, Young's Moduhm {GPa_ , , 308 ,,

Test data are available for high-temperature properties of irradiatedberyllium. However,

the room temperature fracture strain reported for the beryllium used in these tests was

very high, at 30 percent,o This is a very high value, and based on the survey discussed

above, is not representative of typical beryllium samples. It is therefore not clear

whether the test results of this study are relevant to more typical beryllium samples

fabricated with standardprocedures. Hence, the results of this particularstudy will not

be used.

Since no other study to date has performed elevated temperature testing on irradiated

beryllium, we have no choice but to evaluate the effects of hish temperature and

irradiationon fi'acture toughness separately, and, based on these evaluations, hopefully

get an idea of what the combination of high temperature and irradiationmay do to

6SR.E.Taylor,_ al., _ _ of BeMetal AReportto_$ Sciences
Corp.,"_ No._ 10"/1,_ _es Research_l_mtmy, Schoolof M_Mmml
En_ Purd_ Univumty,lxusmmibyD.ILFloydattheBerylliumTechnologyWorkshop,
ClearwaterBeach,FL,November20, 1991,IdahoNationalEngineeringLatmmtmygq_onNo.EGG-
FSP-10017,G.R.Longhm_ e(L

oj. M.Beesmu,eL at.,"Compmsonof CompmmiouPropmiesandSwellingofBerylliumIrmdiau_at
VariousTemperatures,"Journalof NuclearMaterials,Vol. 122-123,1984,p.802
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toughness. Figure 5.52 shows how the yield strength and fracture strain vary with

temperature for unirradiated beryllium. The yield strength gradually decreases with

Figure 5.52. Yield Strength and Fracture Strain of 100 temperature, but the

% Dense, Unirradiated IM Beryllium fracture strain increases
200 gO

o, so substantially. Equation
., P--q

160 "o,, ,' ', 70"*- ,, a 5.38 indicates that the
,,_._._ , so

12o -'_" Q, -, ; root of the,,_ ,0,20,,, ,y so
square

-. product of the yield
p, "*"-... :30 tm

•' "*', " strength, fracture strain
, \

,' ",.. lo and Young's Modulus is
d

O .... 0
o 2oo 4oo soo _o proportional to the

T.m,_mu_ (*e) fracture toughness.

Hence, we define a quantity called the toughness parameter, as follows:

](_f'{_y'E) T Kk_

(5.39) Toughness Parameter--_(8,.o,.E)_ =

wherethedenominatoris_aluatedatroomtemperature(RT)andthenumeratoris

Figure5.53.BerylliumTou_¢ss Parameterversus evaluatedattemperature
Temperature

T. The toughness

3 paramouris_md to the
v,"'v-'v"

_ /¢' "_,\ /% ratio of the fracture$

7/ v,,_.,.,./_,\ toughnessattemperature
2

/ '\ T to the room temperature/

/ \, cturetoughness.
I

Figure5.53showsaplot

o _o 4oo s3o soo of the toughness

Temperature (°C) parameter versus
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temperature, obtained from the data shown in Figures 5.48 and 5.52. For the operational

temperature range for the beryllium in the blanket (280-575 degrees C), the toughness

parameter lies between 2.0 and 2.9.

Now we turn to the data on irradiated beryllium. The U.S. has initiated a beryllium

irradiation study in support of ITER (the International Thermonuclear Experimental

Reactor). As part of this study, the mechanical properties of unirradiated and irradiated

beryllium are sought for various initial beryllium porosities. Although this study is not

yet completed, some results are currently available.

Although fast neutron fluence is a usual measure for irradiationstudies, it turns out that

the amount of helium generated in the beryllium(usually measured in atomic parts-per-

million, or appm) is a better measure for fusion-related berylliumstudies. This is because

helium generation results in voids being formed in the beryllium. It is these voids which

drive the swelling behavior of the beryllium. Presumably, these voids are also largely

responsible for the property changes in berylliumresulting from irradiation. Because

most of the helium is produced from an (n,2n) reaction with a threshold energy of 2.7

MeV, the vastly different spectra between thermal, fast fission, and fusion reactors can

result is great differences in the amount of helium produced for a given neutron

fluence. 70

Blanket Design 2 is to be operated for 3 effective-full-power-years at an average first

wall load of 4 MW / m2, resulting in 12 MW.yr / m2 offluence. From ITER

calculations, it is known that the amount of helium generated in beryllium near the first

wall is about 3000 appm/(MW / m2).vt This information, plus data oh_the shape of the

7°M.Billonc,ArgonneNationalLalxm_zyFusionPowerProgzam,personalcommunication,June,
1993.
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helium concentration curve as a function of distance in Blanket Design 2 (from the

REAC3 and TWODANT codes), is used to generate Figure 5.54. Inspection of this

figure reveals that the helium concentration in the beryllium slabs of Blanket Design 2

drops roughly exponentially as one moves from the first wall toward the rear of the

blanket. This figure also indicates the locations of the I st breeder region, directly behind

the first wall, and the 10th breeder region, 28.6 cm behind the first wall. In the 1st

region, the helium concentration is rather large, at 36,000 appm. For the 10th region,

the helium concentration is only about 4500 appm.

Unfortunately, irradiationdata obtained to date for beryllium properties are for samples

with only about 800 appm helium, well below the expected value for either breeder

region. Since these are the only data available, we need to extrapolate rather far from

the existing data base in order to get results which are meaningfulfor Blanket Design 2

at end-of-life. An additional unavoidable problemwith the current data is that the

irradiationtemperature was much lower than the operational temperature for the

Figure 5.54. Helium Concentration in Blanket beryllium in Blanket
Design 2 Be Slabs at EOL

_o Design 2. Irradiation

R,n_ temperature may affect the

3oooo ma_tude of the changes

i in yield strength and
2oooo fracun'e strain.

10000 lOth Breeder

The irradiation test data
o , . currentlyavailablecome

0 10 20 30 40

from beryllium samples
Di_Inoe from Firm Wall (¢m)

irradiated in the Advanced

7qbid.
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Test Reactor (ATR). v: The samples were of 80 percent and 97 percent dense beryllium

produced via powder metallurgy, and were irradiated with a fluence of 2.6 x 1021n/cm:

(E > I MeV). These samples had measured helium concentrations of 733 appm for the

80 percent dense samples, and 872 appm for the 97 percent dense samples. In the

following analysis, it is assumed for simplicity that both types of sample were irradiated

to 800 appm helium. Because i, is easier to performcompression testing than tensile

testing on irradiated beryllium, the yield strength and fracture strain were measured via

compression, rather than tensile tests. The tests were performed at room temperature.

For the purpose of this analysis, the change in compression properties after irradiation is

assumed to be proportional to the change in tensile properties.

Table 5.20 shows the properties of the samples before and after irradiation.

_Inform_ononthepropmydamofirradimedbe_UiumcemesfromJ.M.Beeams,_ al.,
"Mechm_ Testingof_ ScryUiam,"mmmd attheSenati_mTa:_ W_ G.L.
Longhur_, chnug, Idaho Enginzcring _ gglxm _-10017, _, 1991. Them has
b¢_ anotlm" razm _ wst of 100 % dmsc b_,llium (D. S. GclIu and K L. _h, _Nemnm

in Beryllium," Jma'nal of Nuclear Malerials, Vol. 191-194, 1992, p. 194). In this test,
howc,_n',aUof _ _ Im_rymum_ _ _m _ dmnsmsil©_.
result is contain/to other inadiation tat remits on lanyllium, and may have been dm to a poor

fabmaa'oat_haiqm.
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Table 5.20. Change in Beryllium Properties After Irradiation
III I

,BEFO,!_ IRRADIATION

Compression Yield Compressign Rupture
. Sample Density Strength _MPa) Strain (%)

97 % 216 _+7 3. I
80% 140+3 1.74

AFTER IRRADIATIQN
TO 800 aDem HELIUM

_omoression Yield I ComDressi0n RuDtur_
Sample Densigg .... Strenmh [MPg) ] ,,S,train f%)

97 % 928 + 4.3 [ 0.64 ± 0.04

80 % 611 +58 [ 0.40 _ 0.05 ,,

As can be seen, for both the 80 and 97 percent dense samples, the rupture strain

decreases with irradiation, and the yield strength increases. These trends are

characteristic of an irradiated material. There is approximately a four-fold decrease in

the rupture strain values, and a four-fold increase in the yield strength values. Hence,

these two effects tend to balance when the fracture toughness is calculated.

As was done before for temperature, a toughness parameterfor irradiationcan be

defmed as the ratio between the irradiatedfracture toushness and the unirradiated

fracture toughness. Using the data in Table 5.20, the toushness parameter

corresponding to an 800 appm helium concentration is 0.94 for the 97 percent dense

samples, and 1.00 for the 80 percent dense samples. Hence, the fiaeture toughness of

the 97 percent dense samples is decreased by 6 percent, and the fracaa'e toughness of the

80 percent dense samples stays the same. For the purpose of the present work, it is

conservatively assumed that the results of the 97 percent dense beryllium samples are

representative ofthe 100 percent dense beryllium used in Blanket Design 2.
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Extrapolating from 800 appm helium test results to the 36,000 appm level expected near

the first wall of a reactor is obviously a questionable process. This process is made even

more difficult because there are not enough usable irradiation data on beryllium at

different helium levels to obtain information on the shape of the fracture toughness-

versus-helium concentration curve. The assumption is therefore made, a priori, that for

every 800 appm helium generated in the beryllium, the fracture toughness decreases by 6

percent, as it did for the first 800 appm helium generated in the 97 percent dense

samples. This assumption is theoretically unfounded, and hence should be considered

very speculative.

A toughness parameter for irradiationcan be defined which is analogous to the

toughness parameter defined above for temperature. Specifically, the toughness

param_er for irradiationis defined as follows:

K_I_
(5.40) IrradiationToughness Parameter -

K_k,'

where K_ [, is the irradiatedfrscture toushness, and K_ L0is the unirradiatedfracture

toughness, both evaluated at the same temperature. Table 5.21 shows the toughness

parameter for 800, 6200, and 50,000 appm helium, based on the assumptions discussed

above.

Tabl¢5,21. lrr_ation ToughnessPerameter_

Helium Level lannm_ Tovghness Paramet_g,
800 0.94

4500 _1_ brd. rels.) EOL_ 0.71I II I I

36r000 _lst brd. reg., EOL) 0.06

Now that the behavior of the fracture toushness of berylliumas a function of irradiation

and of temperature has been separately explored, the results are now combined to obtain
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an estimate of the expected end-of-life toughness for the beryllium slabs in Blanket

Design 2. The toughness parameter as a function of temperature was presented in

Figure 5.53. If the minimumtoughness parameter associated with the operational

temperature range of the slabs (2.0) is multiplied by the end-of-life irradiation toughness

parameters shown in Table 5.21 for the Ist and 10th breeder regions, a minimum end-of-

life toughness parameter for each region is obtained which includes the effects of

temperature and irradiation. If this toughness parameter is multiplied by the unirradiated,

room temperature toughness of beryllium (shown in Table 5.19), an estimate of the

minimum end-of life fracture toughness for the beryllium in each region is obtained.

Table 5.22 shows the results.

Table 5.22. Fracture Toughness Estimate for Beryllium SlalTs

BreederRe,on RoomTenw..Unirrad. _ Irrad. Ooe_raOngTemo..
FractureTouthness Tousdmess Touu_o_s End-of-LifeFractu_

_r Parameter Touf.hness

i st 41 MPa.m °J 2.0 0.06 4.9 MPa.m °'
i ! II II II I

10th 41 MPa.m °_ 2.0 0.71 58 MPa.m °J
, , H

As shown in Table 5.22, the end-of-life fracture toughness for the beryllium slabs in the

Ist breeder region is greatly reduced due to the effects of irradiation,whereas the

toughness for the 10th breeder reoon slabs is actually higher than the unirradiatedroom

temperaturevalue, because the increase in the toughness parametercaused by the

elevated o_ temperatureoutweighs the irradiation-induceddecrease. These

results can now be used in conjunction with the maximumthermalstresses seen in the

slabs to determine the maximum allowable flaw size in the slabs to ensure asainst

fi'acture. The maximum thermal stress actually seen in the slab may be lower than the

113 MPa calculated above. Since thermal stresses are secondarystre_ thenm_num

stress actually seen in the slab is expected to be the yield strength. Although the yield
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strength for unirradiated beryllium at elevated temperatures is lower than 113 MPa (see

Figure 552), irradiation will tend to increase the yield strength, perhaps to above 113

MPa Hence, for conservatism, it is assumed the thermal stresses are not reduced by

yielding.

Solving for a= in Equation 5.35 using the end-of-life fracture toughnesses of Table

5.22, together with the maximum thermal stresses of the slabs in each region, and

assuming C = 1.122 yields a maximum allowable flaw size of 6.7 cm for the lOth

breeder region and 3 mm for the 1st breeder region. The slabs in the 1st breeder region

show a smaller allowable crack size due to the detrimental effect of the irradiation on the

fracture toughness of these slabs.

To avoid cracking in the slabs near the first wall, it would appear that non-destructive

testing of these slabs may be warranted to ensure no flaw size greater than 3 mm is

present. Such testing should not be di_cult, since the slabs have a simple geometry and

relatively small cross sections."n Since 3 mm is a rather large flaw size, it may be shown

that beryllium slabs of the sizes needed for Blanket Design 2 can be easily fabricated with

no flaws of this magnitude. If this turns out to be the case, such non,destructive testing

may turn out to be unnecessary. For the larger slabs deeper in the blanket, it is clear that

such testing is not warraated, since the maxinmm allowable flaw size is larger than the

width of the slabs themselves. It can he concluded, based on the results of this section,

that with proper fabrication and inspection of the slabs near the first wall, the beryllium

slabs would not be expected to crack due to thermal stresses for the lifetime of Blanket

Design 2.

_3Notethat3 mm is hugh linger thanthe mmlle_ flaw size (0.4 ram) usedin reg,rma_blocks for
ultrasonic cagtlmttio_. See T. Blumeilaet, et.aL, Mark's_md_d Hand_x_k forMechanical
Engineers, _-Hill, 1978, IX5..83.
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A final noteof cautionis in order concerningthepreviousanalysis. A large amountof

extrapolationwasnecessaryto calculatethe effect of irradiation on the end-of-life

toughness.As previouslymentioned,the shapeof the fracturetoughness-versus-helium

concentrationcurveis unknown,and hadto be assumedfor thisstudy. Hence,it is very

importantthatfurthertensiletestdatabeobtainedfor berylliumathigherirradiation

levelsandheliumconcentrationlevels. Furthermore,actualfracturetoughnesstestsneed

to beperformedon irradiatedberylliumsamples,Until suchtestsareperformed,the

conclusionsreached herein,andin factanyconclusionson the fracture toughness of

highly-irradiatedberylliuminfusionreactors,mustbeconsideredto be very tentative.
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Sw01int Stresses

Formation of heliumin berylliumoccurs under fast neutron irradiationdue to the (n, 2n)

reaction which has a threshold energyof 2.7 MeV. As has been discussed previously,

the heliumwhich forms causes swelling in the beryllium,to an extent which at present is

not well established. For the purposes of design of the breeder regions of Blanket

Design 2, it willbe recalled that an end-of-life swellingvalue of 10 percent was assumed

for all of the berylliumslabs, irrespectiveof their temperature or amount of helium

generation. It is known, however, that the swellingis dependent on both the amount of

heliumproducedand the temperatureof the beryllium. Based on a substantial number of

data points for 1O0percentdense, hot-pres_d berylliumwith .,25 laingrain diameter,

BUlonedevelopeda correlation describinghelium-indue_l swelling in Be, which is

follows:74

whereA__VVis the volumetricswellingin percent,G_ is the He contentin appm,andT isVo

Fi_l_lrc5.55. Swelling in Bcryllimn Slabs the temperaturein K.
e

Althoughthe dambasefor this
---- 10000ol;gm14o

..... 2e000 mllm Ho

s _ m_o ram,,, correlationexistsonly up to a

4 He contentof 26,000 appm,

-_" the minecorrelationis
3 .o-oo-o ................. oo" .............. °'*'°'"**°*"

a,_umedto holdup to the
2 -"

.... _ end-of-lifevaluefor

" BlanketDesign 2, which is3OO ,,tOO 5OO

r_m('e) 36,000 appm. Figure5.55

74M.Bi_, ArgOlllR N_OII_ _I_ FuJ/oll_ Pro_ _ COIII_QI_iOI_JImc,
1993.
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shows the swelling values as a function of temperature for three different helium

concentrations. There is a significant difference in the amount of swelling at different

temperatures, especially at high helium concentrations. 75 This differential swelling can

cause stresses in the beryllium slabs, since different portions of the slab are at different

temperatures. For temperatures below about 450 degrees C, the swelling-versus-

temperature curve is almost flat, indicating that if the slabs operate below this

temperature, the swelling is basically uniform in the slab, and hence no swelling-induced

stresses appear. At higher temperatures, however, there is a marked slope in the curve,

and therefore a potential for significant induced stresses.

The swelling-induced stresses, unlike the temperature stresses discussed previously,

appear only gradually over the lifetime of the blanket. Hence, there is time for creep

mechanisms to occur to relieve the stresses induced by swelling. The two creep

mechanisms of interest for the berylliumslabs are high-temperature and irradiation

creep. Creep is facilitated by the motion of interstitials and vacancies in the metal lattice;

for the case of high-temperature creep the mobility of interstitialsand vacancies is

induced by their increased thermal energy, and for the case of irradiationcreep the

mobility is induced by the energy imparted to the metal lattice by the incoming energetic

neutrons.

For the berylliumslabs in an operating fusion blanket, these two creep mechanisms

operate simultaneously, and both help to reduce the stressesinducedbythe differential

.,,,wellingof the slabs. The rate ofthermal creep for unirradiatedberyllium is well known

as a fimction of temperatureand applied stress, as it is for most unirradiatedmetals. The

75NOtethatthemaximumswellingvalueshownis lessthanthe10percentassumedfordesignof
BlanketDesign2, indicatingsomeco_ in desigs_
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rate of irradiation creep for beryllium is much less well known, due to a severe lack of

data (there is only one data point for irradiation creep currently available for beryllium76).

Generally speaking, one expects irradiation to accelerate the rate of creep of a metal at a

certain temperature and applied stress. 77 This effect can be very dramatic (well over an

order of magnitude for stainless steels in a fast neutron flux, 78and about an order of

magnitude for zirconium79). For beryllium, a similar increase in the thermal creep rate

due to irradiation is expected. However, irradiation also produces large amounts of

helium in the beryllium. This helium forms voids in the metal, restricting the ability of

the vacancies and interstitials to move. These voids reduce the out-of-pile fracture strain

of the beryllium, as seen in the last section. The voids may also restrict the ability of the

beryllium to creep. Hence, although irradiation should increase the creep rate of

beryllium at low fluences, at high fluences the formation of helium voids may reduce the

magnitude of this increase, or could even reduce the creep rate to a value below that of

the unirradiated metal.

As indicated previously, there are not enough in-pile data on the creep behavior of

beryllium to estimate the effect of either neutron flux or fluence on its high-temperature

creep behavior. Hence, for simplicity, it is assumed that the beryllium creeps at a rate

which corresponds to an unirradiatedsample at the appropriate temperature. Hence the

76M. C. Billone, Argonne National l._omtmy, private communication, July, 1993.

771:).R. Olander, Fundamental Aspects of Nuclear Reactor Fuel Elements, NTIS TID 2671 l-Pl, 1976,
p. 499.

71tB.M. Ma, Nuclear Reactor Materials and Applicat_ons, Van Nostrand Reinlmld Co., 1983, p. 110.

79D. G. Franklin, et. al., Creep of Zirconium Alloys m Nuclear Reactors, ASTM Special Technical
Publication 815, American Society for the Testing of Materials, p. 60.
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irradiation enhancement of creep is conservatively neglected, and any reduction in creep

that may conceivably occur at high helium concentrations is also neglected.

Figure 5.56. Creep of Beryllium 8° Figure 5.56 shows the

1°_._ _ 1.o5_,, " unirradiated creep behavior
_'::..-_._ ..... o.1'H,/hr

.IZ-."_:-. _ ---_ 00_ %lhr

104[ -" '_._:_,,_-._ .... 010015_r of 100 percent dense
- ".-,"C,'.._,':. _ .... 0.0001%/hr

...-..,_..,,,2_....._ _._. _ beryllium. This figure103 "'.-_ -.,. -. _.

•, " ..'-..." _." showsthe load required to

.. . _. causea particularcreeprate

1

101 "" .,. ". as a function of

100 temperature. The creep
40O 6OO _30 1000

rate data are now used in
Temperature(°C)

conjunctionwith Equation

5.41 to estimatethe maximumstressinducedin the berylliumslabsby swelling.

To find an upper-bound estimate for the swelling-induced stresses in the berylliumslabs,

accounting for the effect of thermal creep, the following method is used. First, using

Equation 5.41, the maximum swelling rate (swelling perunit He content) is determined.

Second, Figure 5.56 is used to determine the minimum load required to obtain a creep

rate corresponding to the maximum swelling rate at the appropriatetemperature. For

the present case, this minimum load is the maximum stress which would be experienced

due to swelling if the beryllium slab were restrained at the edges. Since the slab is not

restrained, this load represents a conservative estimate of the stress which would be seen

in the slab. If this stresscanbe shownto be acceptable,thenswellingof the slabsshould

not result in cracking of the slabs.

go_ fromdntninD.W. WluteandJ.E.Burke,eds.,TheMetalBeryllium,U.S.AtomicEnergy

Commixqion, 1955, p. 322. The 0.0001%/hr curve otWainedfrom extrapolationfi'om other curves.
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Differentiating Equation 5.41 with respect to the helium concentration gives the

following swelling rate relation:

(c_ AV _1.15x10. 4 l+l.423x104(G_)O._T_..,ex p ,
(5.42) tgG_ T

where the units of this expression are (%/appm He). As discussed in the previous

section on thermal stresses, the beryllium near the first wall of Blanket Design 2 is

expected to generate about 12,000 appm He/full-power-year. This fact can be used in

conjunction with the above equation to obtain the following swelling rate equation in

more useful units:

(-3940_(5.43) Swelling Rate(% / hr) = 1.57 x 10-4 1+ 1.423 x 1O-4(G,)°ST ', exp,, _ )).

This swelling rate relation is maximized when the helium concentration G_ and

temperatureT are maxinuz"ed.

There are two possible regimes which could result in the highest swelling-induced

stresses. At high temperatures, the swelling rate is the largest, which tends to result in

higher stress values. However, at low temperatures, the creep ratefor a given value of

stress is smaller, which again tends to result in higher stresses to induce the required

creep rate. Hence, two cases are analyzed, a high temperature case (at 575 degrees C,

the highest operational temperature for the berylliumin Blanket Design 2) and a low

temperaturecase (450 degrees C, the lowest temperature for which differential swelling

is a concern based on Figure 5.55). For conservatism, the helium concentraOon for both

cases is assumed to be the maximum seen in the first wall at end-of-life, or 36,000 appm.
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For the 575 degrees C case, a maximum volumetric swelling rate of 0.001%/hr is

obtained from Equation 5.43. To convert this volumetric swelling rate into a creep rate,

note that if a cube with unit volume expands on all three sides by a small amount E:,then

the change in volume of the cube is equal to (1 +E )3.1. For small values ofe this

expression is approximately equal to 38. Hence, if ¢ is paired with the creep rate
i

associated with the volumetric swelling rate of 0.001%/hr, the creep rate corresponding

to the maximum swelling rate is 8 = 0.00033 */&/hr.From Figure 5.56, it can be

concluded that at 575 degrees C, the load required to obtain a creep rate of this

magnitude is less that 14 MPa (2000 psi). For the 450 degrees C case, a similar analysis

results in a volumetric swelling rate of 0.0005 %/hr, corresponding to a creep rate of

0.00017 %/hr. At 450 degrees C, the load required to obtain this creep rate is less than

70 MPa.

It can be concluded, then, that 70 MPa is the maximum possible stress expected due to

swelling in any of the beryllium slabs. This stress is significantly less that the stress levels

induced by the thermal stresses discussed in the previous section. Hence, the thermal

stresses are more limiting than the swelling-induced stresses, and if the slab can sustain

the thermal stresses without fiacture, it should also be able to withstand the swelling-

induced stresses.

Effec_ of Sweillat, f¢oids 9n Conductivity

Altheugh it has just been demonstrated that swelling-induced stresses in the beryllium

slabs should not _ the slabs to crack, the voids which form as pan of the swelling

process can reduce the conductivity of the slabs, even if cracking does not occur. It is

assumed, as done duringthe design of Blanket Design 2, that all beryllium slabs

experience 10 percent volumetric swelling at end-of-life. Furthermore, 10 percent of the
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beryllium slab is assumed to be composed of uniformly spaced helium bubbles at end-of-

life. This is equivalent to assuming there is 0.10 porosity in the slabs at end-of-life.

The reduction in thermal conductivity caused by this porosity is given as follows, based

on data for beryllium at various temperatures: 81

I-P
(5.44) kB,(T ) = k,(T)

1+3.7P z'

where kB, (T) is the conductivity with porosity P, and ko(T) is the conductivity of 100

percent dense beryllium at temperature T. For a porosity of 0.1O, this relation reduces

the conductivity to 87 percent of its 100 percent dense value.

To see the effect of this reduction in conductivity, the LOFA case with 7 second plasma

continuation is run again, reducing all of the beryllium eonductivities to 87 percent of

their original, 100 percent dense values. (Note that this analysis does not account for the

fact that the beryllium slabs grow as they swell, increasing the thermal conductivity of

the breeder regions - hence it is conservative). Figure 5.57 shows the first wall

temperature as a function of time after shutdown for both the 0.10 porosity case and for

the fully dense beryllium case. The _ gap conductance for this figure is 10,000

W/m2.K.

gIM. Bfllone, "Beryllium m the ITER Blanket," ixresenled at the Beryllium Technology Workshop,
Clearwater FL Idaho National Engin_ Laboratory Report EGG-FSP-10017, December 1991.
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Figure 5.57. Effect of Be Porosity on FirstWall Temperature Profile During No-

Flow LOFA with 7 sec Plasma Continuation (h_, = I0,000 W / m2. K)
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o_o With Fully Dense Be

-
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0 20000 40000 60000
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As canbeseen,thereductioninconductivitycausedbytheporosityintheberylliumhas

verylittleeffect on the temperatureof the firstwall duringthe LOFA. Theresulting

rupturefractionandx directioncreepstrainvaluesarealso barelyeffected,increasing

_om 0.40 to 0.44 and from 0.23 to 0.27, respectively.Thereis clearlysubstantial

marginto firstwall failure,evenassumingporous beryllium.

The smalleffect the rednctionin conductivityin the berylliumhas on the first wall

temperaturesin Figure5.57 is perhapssomewhatsurprising,butcan be explainedby

notingthat thegapconduc_mce,whichis also animportantplayerin the effective

conductivityof thebreederregions,remaimunchangedas theconductivityof the

berylliumis reduced. Additionally,thereductioninconductivityis not severe, so a

drasticeffect on the firstwall temperaturesshouldnotbe expected.
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Conclusions

This section analyzed the possible mechanisms which could reduced the conductivity of

the beryllium slabs. As has been seen, cracking due to thermal stresses is not expected,

nor is cracking due to swelling-induced stresses. This conclusion rests on some

speculative assumptions regarding the fracture toughness of highly irradiated beryllium,

which must be confirmed by fracture toughness testing on irradiated beryllium samples.

The porosity in the beryllium caused by the end-of-life helium concentrations is expected

to decrease the conductivity of the beryllium to 87 percent of its original value, but No-

Flow LOFA analysis shows that the effect of this conductivity reduction on the first wall

temperatures is very small.
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Cha,,, pte,,r,,,,,6,,,Design of Shield Water System
The thermal analysis of the blanket designs in the previous chapters of this work assumed

the shield was cooled with naturally-circulating water. More specifically, one of the

boundary conditions for the No-Flow LOFA analyses was that the temperature at the

front of the shield remains at 100 degrees C for the duration of the transient. In Chapter

6, the importance of this boundary condition is explored, and a conceptual design is

developed for a shield water system (SWS) capable of keeping the front of the shield at

or below 100 degrees for the entire accident via natural-circulation. The SWS to be

developed in this chapter uses Blanket Design 2 as a reference blanket design.

To see how lack of a natural-circulation cooled shidd affects the temperature response

ofBlank_ 13_81a 2, the No-Flow LOFA analysis (with no plasma continuation) is

performed again, this time assuming that the water in the shield remains stagnant during

the accident, rather than assuming that the front of the shield rmnains at 100 d_r6_s C.

Figure 6..!. Blanket Desiml 2 Re_spon_ to N...o-Fl0wLOFA For this analysis, it

with No Natural Circulation in Shield (Outt_ard Blanket_) is assumed that the
700' ........................

I ..... Frontot'Shield! _. 0--o-

shield is thermally

..-'" isolated from the

soo  .o,mdi.gs.
Although this is

""'" obviously not
300 s"'""

8

,' Failureet strictlytrue, the

: Io de_ 26daysI thermal coupling
--, ._ ...... ---, ,...- _! _ J between the shi¢IdI00

0 0.5x10e 1.0x10e 1.5x10e 2.0x106 2.5x10e
and the

Time After Shu_ (see) sun_undin8
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structure is probably not good, hence such a conservative assumption may be quite

reasonable until the shield heats up to high temperatures. Figure 6.1 shows the

temperature response of the outboard blanket first wall and shield following a No-Flow

LOFA, and Figure 6.2 shows the response of the inboard blanket configuration. The

Figure 6.2. Blanket Design 2 Response to No-Flow LOFA afierheat

with No Natural Circulation in Shield (Inboard Blanket) deposited in the850

[ _ FirstWall [ shield region (used
r00 ! ..... Front of Shield I

in generating these

6" figures) is
*'-" 550

,,,-"" discussed in

E 4oo ,, Section 6.1.2.O
_- /

/
/

250 , Flrlt Wall FmiJure

.._10hours at10days Note that in these100 .... _f
o o.2xlOe o.4xlo6'' o._1os o.sxlOs 1.OxlO_ figures, the time

Time After Shutdown (_) scaJeis much

longer than for the

No-Flow LOFA curves displayed in Section 5.3. The characteristic heating up portion

of the first wall curve at the beginning of the transient is hence not visible, although it is

nearly identical to the heating up portion of the first wallcurves of Section 5.3. Note,

however, how the cooling trend of the first wall reverses, since the front of the shield is

heating up, retarding heat flow from the blanket into the shield. This reversal happens

much sooner for the inboard blanket and shield configuration than for the outboard

configuration, since the inboard shield is much thinner than the outboard shield, reducing

its total heat capacity. As the shield heats up, it is assumed that the water remains in the

shield in a pressurized, liquid state. Hence effects such as vaporization and dryout of the

shield water are neglected.
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As indicated on the figures, the outboard first wall fails due to creep rupture 26 days

after the onset o,f the accident, whereas the inboard first wall fails 10 days after onset.

Hence, although cooling of the shield is not necessary for the short.,term safety of

Blanket Design 2, it is necessary to ensure the long-term safety of the design.

The importance of a naturally-circulating SWS depends on the particular blanket design

in question. In Appendix 11, a blanket design using vanadium as structural material and

liquid lithium as coolant and breeder is analyzed. It is demonstrated therein that for such

a blanket, having a shield water system capable of natural circulation can markedly

change the short term accident performance of the blanket. Hence, having a natural-

circulation-cooled SWS is a potential benefit to any blanket design. The specific blanket

design determines whether this benefit is seen in the short-term or long-term post

accident performance of the blanket.
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6.!,. Shield Water system Heat Loads

As a first step towards design of the SWS, determination of the heat loads on the system

during the relevant modes of operation is necessary. The two modes of operation of

interest here are normal operation, and the No-Flow LOFA situation. The head loads on

the SWS originate in the shield itself (dominant during normal operation) as well as from

thermal radiation from the blanket to shield (dominant during a LOFA). The following

paragraphs characterize these two heat loads for both normal and LOFA operational

modes.

6. !.,.! Normal Operation,

The dominant heat load on the SWS during normal operation is volumetric heating of the

water and steel in the shield (recall that the shield is composed of 10 percent water a_id

90 percent MT-9 steel).
.Figure 6.3. Operational Heating in the Outboard Shield

0.5 .... The TWODANT

neutronics code provides
"E 0.4

... _ the heating rate fromc= 0.z neutrons and gammas as

_= 0.2 _ a function of distance

_ from the front of the

0.1 shield. The results for

0 ...... "_. ---s,--..., ,. - -- . the outboard shield are
0 20 40 80 80

shown in Figure 6.3.
DistancefromFrontofShield(cm)

The front of the shield

generates about 0.4

MW / m3, and this value drops rapidlywith distance toward the back of the shield. For

distances greater than about 40 cm behind the front, the operational heating becomes

quite low. The results for the inboard shield are similar, except that the average neutron
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wall load for the inboard blanket and shield portion is only 2.7 MW / m2,rather than 4.0

MW / m 2 for the outboard portion. Hence, the operational heating is correspondingly

less. Noting that the outboard shield is 1 m thick, and the inboard shield is 0.42 m thick,

and assuming a tokamak majorradius of 6 m and minor radius of 1.5 m, the volumetric

heating rate of the shield is integrated to ob,ain the total heat load on the SWS from the

shield and obtain a value of about 25 MW.

The heat load from the blanket to the shield comes from thermal radiation across the

vacuum gap between the blanket and shield. Since this gap is designed to prevent

significant amounts of heat from flowing from the blanket into the shield (thereby being

wasted), the heat load from the blanket is not significant during normal operation. Recall

from Section 5.2.3 that the emissivity of the gap surfaces is assumed to be 0.7. The back

of the blanket region (the helium plenum) maintains an average temperature of 350

degrees C during normal operation. Conservatively assuming the shield operates at 50

degrees C (the normal operating temperature of the shield is to be below 100 degrees C),

the heat leaking from the blanket to the shield is only about 2 MW. Hence, the total heat

load to the SWS during normal operation is about 27 MW.

_ I.2 .LOFA Operation

During a LOFA, the heat load from the shield diminishes to the level determined by

atterheat in the shield structure. Using the REAC3 aflerheat code in conjunction with

the TWODANT neutronics code, the afterheat level in the shield is plotted for three

different distances from the front of the shield in Figure 6.4. As can be seen, the

aflerheat values are much lower than the operational heating values. The total integrated

amount of aflerheat in the shield immediately after shutdown is less than 1 MW.
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The heat flowing from the
Figure 6.4. Afierheat in Outboard Shield
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Time After Shutdown(see) peak temperature of the

back of Blanket Design 2

during the No-Flow LOFA is 420 degrees C assuming no plasma continuation (refer

back to Figure 5.38), and 437 degrees C for the 7 second plasma continuation case.

Using 437 degrees C as the temperature of the back of the blanket, and again assuming

conservatively that the average temperature of the front of the shield is 50 degrees C, the

amount of heat flowing from the blanket to the shield is about 4 MW. The maximum

heat load to the SWS from aflerheat in the shield comes at shutdown, and the maximum

heat load from the blanket comes many minutes after shutdown. Howewer, for

conservatism, the SWS is designed to accommodate both maximum heat loads

simultaneously. Thus, the design heat load for the SWS during the LOFA is about 5

MW. Table 6. l summarizes the SWS design heat loads discussed in the above

paragraphs.

Table 6,1. Shield Water System Design Heat Loads

iiii

' Operational Heat Load fro,,m Heat Load from Total Heat _oad-

Mode Shield (M't_q Blanket (MII_ (MW)

Normal Operation , 25 2 27
LOFA Operation 1 4 5

|ll
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6.2. Confiouration of Single-Loop Shield Water System

The SWS mustbe capableof passivelyremoving,withouttheactionof pumpsor fans,

both the heat deposited in the blanket and radiatedto the shield and the heat generated in

the shield itself during the LOFA. It must remove this heat while maintainingthe

temperature at the front of the shield below 100 degrees C. In addition, the SWS must

be able to remove the normal operational heat load for the shield, using installed pumps

and/or fans, if necessary.

Before design of the SWS can begin, the ultimate heat sink (UHS) for the system must

be chosen. The UHS is the reservoir which accepts the heat rejected by SWS operation.

Examples of possible UHS choices include a body of water such as a river or spray pond,

or the atmosphere. For this study, the atmosphere is chosen as the UHS, for the

following reasons: (1) Use of a cooling tower conveniently allows for natural circulation

flow for the SWS coolant, because of the elevation of the tower's heat exchanger; (2)

Use of a "dry"cooling tower prevents the release of any activation products which may

exist in the SWS coolant (a spray pond could not use SWS water as a coolant without

the possible release of these activation products into the atmosphere); and (3) Use of a

naturally-occurringbodyof water such as a river presumes the existence of such a body

of water at the reactor site.

Another choice which mustbe made in the design of the SWS is whether the cooling

tower used for removal of the heat during a LOFA via natural circulation is also used to

remove the normal operational heat load, or whether a separate heat exchanger is used

instead. As can be seen in Table 6.1 above, the LOFA heat load is smaller than the

normal operational heat load by over a factor of five. This large difference between the
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accident and normal operational heat loads makes it desirable to use a separate heat

exchanger for the normal operational heat load, to minimize the size and expense of the

cooling tower and tower heat exchanger. This conclusion is further justified later in this

chapter.

The SWS coolant becomes radioactive during reactor operation, due to the neutron flux

in the shield. Depending on the radioactive inventory in the coolant, a spill of coolant

into the environment may be unacceptable. In addition, high levels of gamma radiation

from decay of N-16 (created by an (n,p) reaction with O-16 in the water) exist in the

SWS coolant during operation. Both of these concerns could be alleviated using an

intermediate cooling loop between the SWS coolant and the cooling tower heat

exchanger. However, such an intermediate loop would complicate the system and

decrease the system's reliability and thermal efficiency. Hence, it is worthwhile

investigating an SWS which does not use at'. intermediate cooling loop. The issues of

radioactivity and gamma radiation in the _WS coolant are addressed in later sections.

Following investigation of a "single-loop" SWS with no intermediate heat exchanger, a

"two-loop" SWS is examined.

Figure 6.5. Sinfle-Loop Shield Water System Diagram

Dry Cooling Tower

Ha Heet Exchanger ,-......................................................................................

I
I

Hw

I Fmm
GonderlNr

2O6



Figure 6.5 shows the arrangement of the "single-loop" SWS. The reactor shield is

shown in this figure with a hot coolant leg connected to the top of the shield, and a cold

leg connected to the bottom of the shield. The coolant flows through the hot leg to the

Auxiliary Heat Exchanger in the cooling tower, then through the pump/pump-bypass

lines, then through the Service Heat Exchanger, then back to the shield. As indicated in

the figure, the Service Heat Exchanger is cooled by the same water system that cools the

steam plant's Main Condenser. It is this heat exchanger which is used to remove the

normal operation heat load, with the SWS jet pump providing the required driving head.

The Auxiliary Heat Exchanger is designed to remove the LOFA heat l,.)ad via natural

circulation of the SWS coolant and the air in the cooling tower. Note that the SWS

pump is a jet pump; if the pump fails, natural circulation flow can still occur through the

system past the jet pump nozzle. Note also the reactor building boundary in the figure,

indicating that the Auxiliary Heat Exchanger is located outside of the reactor building (of

course), and hence outside of any barriers to radioactivity release. This issue is

discussed at length later in this chapter.

In order to size the Auxiliary Heat Exchanger and the associated cooling tower, as well

as the Service Heat Exchanger, a method for heat exchanger sizing and design is needed.

The method to be used herein is known as the _-NTU method. The 8-NTU method

differs in method (not end result) from the more familiar log-mean-temperature-

difference (LMTD) method, but is a more effective tool for the design of air-cooled heat

exchangers such as the Auxiliary Heat Exchanger._ The following description of the 8-

NTU method is adapted from a widely-referenced textbook on air-cooled heat exchanger

design by Kays and London. 2

lw. M. KaysandA.L.London,CompactHeatExchangers,Mc-GrawHill, 1984,p.24.

21bid.,Chapter2.
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For a two-fluid heat exchanger, the input parameters which allow calculation of the

thermal performance can be summarized as follows:

U = overall conductance for heat transfer, in W / m2. K of A

A = surface area on which U is based (usually the surface area on one or the

other side of the heat exchanger tubes) in m 2

T_. h = hot (inlet) temperature of primary fluid to be cooled (degrees C)

T_._ = cold (outlet) temperature of primaryfluid (degrees C)

T._.h= hot (outlet) temperature of secondary fluid used to cool primary fluid

(degrees C).

T,,_._= cold (inlet) temperature of secondary fluid (degrees C)

Win, (W_) = mass flow rate of primary (secondary) fluid (ks/see)

cp._, (cp.,_) = specific heat at constant pressure for primary (secondary) fluid

(J/kg-K)

C_ = W_. c_ = primaryfluid "capacity rate" (W/K)

C,,, = W.c.,, = secondary fluid "capacity rate" (W/K)

Flowarrangemem= eounterflow,parallel flow, crossflow, both fluids mixed, one
fluid mixed, etc.

Note the introduction of the quantity called "capacity rate", which, when multiplied by

the appropriate inlet-to-outlet temperature difference, yields the rate of heat transfer

from the primary coolant or to the secondary coolant. The flow arrangement depends on

the type of heat exchanger used. For the Auxiliary Heat Exchanger in the present work,

the flow arrangement is assumed to be crossflow, with the primary (SWS water) side

unmixed, and the secondary (air) side mixed. The "unmixed" designation for the water

side refers to the fact that the water runs inside tubes, and does not mix when traveling

through the heat exchanger unit. The air runs past the outside of these tubes, and hence

i mixes as it passes through the unit.
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To begin to relate all of these parameters in order to facilitate sizing and design of a heat

exchanger, the conservation of energy is used to derive the relation: i

(6,1) q = C_, (T_,h - T_.c)= C,.o (T_.,h - T,_,0), !

where q is the heat exchanger's heat transfer rate, For an ideal counterflow heat

exchanger of infinite heat transfer area, the maximum possible heat transfer rate is:

(6.2) q_, = C. (T_,_ - T._,o),

where Cramis the smaller of C _ and C._. The effectiveness of the heat exchanger, 8, is

defined by the ratio of the actual heat transfer rate divided by the maximum possible heat

transferrate:

(6.3) __=q_s__.
q_

The other definition which is integral to the _-NTU method is the definition of the

number of heat transfer units (NTU's). This quantity is defined as the heat transfer rate

per unit temperaturedivided by the minimum heat capacity rate, or:

UA
(6.4) NTU=_.

Ca

Since the heat transfer area A scales with heat exchanger size, the number of heat

transfer units is a measure of the physical size of the heat exchanger, for given C m and

U. Ca and U depend on heat exchanger geometry, and coolant flow rates.

It can be shown that, generally, the heat exchanger effectiveness _ can be expressed as a

function of the flow arrangement, NTU, and Cu/C w . The quantity Cm/C,_ , is called

the capacity rate ratio (Cr), where Cm is the larger of C_ and C.._. Specific

equations for e can be derived given the flow arrangement of the heat exchanger. For a
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single pass, cross flow heat exchanger with one fluid mixed and one fluid unmixed, 3 two

different relationships exist for E.4 If the unmixed capacity rate is the maximumone

(C m,_= unmixed, C m,= mixed), then:

(6.5) _=1-exp[-_r (1- exp(-NTU.Cr)I.

For Cu = unmixed, C m,.,=mixed, we have:

(6.6) _:= _ 11- exp[-Cr(l-exp(-NTU ))]}.

The effectiveness correlations of Equations 6.5 and 6.6 are plotted in Figure 6.6.

Figure 6.6. Effectiveness vs, NTU Relations
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Figure 6.6 shows that the effectiveness increases with NTU, indicating that the larger the

heat exchanger, the closer to ideal performance it has (as one would expect). Also

shown is that the heat exchanger effectiveness is larger for a given NTU when Cm=

3This is the type of heat exchanger which will be used for both the Auxiliary and Service Heat
Exchangers.

4For a derivation of these relationships, see W. M. Kays and A. L. London, Compact Heat Exchangers,
Mc-Graw Hill, 1984, Appendix C.
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unmixed. This indicatesthat a shell-and-tubeheat exchanger withthe secondary fluid on

the shellside, should be designed so that the primary fluid capacity rate is larger than the

secondaryfluidcapacity rate, or:

(6.7) C_ > C,_, or W_ .c_ > W_ .c,_.

This relation limitsthe secondary mass flow rate once the primarymass flow rate is

known. Furthermore, Equation 6.1 gives:

(6.8) Tin.h- Tt_.,< T,,_.,,- T,,_.o,

whichlimitsthe primarysidetemperature differenceto be less than the secondaryside

temperature difference,s Equations6.7 and 6.8 are relations which significantly"bound"

the heat exchangerdesign space to designs which havebetterefficiencies. These

relations, in conjunctionwith Equation 6.5, describe the fundamentalconclusions

obtained using the e-NTU design method.

6.4.,,,The Overall Conductance

The overallconductancefor heattransfer,U, is basicallya series conductancefor heat

flow from the bulkof the primary fluid through the fluid film layeron the primaryside of

the heatexchanger tubes, then through the tubes themselves,and finallythrough the

secondary fluidfilmlayer. Hence, the equationfor U has three terms, each

corresponding to a conductancethrough thesethree regions. The specific defufitionof

U depends on whicharea A is chosen as a reference area. For the present work, the

secondaryside area (the air side area in the AuxiliaryHeat Exchanger) is chosen as the

reference area. The U corresponding to the secondaryside area (neglecting fouling) is

hence:

5Themassflowrateandte_ differencerelationswerediscussedinJ.R.Tang,et.al.,
ConceptualDesignofthePassiveLishtWaterCooledandModeratedPreutm:TubeReactor(PLFFR),
MITNuclearEngineeringDepartmentReportMIT.ANP-TR-013,August9, 1992.

211



I ! t_ 1
(6,9) _ - + + ,

U,,_ qo,,.,h,., (A= / A,.,)k,_ (Ap. / A_,o)qo,p.hv.

where t,, and k w are the tube wall thickness and conductivity, respectively_

A_ and A,,_ are the primary and secondary heat transfer areas (including any
fins,

A mis an effective mean heat transfer area for the tube wall (defined below),

hp, and h,,, are the fluid film heat transfer coefficients, and

r/o._ and r/o.,_are effectiveness coefficients for the heat transfer areas, which
account for inefficiencies if fins are used on either the primary or
secondary side.

For cylindricaltubes, the effective mean heat transfer area for the tube wall is given by a

relation for conduction through the walls of hollow cylinders, as follows:6

(6.10) Am= A°w - A_"
ln(A.m / Am,, )'

where A.,, and Am, correspond to the inside and outside areas of the tube wall (not

including fins). The effectiveness coefficients r/,._ and r/,.,, are equal to unity if no

fins are present. Since there are no fins inside the tubes for the heat exchangers of

interest here, r/o._ = 1. If fins are present to increase heat transfer (as there are for the

secondary (air) side of the Amdliary Heat Exchanger), then we have:

(6,11) rio,. = I Af,. (1- ]If),
A..

where A f.... is the portion of the secondary side area associated with the fins, and

r/f is the fin efficiency (for circumferential fins = tanh(ml)/ml, where I is the fin

length, and m = (4h.. /kfD...,)°_, where kf and D..., are the conductivity of the fin

and the outer diameter of the tube).

6T. Baumeister, et.al., eds., Mark's Standard Handbook for Mechanical Engineers, 8th Ed., McGraw-
Hill, 1978, p. 4-60.
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6.4.1,, Heat Transfer Coefficient - Primer F Side

For a shell-and-tube type heat exchanger, the fluid film heat transfercoefficients, h_

and h°o, are evaluated using different methods for the tube side and shell side fluids For

the flow inside the tubes (tube side), a simple, general relation (Dittus-Boelter) can be

used for any tube size, because of the simplicity of the geometry. The Dittus-Boeiter

relation for a fluid being cooled is as follows:7

(6.12) Nu_ = 0.023Re_. Pr_._,

where Nu_ is the Nusselt number on the primary side (inside the tubes), Re_ is the

Reynolds number, and Pr_ is the Prandtlnumber. This relation is valid for Re_ >

10,000, and L_ / D. > 60,.conditions well satisfied for the present work. Recalling

that the Nusselt number is defined as h_D.. / k_, where D. is the inner tube diameter

and k_ is the conductivity of the primarywater, h_ can easily be solved for.

6.4. 2 Heat Transfer Coefficient - Sfconda_ Side

For flow outside the tubes, the geometry is much more complex, depending on

parameters such as tube size and spacing, whether or not the tubes are finned, and

overall heat exchanger tube arrangement. For such involved geometries, a single general

relation does not suffice to determine the appropriate heat transfer coefficient, and more

complex methods must be used, based heavily on empirical test data on heat exchangers

with geometries and similar to the geometry being considered. The methods used are

generally different depending on whether air or water is used as a secondary coolant.

Hence, the methods used herein are different for the air-cooled Auxiliary Heat

Exchanger and the water-cooled Service Heat Exchanger.

For air-cooled heat exchangers, it is necessary to use finned tubes to increase the heat

transfer coefficient on the air side, since air has less favorable heat transfer properties

7N.E. Todreas and M.S. Kazimi, Nuclear Systems 1, Thermal Hydraulic Fundamentals, Hemisphere,
1990, p.443.
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than water, Because use of such fins drastically changes the heat transfer performance,

and because there are so many possible ways to arrange such fins, it is generally

necessary to test such a heat exchanger to determine its air-side heat transfer coefficient.

Empirical relations are not useful because of the vast number of variables involved, such

as fin size, shape, spacing, etc.

Fortunately, such testing has been performed on a large number of air-cooled heat

exchanger designs, and the results of the tests have been compiled into a useful form by

Kays and London. 8 Each tested design has different fin and tube size and spacing.

Choosing the best possible fin and tube configuration for the present work is difficult and

time-consuming, and is not particularly warranted for a conceptual design. Hence, the

fin and tube geometry from in a previous conceptual study by Tang is used.9 A cross

section of the tube bundle region of the Auxiliary Heat Exchanger is shown in Figure

6.7, indicating the fin and tube geometry. Table 6.2 shows the relevant parameter values

for the Auxiliary Heat Exchanger.

sW.M.KaysandA.L. London,CompactHeatExchangers,Mc-GrawHill, 1984,Chalet 10.

9J.ILTang,¢t.al.,Conccl_ualDesignof thePassiveLightWaterCooledandModeratedPrcssu_Tube
Reactor(PLVI_),MIT_nt of Nucl_u"EngineeringReportMIT-ANP-TR-013,August,1992.
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Figure 6.7. Auxiliary Heat Exchanger Fin/Tube Geometry (not to scale)

Air Flow

I

Table 6.2. Auxiliary Heat Exchanger Parameters _0

,i

Longitudinal Tube Pitch (sl): 52.4 mm

Transverse Tube Pitch (st): 78.2 mm

Inner Tube Diameter (Din)! 23.4 mm

Outer Tube Diameter (Dout): 26.0 mm

Fin Outer Diameter (I_an): 44.1 mm

Fin Thickness (tO: 0.30 mm

Fins per Unit Tube Length (sf) 346 per meter

Fin Area/Heat Transfer Area, A,_ (Farea): 0.825

Air Flow HydraulicDiameter (Dh): 13.2 mm

Free-Flow/Frontal At_ (o): 0.642

Heat Transfer.Area, A,,,/HX Volume (15): 191 perm

li

l°FromKaysandLondon,Fig. 10-90,surfaceCF-8.S-I.0J/B.
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In addition to the basic geometry parameters, Table 6.2 also includes other important

heat exchanger parameters, such as the ratio of the free-flow to frontal areas. The

significance of these parameters is discussed shortly.

The test data for the heat transfer coefficient for the air-side of the Auxiliary Heat

Exchanger are presented as a plot of the quantity St Pr2/3versus Re, where St is the

Stanton number. This data are shown in Figure 6.8, where Re in this figure is defined as

follows:

(6.13) Re: W._•Dh
Aff./z..

where W._ is the mass flow rate of air through the air-side, Aft'is the air-side free-flow

area, and Dh is defined in the table above.

Figure 6.8. Heat Transfer Parameter for Air-Side of Amdli_y Heat Exch&nger_
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The Stanton number St., is equal to h.,,j / cp_o..,v.._, where p., and v., are the

secondary (air) side density and velocity, respectively. Hence, Figure 6.8 directly yields

llW. M. Kays and A. L. London, Compact Heat Exchangers, Mc-Graw Hill, 1984, Fig. 10-90, surface
CF-8.8-1.0J/B.
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the heat transfer coefficient for the air-side of the Auxiliary Heat Exchanger. Also

shown in this figure is the functional dependence of St Pr 2<3versus Re based on curve-

fitting the test data curve shown.

The ServiceHeat Exchanger uses water as a coolant on the secondary side. Generally,

heat exchangers using water on both sides do not use finned tubes, since the heat transfer

properties are not significantly improved by adopting them. Hence, the geometry is

simplified as compared to the finned tube case, and there are fewer variables to consider

for the design. The standard type of heat exchanger used when water is the coolant on

both the primary and secondary sides is the "shell-and tube" type in a crossflow

configuration. A relatively simple type of shell-and-tube heat exchanger is adopted as

the configuration for the Service Heat Exchanger, one with a single internal baffle on the

secondary (shell) side, and a "once.through" flow pattern for the primary (tube) fluid.

Figure 6.9 shows this configuration. A baffle on the secondary side helps ensure uniform

flow of the secondary fluid by reducing the cross-sectional area seen by the fluid and

hence eliminating areas where the fluid flow could stagnate. For this type of heat

exchanger, a somewhat general method of analysis has been developed which yields

performance results without direct testing of the specific heat exchanger configuration.

This method is called the "Delaware method. ''12

12Thedescriptionof theDelawaremethodis adoptedfromK.J.Bell,"DelawareMethodforShellSide
Design,"inHeat Exchangers,Thermal-HydraulicFundamentalsand Des/gn,S.Kakac,et.al.,Eds.,
Hemisphere,1981,p. 581.
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..F.igure6.9. Service Heat Exchanger Configuration

SecondaryInlet SecondaryOutlet

PrimaryInlet PrimaryOutlet

Determination of the heat transfer coefficient on the water-cooled secondary side of the

Service Heat Exchanger using the Delaware method requires specification of the tube

geometry. As with the Auxiliary Heat Exchanger, it would be possible to expend a

considerable amount of effort trying to optimize the tube geometry in order to minimize

the size of the Service Heat Exchanger. However, as was done for the Auxiliary Heat

Exchanger, a representative tube geometry is adopted for the purposes of the present

conceptual design. The tube geometry adopted for the Service Heat Exchanger is shown

in Figure 6.10, and relevant parametervalues are shown in Table 6.3. As previously

mentioned, the Service Heat Exchanger tubes do not have fins.

218



Figure 6.10. Service Heat Exchanger Tube Geometry_

(

Table 6.3. Service Heat Exchanger Parameters

II II fill IIIIII I I I I

LonsitudinalTube Pitch(sl): 27.5 mm

TransverseTube Pitch (st): 31.7 mm

InnerTube Diameter(Din): 22.9 mm

OuterTubeDiameter _out): , 25.40mm

The heat transfercoefficientas calculatedby theDelaware methodis of the form:

(6.14) h..,.,m, = ha._ .(correction factors)

where ha.,_ is the idealheat transfercoefficient for the specifiedrobebank geometry, and

the correctionfactorsaccount for effectssuch as tube bundle bypass flow. The

Delawaremethod describesa numberof rather involvedmethodsfor estimatingthe value

of these correction factorsgiven the detailedheat exchangergeometry. However, for

the presentwork it is assumedthat the combinedeffect of the correction factors is to

reduce the idealheat tranffer coefficientby 40 percent, which is typical for a well

designedshell-and-tubeheat exchanger._3Hence we have:

13K.J. Bell, "Delaware Method for Shell Side Design," in Heat Exchangers, Thermal-Hydraulic
Fundamentals and De'sign, S. Kakac, et.al., Eds., Hemisphere, 1981, p. 585.
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(6.15) h,=,,,,,,,,= 0.6h_d,,I.

To calculate h_ l, use is madeof the "j-factor"method. Inthis formalism,h_,,j is given

by:

(W,_,.,,,. k,_(6.16) h_ = jic_.,_ A,f cp.,,d_,,, '

where j_ is the j-factor (determined empiricallyfor the particular tube bank geometry),

A,f is the erossflow area near the heat exchanger eenterline, and k,,_ and/_,,o are the

secondary side water conductivity and viscosity, respectively._4The other constants

were defined at the beginningof this section. The value of j_ for the tube bundle

geometry of the ServiceHeat Exchanger is given in Figure 6.11, which shows the

empirically-determineddata curve together with a functional relationshipdetermined by

curve-fittingthe data. In Figure 6.11, Re is defined as follows:

(6.17) Re = W..,.,,,_. Dout
/u,. Aof

14K.J. Bell, p. 606.
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Figure 6.1 I. Heat Transfer Parameterfor Secondary Side of Service Heat
Exchanger_-'
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6.5. Heat Exchanaer Pressure Drops

Todeterminetherequiredpumpingpowerand/ornaturalcirculationdrivingheadfora

particularheatexchangerdesign,thepressuredropthroughboththeprimaryand

secondarysidesoftheheatexchangermustbedetermined.Aswasseenfortheheat

transfercoefficients,thecalculationalmethodusedforthepressuredropisdifferent

dependingonwhetherthefluidisinsideoroutsidethetubes,andwhetherit isairor

water.

6_5.1 Pressure.Drop- Primmy Side.

As withthe heattransfercoefficient,the pressuredrop for the primaryside canbe

determinedusingsimplesemi-analyticalrelations. The pressuredropfor fluidflowing

insideatubeisgivenby.

13K.J.Boil,Figure 14.
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(6.18) Ap_= fP" (W_)2( L'b'

where f_ is the friction factor (defined below). 16W_ and A_ are the mass flow rate

in the tube and the tube flow area, respectively. L,_ and D_b, are the tube length and

diameter, and ,o_ is the primarywater density. The friction factor for turbulent flow is

given by: 17

f_ = 0.316 Re42_ (for Re < 30,000)
(6.19)

0.184 Re -°'z (for 30,000 < Re < 1,000,000)

6. 5.2 Pressure Drop - Seconda_ Side

For the air-cooled Auxiliary Heat Exchanger, the secondary side (air-side) pressure drop

is composed of two main components: the friction pressure drop (similar in form to the

friction pressure drop discussed above), and the flow acceleration pressure drop which is

caused by acceleration of the air as it flows through the heat exchanger. The

acceleration term has a component which depends on the ratio of the free-flow/frontal

area ratio (o in Table 6.2). This component gets small as the frontal area of the heat

exchanger gets larger, indicating that the air is accelerated less as it enters the unit, hence

has less corresponding pressure drop. The acceleration term also has a component

which depends on the ratio of inlet/outlet air densities. This is because as the air heats

up as it passes through the heat exchanger, the decrease in density causes the air the

accelerate. Generally, the acceleration term accounts for entrance and exit effects, but

these are small for a cooling tower, and are neglected herein.

The relation for the air-side pressure drop for the Auxiliary Heat Exchanger is given by:

16N. E. Todreas and M.S. Kazimi, Nuclear Systems 1, Thermal Hydraulic Fundamentals, Hemisphere,
1990, p. 610.

171bid., p. 379.
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/2E/ / 1(6.20) AP"_"t' =--_1 ( W_''°* 1+°'2) p= -1 +f,, A,,#,2p= Aft k,Po,, Aft Pm '

Aoc¢lerattonterm Pri_tonterm

where P=, Po=, and Pmare the inlet, outlet, and average air densities, W_,,_ is the air

mass flow rate, Aft' is the air-side free flow area, A,= is the total air side heat transfer

area, and f_ is the air-side friction factor. As was the case for the air-side heat transfer

parameter St 2;3Pr , f,= must be determined by testing the specific heat exchanger tube/fin i

geometry being considered. A plot of f_ for the Auxiliary Heat Exchanger is shown in

Figure 6.12. The Reynolds number for this figure was defined in Equation 13.

Figure 6.12. Pressure Drop Parameter for Air Side of Auxiliary H.eat
Exchanger t8
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In addition to the friction pressure drop caused by passage through the Auxiliary Heat

Exchanger, air passing through the cooling tower also experiences a friction pressure

drop due to passage through the chimney of the tower. This chimney pressure drop

lsW. M. Kays and A. L. London, Compact Heat Exchangers, Mc-Graw Hill, 1984, Fig. 10-90, surface
CF-8.8-1.0J/B.
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(determined in a similarfashionas the friction pressure drop of water through tubes is

determined)obviouslydepends on the diameterof the chimney,with smallerchimney

diameters causinga higherchimney pressure drop, for a given air mass flow rate,

For the water-cooledsecondaryside of the ServiceHeatExchanger,we returnagain to

the Delawaremethodfor shell side design. The full-blownDelawaremethod pressure

dropcorrelationis rathercomplex, and requiresknowledge of the design detailsof the

heat exchangerwhich are not known at the conceptualdesign stage. Hence, a simplified

relation is used to calculate the pressuredrop. This relationneglectseffects such as

bypassflow aroundthe tube bundle, hence it is conservativein that it yieldshighervalues

for pressuredropthan the fullDelaware correlation. The simplifiedpressuredrop

relationgives the pressuredropfor an idealcrossflowsection and is as follows:

(6.21) Ap,_,__ = 2fiN° (W"--) _p.,_ [, A,f '

where N, is the numberof tube rows crossedbythe secondaryflow, and f_ is the

frictionfactor,which is dependenton the tubegeometry. Figure6.13 shows f_for the

ServiceHeatExchangergeometry. The Reynoldsnumberfor this figurewas definedin

Equation6.17.
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Figure 6. !3. Pressure ,DropP_¢metcr for Secon_ Side of Service H.eat
Exch_er
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6.6. Coolina TowerAuxiliary Heat Exchanaer,Sizina for Single
LgoDShield Water System

Inthepreviousthreesections,thebasicelementsof heatexchangerdesignwere

developed. In thissection, the requiredsizes of the cooling tower andAuxiliaryHeat

Exchanger(AHE) are determined,using themethodspreviouslyoutlined,with the added

requirementthatthe naturalcirculationpressuredropof the systembe equalto the

frictionalpressuredrop. As a startingpointfor the sizing process,we neednot onlythe

fro/tubegeometry,whichwas givenin Figure6.7 and Table6.2, but alsothe choice of

fin/tubematerials.A standardchoice of materialfor low temperature,low pressureair-

cooled heat exchangersis aluminum,becauseof its highthermalconductivity. However,

the protectivecorrosionfilmon aluminumbreaksdown above60-70 degreesC,_9

19p.Cohen, Water Coolant Technology of Power Reactors, GardenandBreach Science Publishers,New
York, 1969, p. 309.
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makingit unsuitable as a tube materialfor the present design, which operatesat

temperaturesabove 90 degreesC. Hence, 304 stainless steel is chosen as a tube

material, and aluminumis usedonly for the fins. Stainlesssteel has the additionalbenefit

of allowing relativelyhigh flow velocitiesin the heatexchangertubeswithout concerns

for tube erosion.

Ina typicalheat exchangersizingproblem,the inlet and outlet temperaturesfor both

fluids arespecified,and the requiredheat transferratefor the heat exchangeris known.

For the presentdesign,the requiredheat transferrateis the heat loadunder accident

conditions, and is 5 MW, as discussedin Section 6.1.2. However, only two of the four

relevanttemperaturesare specified,the _ primarywater inlet temperature(which

must be below 100 degreesC, say 95 degrees C), and the airinlettemperature(assumed

to be at 25 degreesC). The primarywateroutlet temperatureduringaccident

conditions,andthe airoutlet temperatureare not specifiedinitially. Inaddition, the

allowableair-and water-sidepressuredrops(which areprovidedby naturalcirculation)

are not specifiedeither,butare functions of the cooling tower size andthe assumed

heightof the AHEabove the shieldcenterline.
t

In orderto move forward in the heat exchanger sizingprocess, the numberof

unspecifiedvariablesmustbe reduced. The airoutlet temperaturecan be fixedby noting

that if the air exitingthe cooling tower is too hot, it may be an environmentalthreat.

Hence, the air outlet temperatureis fixed at a value consistent with the outlet

temperaturesof other power plantdrycoolingtower designs, namely40 degrees C.20

The heightof the center of the AHE is also fixed (somewhatarbitrarily)as 2 meters

2°For examples of typical dry cooling tower design exit textures, see D.W. Keamey and B.E.
Boyack, "Plume Behavior and Potential Environmental Effects of Large Dry Cooling Towers," in Dry

and WetDry Cooling Towers for Power Plants, ILL. Wedd and ILE. Barry, Eds., The American Society
of Mechanical Engineers, 1973, p. 35.
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above the centerof the shield. Referringback to Figure6.5, Hw is therefore set at 2

meters.

The lengthanddiameterof the piping which connects the shieldto the AHE must be

specifiedto determinethe overallprimarywater-sidepressuredrop. The actual

configurationof this piping, with the associatedshieldmodule inlet and outlet piping

manifolds,is dependenton the detaileddesignof the shieldand reactorplant. In

addition,the length of the piping dependson detailedarrangementsof shield water

system components. Ratherthan attemptingto specifysuch detailshere,the pressure

drop behaviorof the detailedpiping arrangement is approximatedby assumingthe shield

and AHE areconnected by a single inletand singleoutlet pipe of a specifiedlength and

diameter,with four long radiuspipe bends in the loop. To account forpressuredrops

associatedwithpipe bends, tees, etc. which arenot modeleddirectly,the inlet and outlet

pipes are assumedto be relativelylong, at 100meterseach.

The diameterof the inlet/outletpiping,as it turns out, is specifiedbythe requirementto

allow for decay time of N-16 activity. Thisissue is discussed in Section 6.10. To

minimizethe N-I 6 activityin the AHEto acceptable levels, the inlet/outlet pipe diameter

have a diameter of 1.1meters. Note that for a system whichoperates at atmospheric

pressure, sucha large pipe size is reasonable.

Thefinalvariableto be fixed is the primarywateroutlet temperaturefromthe AHE

underaccidentconditions. As it happens,with the other systemparametersfixed as

discussedabove,the dimensionsand cost of the AHE and coolingtower are not

significantlyaffected byvariationsin theprimary,wateroutlet temperature. This

temperatureis thereforefixed at 80 degreesC. With the AHEoutlet and inlet
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temperatures, and the heat load to the system all fixed, the system mass flow rate is also

fixed by conservation of energy at 79 kg/sec.

A number of variables necessary to size the cooling tower and AHE have now been

determined, and are shown in Table 6.4. The diameter of the cooling tubes in the shield

(necessary to calculate the primary water side pressure drops) is specified as 22 mm in

this table. As it turns out, the pressure drop of the shield is negligible compared to the

pressure drop of the rest of the piping and components in the primary loop. This is

demonstrated later, in Section 6.9.

Table 6.4. Shield Water System. Design Parameters (Accident Conditions)

iii ,,, II III I I I IlllII I

Auxiliary Heat Exchanger (AHE) Heat Load : 5 MW

Cooling Tower Air Inlet Temperature: 25 degrees C

.... Cooling Tower Air Outlet Temperature: 40 de_rees C

, Primary Water Outlet Temperature from AHE : 80 de_rees C

Primary Water Inlet Temperature to AHE: 95 degrees C

....... System Mass Flow ,Rate: 79 kg/sec

Height of AHE above Shield Centedine (Hw): 2 metersH , ,,, ,

Shield-to-AHE Connecting Pipe Length (Inlet and Outlet): 200 meters

...... Shield-to-AHIE Inlet and Outlet Pipe Diameter:. 1.1 meters

Shield Cooling Tube Diameter (7400 tubes in sh!eld): 22 mm

The remaining variable necessary to specify the size of the of the cooling tower and AHE

is the chimney height, or the height of the cooling tower above the heat exchanger (Ha in

Figure 6.5). The chimney height is varied in the following analysis to determine the

optimum tower and heat exchanger size.
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In order to findthe optimumcooling tower andAuxiliaryHeat Exchangersizes, the

chimneyheight is now varied to see the effectof chimney heighton the dimensionsof the

heat exchanger,and the cooling tower itself. The heatexchangerand cooling tower

sizes change as the chimneyheight changes in orderto keep the natural circulation

pressurehead of the systemequal to the frictionalpressuredrop of the system. The

details of the heat exchanger/coolingtower sizingprocedureare not given in this section;

the readeris referredto Appendix6 for these details. The resultsof the heat exchanger

sizingproceduredetailedin Appendix6 are plottedin Figure6.14.

Figure 6.14. Auxiliary Heat Exchanger Volume vs.
Chimney Height Thisfigureshows that as

4o the chimney height

as increases,the required

,.. heatexchangersize

_'g 30 decreases,until a chimney

25 heightof about 15x
-1-

meters, atwhichpointthe
20

heat exchangersize

15 .......... beginsto gradually
0 10 20 30

increase again. The
ChimneyHeight,Ha (m)

explanationforthiscurve

shape follows. Generally,a larger chimneyheight resultsin a greater allowablepressure

drop across the heatexchanger. This in turn allows for a smallerflow area for the given

(fixed) air massflow rate, and hence a smallerheat exchanger. This explainsthe left-

hand side of the figure,when heat exchanger size is decreasingwithHa. However,a

smallerbeat exchanger also means a smallerchimneydiameter(see Figure6.15 below).

At heat exchangervolumes below 18 cubic meters,the chimneydiameterbecomes so
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small that the chimney pressure drop begins to dominate the air-side pressure drop. This

reduces the rate of air flow for a given heat exchanger size, driving the exchanger size

toward larger values again to allow the required air flow rate through heat

exchanger/tower complex. A plot of relevant cooling tower parameters versus chimney

height is given in Figure 6.15.

Figure 6.15. Cooling Tower Parameters vs. Chimney Height
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As shown in this figure, the cooling tower diameter drops with chimney height. As

chimney height is increased, the cooling tower air gap increases, sinve the air gap is

assumed to scale with the chimney height (see Appendix 6 for details on the

configuration of the cooling tower/AHE complex). This allows more vertical room for

the heat exchanger within the cooling tower, thereby allowing the tower diameter to

decrease (since the heat exchanger must fit into the air gap region around the tower's

diameter). The decrease in tower diameter tends to control the volume of the tower

shell, despite the fact that the chimney height is increasing. Hence, the shell volume

generally decreases with Ha until about Ha = 20 meters, at which point the shell volume

begins to increase slowly because the diameter is not decreasing as fast as Ha is

increasing.
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Since both the heat exchanger size and tower size decrease with increasing chimney

height until about Ha = 15 meters, it would appear that this would be an optimum height

for the tower. Table 6.5 shows the resulting Auxiliary Heat Exchanger/cooling tower

parameters for this chimney height. This is the reference Auxiliary Heat

Exchanger/cooling tower complex for the single coolant loop SWS.

Table 6.5. Reference Auxiliary Heat Exchanger/Cooling Tower Parameters (Single
Loop SWS)

i i

Cooling Tower Chimney Height: 15 meters

Total Cooling Tower Height: 21 meters

Cooling Tower Diameter: 7.7 meters

Cooling Tower Shell Volume: 160 cu. meters

Heat Exchanger Volume: 18 cu. metersi i in i i i li iil
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6.7. Service Heat Exchanger .Sizin.q

We turn now to sizing of the Service Heat Exchanger (SHE), for use during normal

operation. Figures 6.9 and 6.10 and Table 6.3 showed the basic configuration and

geometry of the SHE. As with the Auxiliary Heat Exchanger, the tube material choice

must be specified prior to sizing the SHE.

The tube materialchoicefor the SHE is aluminumbrass,a copperalloywith 20.5

percentzincand2 percentaluminumaddedasalloyingmaterials. Thisis a standard,

highconductivitymaterialusedin powerplantheatexchangers,andis inexpensive

relativeto the304 stainlesssteelusedin theAuxiliaryHeat Exchanger.However, unlike

stainlesssteel,whichcansustainhightubecoolantvelocitieswithouterosion,aluminum

brasshasa tubevelocity limit of about7.0 _sec (2.13 m/sec).21A tubevelocitylimit is I

acceptablefor designof the SHE, sinceit isdesirableto limit thepressuredropof this

unit anyway,to facilitatenaturalcirculationflow intheshieldwatersystemduring

accidentconditions.

The normal operational heat load for the SHE has already been determined in a previous

section of this chapter, and is 27 MW. To size the heat exchanger, the primary and

secondary water inlet and outlet temperatures must also be specified. The secondary

water used for cooling the SHE is assumed to come from the same water system which

cools the main condenser in the steam plant for the reactor. Hence, it is logical to

assume similar inlet and outlet temperatures for the secondary side of the SHE as would

be reasonable for a main condenser cooling system.

2IT. Baumeister,¢t.al., ¢ds., Mark's Standard Handbook for Mechanical Engineers, 8th Ed., McGraw-
Hill, 1978, p. 9-62.
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Since the water for cooling the main condenser (and the SHE) might come from a river

or lake, the inlet temperature should be chosen to be at or above the maximum

temperature for such natural bodies of water. For the U.S., this temperature is about 30

degrees C;22hence 30 degrees C is chosen as the design secondary water inlet

temperature. The water temperature rise for condensers is typically about 10 degrees

C,23so the secondary coolant outlet temperature is specified as 40 degrees C.

The primary Shield Water System coolant inlet temperature to the SHE is specified as 85

degrees C, to ensure a large margin to 100 degrees C during normal operation. The

primary coolant inlet temperature is then fixed by the results of the s-NTU analysis

discussed previously in this chapter. Recall that this analysis showed that for best heat

exchanger efficiency, it is desirable to ensure that the following relation holds:

(6.22) T_,_ - T_,o < T..,_ - T._,o.

Hence, the temperature drop across the SHE on the primaryside must be at most equal

to the temperature increase on the secondary side. To minimize the required flow rates,

and the corresponding tube velocities, a primaryside temperature drop of 9 degrees C is

chosen, which is just slightly smallerthan the secondary temperature rise. Table 6.6

shows the Shield Water System design parameters necessary to size the SHE.

Table 6.6. Shield Water System Design Parameters (Normal Operation)

i

Service Heat ExchanEer (SHE) Heat Load: 27 MW

SHE Primary Water Inlet Temperature: 85 de_ree's c

SHE Primary Water Outlet Temperature: 76 de_xees C

SHE Secondary Water Inlet Temperature: 30 donees C

SHE Secondary Water Outlet Temperature: 40 de_ees C

221bid.p.9-62.

23Ibict,Chapter9.
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The parametersabove determine the required mass flow rates on the primaryand sides

of the SHE. Giventhese, the dimensionsof the cylindrically-shapedheat exchanger

(namely the length and diameter) determine the flow velocity on both the insideand

outside of the tubes. Specifyingone dimension(diameter, for example) fixes the other

dimensionas well, since the heat exchanger has to have a certain surface area in order to

transfer the required heat flow.

Figure 6.16. Service Heat Exchanger Length vs. Diameter
4

3

0
I 2 3

HX Diameter(m)

Usinga proceduresimilarto theproceduredescribedfor sizingtheAuxiliaryHeat

Exchanger(describedin Appendix6), andchoosingtheSHEdiameterasavariable,a

plot of SHE lengthversus diameteris generated, as shownin Figure6.16. As the

diameteris increased,the requiredheat exchanger lengthdecreases,sincethe required

surface area remainsrelativelyconstant as the diameteris changed.
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Figure 6.17. Service Heat Exchanger Flow Velocities
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Given the resultsshownin Figure 6.16, it isstraightforwardto calculatethe resulting

flow velocitieson theprimaryside(throughthe insideof the tubes)andthesecondary

side(on theoutsideof the tubes). The resultsare shownin Figure6.]7. As can beseen,

for heatexchangerdiametersbelowabout1.1 meters,the primarysidevelocityexceeds

themaximumallowablevelocity limit. This isbecausethereis lessprimary sidecross-

sectionalflow area. For diametersabove1.1 meters,however,thesecondaryside

velocity exceedstheallowablelimit, sinceasthe heatexchangerdiameterincreases,its

requiredlengthdecreases,reducingthe secondaryfluid'scross-sectionalflow area.

Hence,an SHE diameterof 1.1 metersis chosenfor ourdesign. The dimensionsof the

referenceServiceHeatExchangerarethusshownin Table6.7.

Table 6.7. Reference Service Heat Exchanger Dimensioqs

Service, Heat Exchanger Diameter:. 1.1 meters

Service Heat Exchanger Length: ., 1.8 meters
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6.8. Temperature and Flow Distnbution in Shield

The SWS must ensurethat the temperature of'the coolant water at the front of the shield

does not reach l O0degreesduring either normal operation,or during the LOFA.

However, the designinput for the SWS is the averagecoolant water outlet temperature

from the shield,not the_ temperaturewithin the shield. To relate the average

coolant water outlet temperatureto the maximumtemperature seenat the front of"the

shield,ananalysisof"the temperature andflow distribution in the shieldneedsto be

performed.

For normal operation with the driving head in the SWS provided by a pump, the average

coolant outlet temperature from the shield is only 85 degrees C, as discussed in the

previous section. With this large margin to 100 degrees C, there should be no concern

with the coolant temperature in the front tubes exceeding this temperature. If necessary,

the temperature distribution for coolant within the shield can be controlled using flow

restrictors in the coolant pipes in the rear portions of the blanket. This forces more flow

through the front sections of the shield to remove the higher heat load there, ensuring

that the coolant outlet temperature in for each coolant tube remains below 1O0degrees

C.

For accident operation with no coolant pump, however, the driving head in each coolant

tube is provided by he,amp of coolant in each individual tube, which creates density

changes in the tube and results in a natural circulation driving head. This driving head is

different depending on how much heat is deposited in the tube. The tubes with the

highest heat loads during the accident are the tubes at the front of the shield. Hence, the

front tubes have greater natural circulation driving heads, higher flow velocities, and

higher outlet temperatures than tubes further back in the shield. If the water in the front
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shield tubes can be shown to remain below 100 degrees C during the accident, all of the

water in the shield remains below this temperature.

Figure 6.18 illustrates the model used to perform the accident flow and temperature

distribution analysis for the shield coolant tubes. This figure shows a simplified

schematic of the entire SWS loop, including the shield, SHE and AHE. Also shown is

the shield inlet and outlet plena temperatures, and the system mass flow rate, determined

in Section 6.6. The first five rows of shield tubes behind the back of the blanket are also

shown (the other tube rows are omitted for clarity). Finally, Figure 6.18 shows a cross

section of the shield coolant tubes, indicating a "coolant tube unit cell", defined as a

coolant tube and the surrounding associated structure.

F.igure6.18. ShieldModel
Auxilm_

Heat

_km_ Heat _n_l¢

Air Flow
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I Cod_ntTubeUnitCell

'tln - IlOC _ .
m" 79kWxc
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The model assumes that there is no conduction from the hotter front portion of the shield

to the back of the shield. Rather, all of the afierheat generated in the structural part of

the unit cell is assumed to be deposited in the coolant tube. Furthermore, all of the

radiant heat load from the blanket is assumed to be deposited in the first row of shield

tubes. The afierheat generation rate is assumed to be the peak generation rate, which

occurs at shutdown. For conservatism, the peak radiant heat load from the blanket is

used as well, even though the peak radiant heat load occurs well atter shutdown. The no

conduction assumption yields the most asymmetric temperature and flow distribution and

the highest peak temperature in the front tubes, and hence is conservative. With the

shield plena temperatures and the heat load in each shield tube specified, the channel

pressure drop can be determined as a function of mass flux in each tube. The results for

Figure 6.19. Channel pressure Drop VS.Mass Flux in four representative

S.hield T,ubes shield tubes are
47.00 ....... fl

//],/ shown in Figure 6.19.

46.75
Q.
e At lower mass fluxes,
t:3 j,, AotualShield Pnsmure Drop (46.5 kP=) ,_

" --'-....... :-"_'----'--'=" buoyancy pressure46.50 /" , >'- ,'-"

a. / , ,, headis dominantover
I I / II

/ / friction pressuredrop,

i : and the channel

46.00 i ..........: ...... pressuredrop
0.0001 0.01 1 100

Mat==Flux in ShieldTubes (kg.m2.1eo) decreases. Because

of themuchgreater

heatloadin the front

shieldtubes(causedby the radiantheat loadfrom the blanket),buoyancybeginsto

dominateat muchhighermassfluxes for thesetubesthan for tubesfurther back in the

shield(notethat thex-axisin Figure6.19 islogarithmic.) The tubedenotedas"Behind
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Front of Shield" representsthe second row back in Figure 6.18. Because of the no

conduction assumption,this row sees none of the radiantheat fromthe blanket,and

consequently buoyancy dominates only for much lowermass fluxes as comparedto the

frontshieldtubes. Forthe other two representativetubes shown, the aflerheatin the

tube structureis lower,because the tubesare furtherback in the shield. Hence,

buoyancy dominatesat even lowermass fluxes for these tubes.

Thepressuredropversusmass fluxcurvesfor each tube row in the shieldcan now be

used to determinethe actual operationalpressuredropacross the shieldduringthe

accident,and the operational mass fluxes in each shield tube. Note that duringsystem

operation,the overallpressuredrop in each tube channel must be equal (neglectingany

pressuredrops in the plena). Also note that thetotal mass flow rate throughall of the

shieldtube channelsmust equal 79 kg/sec, as shown in Figure6.18. These two

conditionscan be usedto findthe actual shieldpressuredrop, and hence the actual mass

flux in each shieldtube duringSWS operation.

Thehorizontallinein Figure6.19 shows the correctshieldpressuredropduringaccident

operation, which is 46.5 kPa. When this is comparedto the pressurehead developedby

the cold leg of the loop duringnaturalcirculation,it is found that the bouyancy

generated inthe shieldtubes almost exactlybalances the frictionpressuredropof the

tubes. Since the mass flux is known for each tube, the maximumtube outlet temperature

can also be calculated. Most of the flow in the shieldflows through the fronttubes (as

can be seen in Figure6.19) The outlet temperaturefor these tubes is also the highest,

butremains safelybelow 100 degrees,even with the conservativeassumptionsused in

this model. Hence, the conclusion can be drawnthat the SWS system, as designedin the

above sections, k_ps all of the water in the shieldbelow 100 degreesduringboth

normaland accident operation.
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6.9. Shie/d water system PumDinoPower

As hasbeenmentionedpreviouslyin thisstudy,it isnecessaryfor theShieldWater

Systempumpbe a jet pump,witha nozzleinsertedinto themainshieldwatersystem

pipingwhichprovidesthepumpingheadrequiredfor normaloperation,but with flow

ableto bypassthenozzleandpumpduringnaturalcirculationoperationfollowinga loss

of electricalpower. A simpleschematicof thejet pumpconfigurationwasshownin

Figure6.5 atthebeginningof thischapter.One of the reasonsajet pumpcanbe usedin

thissystemisthat thesystempumpingpower requirementsare low enoughthat usingan

inefficientjet pumpconfigurationdoesnotresultinexcessivepowerconsumption.To

showthis,thepumpingpowerrequirementfor the ShieldWater System'sjet pumpis

determined.

Using conservation of momentum arguments, the overall efficiency of the jet pump can

be shown to be only about 0.27 for the normal operational flow conditions of the system,

assuming the jet pump nozzle takes up 1/3 of the available flow area (see Appendix 7 tbr

details on this calculation). The pressure drops for the system during normal operation,

together with the required electrical pumping power are shown in Table 6.8. The

required pumping power of 20 kW is small, despite the jet pump's inherem inefficiency.
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Table 6,8, Shie!,d.Water System Pressure Drop/Pumping Power Data
(Normal Operation)

f ]l iifl|ill0| i f i ]

Service Heat Exchanger Pressure Drop: 3.6 kPa

Auxiliary Heat Exchanger Pressure Drop: 3.1 kPa

Shield Pressure Drop: 0.4 k_Pa

Piping Pressure Drop: 0.5 kP_ ....

Total Pressure Drop: 7.6 kPa

Primary Water Mass Flow Rate: 714 k_/sec

Jet Pump EtQsc,ency. 0.27

Required ,ElectricalPumping Power: 20 kW
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6.,10. Activity in Single Loop Shield Water System Coolant

The single loop SWS has been designed without an intermediate loop between the SWS

cooling water and atmospheric air in the Auxiliary Heat Exchanger. This raises the

question o£ whether a leak in the Auxiliary Heat Exchanger could release unacceptable

amounts of long-lived radioactivity to the environment. Since the coolant will emit

gamma radiation due to short-lived N-16 activity during operation, there is also a

possibility that the SWS piping and Auxiliary Heat Exchanger could radiate a substantial

amount o£ radiation, even if there is no leak.

In this section, the concentration of the most significant long-lived radionuclides in the

SWS coolant will be estimated, and it will be demonstrated that the coolant activity

levels in the SWS is likely to be low enough so that a coolant leak should not be of

concern. Following this calculation, the operational N-16 activity levels will be

addressed, and a system design resulting in acceptable exposure levels presented.

6. I0. I LonE-Lived SWS Coolant ActlvlW

The possible sources of long-lived activity in the SWS coolant are: (1) activation of the

coolant water itself; (2) activation of coolant water additives and impurities; and (3)

release of activation products from the shield structure due to corrosion and solubifity

mechanisms. The most significant activation product for the ceolant water itself is N-16,

generated by an (n,p) reaction with O-16 However, the half-life of N-16 is only 74

seconds, so it does not represent a long-term environmental hazard in the event of a leak

The N- 16 is a potential operational hazard, andwill be addressed later

Impurities in the coolant water come chiefly from dissolved gases from the air.

Atmospheric air consists of I percent argon gas, which has a solubility of up to 5.6 cc
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gas to 100 cc water, depending on the water temperature. :4 Of all the impurities which

could dissolve into the coolant from the air, the argon is of most concern from an

activation standpoint._ This dissolved argon undergoes the reaction At-40 + n --, Ar-4 !

in the neutron flux ofthe shield. At-41 has a 1.83 hour halflife, and so represents a

potential environmental hazard for a few hours, in the event of a leak. We will see that

the potential activity of Ar-41 in the coolant warrants installing a deaeration system in

the SWS loop to reduce the argon level to well below saturation.

Activation of coolant water additives depends, of course, on what additives are chosen.

Pressurized Water fission Reactor (PWR) experience has shown that additives are

necessary to getter oxygen at startup and to control coolant water pH. Control of

oxygen and pH are desirable to minimize the corrosion of the piping system. Hydrazine

(N_H,) is usually added to remove oxygen at starmp. To control pH, either lithium

hydroxide (LiOH), or ammonium hydroxide (NH4OH) is added.2_ The significant

difference between LiOH and NH4OH for the present work is that the lithium in the

LiOH can result in the generation oftritium in the SWS coolant. Since it is desirableto

minimir_ the generation of radioisotopes in the coolant as much as possible, we will

adopt NH 4OH as the additive to control pH in the SWS coolant. None of the

constituents of NH4OH or N2H 4 generate activation products as a result of neutron

irradiation._

24R. C. Weut, od., CRC Handbook of Chemistry and Phy_cs, $Sth Ed., CRC Prc_, 1977.

=sp. Colgn, Water Coolant Technology of Power Reactors, Gord_ and Breach Science Publishers, New
York, 1969, p. 169.

26C. C. Baker, ct. al., STARFIRE - A Commercial Tokamak Fusion Power Plant Study, Argonne
N_on_ La_m_ ninon _.so-1, I_O, _ G.

27The stngtmal materials and operating conditions for a PWR arc significantly diffenmt than for the
SWSofthc _ wc_ Hence,it can notbesaidwithcompleteconfidug¢thattheuseof PWR-type
coolant additives are the ickal choice for the SWS coolant. Howev_, it is bcTm_ the _ of the
_ mKlyto _ a clctailcdm_lyoftim lame. It is mlfgiem tonotethatcoolamadditiv_
should not be a major contrilmtor of coolant activity, pcovidvd the _ additives are chosen.
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The above paragraphshave shown that the maincontributors to SWS coolant activity

due to coolant and impurity elements are N-16 and Ar-41. These isotopes will be

addressed in detail later in this chapter. Now, we turn to the effect of corrosion products

which are released from the SWS structure into the coolant.

6.10.1. ! Corrosion Product Activity

The accurate calculation of the deposition, release, and transport of corrosion products is

extremely complicated, and is an active area of research in the fission community.

Extensive, detailed computer codes are generally used which model the individual

processes involved, such as precipitation and dissolution of particulates, deposition of

ions and particulates by crystal growth, adsorption, and ion exchange, and convection of

ions and particulates into the bulk coolant,u

Fi _ 6.20. M thods f Activi T

Activated lX,_ , ,,

Isotopesfrom Depositof
Structure Activityonto

,,, Surfaces

I 1 ---
Activ_ondueto Activityin

""-) DwellTime --.--)
inShield Coolant

Removal of

Non-Activated Activityby
Isotopesfrom Filtration

Structure

2sSee,forexample,C.B. Lee,ModelingofCorrosionProductTransportinPWRPrimaryCoolant,MIT
NuclearEngineeringPit.D.Thesis,1990.
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For the present conceptual design study, however, such detail is not warranted. Rather,

a simpler model, which embodies the basic mechanisms responsible for corrosion

product transport, is used instead. This model was developed as part of the STARFIRE

reactor study to evaluate the level of corrosion products in the water-cooled blanket

system for that reactor. 29The current study modifies this model to adapt it to the lower

temperature of SWS coolant loop.

Figure 6.20 shows the mechanisms for transport of activity to and from the SWS

coolant. Activated corrosion products from the shield structure can be deposited

directly to the coolant in either particulate or ionic form. Non-activated corrosion

products can also be deposited to the coolant from other components in the SWS and

become activated as it passes through the shield and sees the neutron flux there. Once in

the coolant, activated products may be redeposited onto surfaces again, removing the

products from circulation. Activation may also be removed from the coolant through the

action of active filters installed in the system. Magnetic filters with 90 percent efficiency

and a flow rate of 46 kg/sec were available as of the early 1980's) 0 In order to minimize

the amount of activation products in the SWS coolant, it is assumed that two such filters

are installed in the SWS system around the SWS pump, resulting in filtration of about 10

percent of total system flow.

Activity_Transport Model

The activity transport model will now be described. Following this general description, a

discussion of the necessary inputs to the model will be provided. The model performs

two basic fimctions. Firstly, it calculates the generation and transport of both activated

29C. C. Baker, et. al., STARFIRE - A Commercial Tokamak Fusion Power Plant Study, Argonne

National Laboratot7 Report ANL/FPP-80-1, 1980, Appendix G.

3Olbid.
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andnon-activatedcorrosionproductsin the system. The resultingmassbalance

equationsprovidetheconcentrationof corrosionproductscirculatinginthecoolant.

Secondly,it calculatestheamountof activityinthecirculatingcorrosionproducts.We

beginwith a descriptionof thecorrosionproductgenerationandtransportportionof the

model.

CorrosionProductGenerationandTransport

The corrosionproductreleaseratefrom structuralsurfacesisassumedto occurvia two

mechanisms:direct release of thesolidcorrosionproduct(cmd) layerfrom thesurface,

anddissolution of thecrudpaniclesandionsintothecoolant. Thedirectrelease

mechanismisgovernedby a surfacereleaserateterm R,, whichistied to theoverall

corrosionrateR. In the fiterature,thesetermsgenerallyhaveunitsof (rag / dmZ. mo ),

or milligramsperdecimeterof surfaceareapermonth. The amountof radioisotopes

releasedvia thedirectreleasemechanismdependson theamountof eachisotopepresent

in thecrudat the timeof thedirectrelease.

The dissolution of crud particles and ions is modeled by release rate terms which indicate

the fraction of the particularisotope in the wall crud layer which dissolves per unit time.

The dissolution rate in PWRs is higher for in-reactor surfaces than for out-of-reactor

surfaces; we will assume the same relationship for in-shield and out-of-shield surfaces.

Additionally, the dissoh_on rate constants are assumed to be the same for each isotope.

Hence, we have an in-shield dissolution rate term ri and an out-of-shield dissolution rate

term I".. Thesetermshaveunits(l/see).

The _lubility of ions in the coolant, C,, is important in determining the total amount of

corrosion product ions in the coolant. The solubility (in ppm) is a fimcfion of

temperature, pI-I,and ion species. It is also generally a function of the structural
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material. However, as willbe discussed later, lack of data for MT/HT-9 structure in

appropriate coolant chemistries necessitates the use of'data based on a different

structural material. In addition to the soluble ions in the coolant, there also is a certain

concentration of crud particulates Co which circulates in the coolant. The value of C_ is

determined by a mass balance, once the corrosion product generation and removal rates

are known. The total concentration of corrosion products in the coolant is thus

C, =C. +Co.

The corrosion product depositionrateonto surfaces is governed bya solubleion

deposition rate term k., and a crud (or particulate) deposition rate term k_. Both terms

have units (g/rn z •sec). The corrosion product is assumed to have the same ratio of

metalspecies as does the structuralmaterial(in this case, MT-9). Furthermore,both the

deposition and the releaseof individualchemical species in the corrosion product is

assumed to occur in proportion to the abundancein the corrosionproduct (or,

equivalently,the structuralmaterial).

The final inputsneeded for the corrosion producttransport porgon of the modelare the

total volumetricflow rate for the system, Q, (m_/sec), theamountof coolant filtered

by the corrosion productfiltersper unit time, Qf (m 3/ sec), and the total wetted surface

areain the system, A (ms ). A list of allof the inlmtsto thisportionof the model, and

the values for theseparametersused in the STARFIREblanketcoolant systemstudy,are

shown in Table6.9.
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Table 6.9. Corrosion Product Transport Inputs from STARFIRE Blanket Study 3t

Corrosion Rate, R (mg / drn2. mo ) 3

Surface Release Rate, R: (t.ng / din2. mo ) 1 .

Dissolutign RelerW_ Rates (l/sec)

ln-bluket, r, 1.8 × 10-6,,,, ,,,,

Out-of-blanket, ro .... 10-'

DePOsition Ratgs (g / m2.see)

For Soluble Ions, k. 20i i

For Particulates (Crud), k o 5

Total Ion Solubility, C, (ppm) 5i

Total Coolant Flow Rate, Q, (1113/ sec) 16.6,, ,, ,, ,,

Effective Filter Flow Rate, Q f (m3 / see) 0.17

.,, Total Wetted Surface Area, A (m 60_000

In-Blanket Wetted Surface Area, A t (m2) 12,000

The coolant system conditiom for the STARFIRE reactor blanket are similar to the

conditions in a PWR, but are very much different than for the SWS coolant under

consideration in the present work. The most notable difference is that the STARFIRE

blanket coolam operated at high temperature (300 degrees C), whereas the SWS

operates at a maximum temperature of 85 degrees C. Hence, it will be necessary to find

different values for the corrosion and release rates, deposition rates, and solubility which

are more pertinent to the low temperature SWS system.
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Determining the solubility at a lower temperature is straightforward, since solubility data

exists over a wide temperature range. Solubility data exists based for both laboratory

and PWR testing. 3_s4 The piping materials for PWRs (and for laboratory testing

oriented towards PWRs) are generally nickel-based alloys such as Inconei or Incoloy, or

austenitic stainless steels such as AISI 316 SS or 304 SS. Hence, the solubility data base

concentrates on coolant in equilibrium with such materials. For the SWS shield, we have

chosen to use MT-9, a ferritic stainless steel, as the structural material. The rest of the

piping in the system is assumed to be austenitic stainless steel. The small amount of

Table 6.10. Soluble Corrosion Products for PWR piping in the Service Heat

Materials (93 degrees C, pH=lO, Ammoniatedp 2
Exchanger is aluminum brass;

Element '" _;?lq_bility_nnb_ this is not expected to affect
Iron I. 1

Nickel .4 the results of this analysis
Chromium .1

....... significantly. For the purposes
, Man_mnese ,, .7

Cobalt .1 of this study we will use datai ii

Total 2.4
' based on PWR-type materials,

since there is no relevant data

for ferritic steels. The

corrosion product oxides which have significant solubility in water for PWR-type

materials are listed in Table 6.10, along with their solubilities at 93 degrees C in water

with NH4OH added to maintainthe pH at 10. Cobalt is not an alloying element in

stainless steel, it is included in this list because Co-58 is generated via (n,p) reactions

with Ni-58.

32p.Cohen,WaterCoolantTechnologyof PowerReactors,_ andBroth Science_ New
York,1969,p.51.

331bi(L

34C.C.Baker,et. al., STARFIR - A CommercialTokamakFusionPowerPlantStudy,Argonne
NmioualLaboratoryReptmANL/FI_-80-1,1980,AppendixE.
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In addition to the elements shown in Table 6.10, MT-9 has high concentrations of

vanadium and tungsten as alloying elements. In the absence of data on the solubility of

these elements for the assumed conditionsof the SWS coolant, it will be conservatively

assumed that the solubilities of both tungsten and vanadium are equal to the solubility of

the most soluble element in the table, iron. This gives a total solubility of C, = 2.4 +

2(1.1) = 4.6 ppb.

We turn now to development of new corrosion product deposition and release rate

constants applicable to the low-temperature SWS. The mechanisms for the deposition

and release of corrosion products are still not well known, despite much research.

Hence it is difficult to develop a concrete theoretical basis with which to determine the

temperaturedependenceof the relevantrateconstants.Usingempiricaldata,anda

simpletheoretically-basedmodel,however,an estimateof theeffectof the lower

temperatureon therateconstantsof Table6.9 canbedetermined.

By gathering corrosion data from different sources, the followingrelation for the surface

corrosion releaserate, R,, has been developed:3s

(6.23) R,(cm/se¢) = 1.59 x 10-" exp(0.0046.T('K)).

Using the maximum operational SWS coolant temperature of 85 degrees C, and

converting to a mass loss rate (using the density of MT-9), this formula yields a new R,

= 0.2 nag /dm _. mo, which is 1/5 of the release rate used in the STARFIRE study.

The corrosion rate 1Lwhich drives the corrosion release rate, is assumed to be 3 times

the surface release rate, as it is in the STARFIRE case. Hence

g=0.6 mg/dmZ .mo.

3sA.C.Klein,ActivationPrednctTransportin FusionReactors,NuclearEngineeringPhi)Thesis,
Universityof Wisconsin,Madiam,1783,_ C.
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No empiricalcorrelation as a functionof temperaturewas found for the other rate

constantsof Table6.9. Hence, we turn to a simpletheoreticalmodelto give an

indicationof the effect of temperatureon these constants. Intuitively,one expects that

as temperaturedrops, the processes by whichthe corrosionproductsdiffuseto andfrom

the solidsurfaceswillbe slowed. There is evidencethat the rate controllingstepfor

corrosionproductrelease is masstransferacrossthe boundarybetweenthe surfaceand

the fluid.36 If it is assumedthe same is true forcorrosionproductdeposition,then

determininghow temperatureaffects the masstransferprocesswill indicatehow

temperatureaffectsthe rateconstants.

The well-knownDittus-Boeltercorrelationfor heattransfer(for a cooled fluid)is as

follows:37

(6.24) Nu = 0.023Re°_Pr°_,

where Nu is theNusselt number,Re is the Rt_jnoldsnumber,andPris the Prandtl

number. An equivalentcorrelationfor mass transfer is the following:3S

(6.25) Sh = 0.023Re°_Sc°_ ,

where Sh is the Sherwoodnumber,andSc is the Schmidtnumber,definedbelow.

SherwoodNumber,Sh = D'----h-h
D.b

SchnddtNmnber, Sc= /J , where
PD.b

36S_ C.B. _ _g of _A}froaiOll _ T_ in PWR Primm), Coolant,Nuclear

EngineeringPhDThesis,MIT,1990, p.68.

37N.E.TockeB and M.S. Kazimi, Nuclear Systems I, Thermal Hydraulic Fundamentals, H_,
1990, p.443.

3SFore_tmple, see C.B. Lee, Modeling of CorrosionProductTransoortin FWRPrimmyCoolant,
NuclearE_g PhD Thesis, Mrr, 1990, p.56.
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h = the mass transfer coefficient, which is proportional to the mass
transfer rate,

D,= the hydraulic diameter of the flow channel,

It, p are the fluid viscosity and density, respectively, and

D,, = the diffusion coefficient.

Solving for the mass transfer coefficient, using the definition of the Reynolds number

yields:

.(6.26) h : 0.023 -g--6TD_',
D,

where v is the fluid velocity. The temperature dependence of the mass transfer

coefficient h is wholly contained in the diffusion coefficient D,,, and in the water

properties g and p. Noting that the mass transfer cocfticient is proportional to the mass

transferrate, according to this simple model, the temperaturedependence of the rate

constants is as follows:

(6.27) Rate Constants och _: (_T) ]°" D,b(T)O.,
_(T))

The temperaturedependence of the diffusion coefficients must now be determined. The

mechanisms for diffusion of ions and panicles are fundamentally different. For ions, the

diffusion coefficient is determined using the Nernst-Einstein equation for an electrolyte in

a dilute solution:, for particles, the Stokes-Einstein relation for the mobility of a particle

due to hydrodynamic friction is used. 39 The diffusion coefficient for Fe++ ions has been

determined as a function of temperature, andis plotted in Figure 6°21.

39INd.,PIP.69-.78.
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As intuitively expected,
Figure 6.2!. Diflhsion Coefficient tbr Fe+-,-Ions 4°

the division20 !

=, ] coel_cient increases

_ 15 _i with temperature,

indicating that the mass
.,<

e-

® 10 transfer coefficient also
O

ot_= _ increases with
.o 5 temperature. If it ist_

i5 _ assumed all the ion
O

0 diffusion constants
0 100 200 300

Temperature (°C) vary as the Fe++

diffusion constant

does, an estimate of the rate constant for ion deposition (k,) in the SWS (at 85 C) can

be obtained using the Nemst-Einstein equation below:

(6.28) k,l,,c = k,l,ooc. (p/P)l,c D_=._I,c .
• (pl

We thereby obtain a new k.,= 3.0 g/m z .sec, roughly 1/6 of the STARFIRE value.

To calculate the effect of temperature on the diffusion coefficient for particles, the

Stokes-Einstein relation for the mobility of a particle in a fluid is used. This relation is

given below:

kT
(6.29) Dp = ,

4 _pr_

where Dp = the diffusion coefficient for a particle,

rp - the particle radius,

k = Boltzmann'sconstant,

4°Ibid. p. 77, from the "literature values."
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la = the fluid viscosity,and

T = temperature (K)

The above equation predicts the correct order of magnitude lbr particulate di_sion

coett_cients 4_ .Noting that the temperature dependence oi'the particulate diffusion

coefficient is bound up in the ratio T/Ix, we can use Equation 6.28 again to write

k,]_,c = k.13,_c (P/,u )[,,c ]"_[ D,']u-'*'] ''• " (p/;u) ,oo,- , D,, l,ooc
(6.30)

= k,l,a,,.( (p//u)l,,,. (85+ 273) / u I,,,-
(p/,u)l_,.,,. (300+ 273)/,u I,,,,,_

This yields a new value for k,, the particulate, or crud, concentration of 0.4 g / m 2 •see,

or about 1/10 the STARFIRE value.

Revised values have been found for all of the rate constants of Table 6.9 except for the

dissolution release rates r_ and r.. For these dissolution rates, no distinction is made

between paniculate and ion release rates. Hence it is not clear whether these release

rates are governed by paniculate or ion diffusion coefficients. For the present work, it

will be conservatively assumed that ion diffusion governs these release rates. This results

in higher release rates, because the ion diffusion rate dropped less percentage-wise than

the panicle diffusion rate between the STARFIRE and SWS cases. Using this

assumption, we obtain:

k,ls,c,

(6.31) rto],:c= r_,ol3Oock,l:oo .

41Ibid..p. 78.
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Thus the revised valuesforthese rate constants are: r_- 2.7 x 10 7 se¢._, and

r = 1.5x 10' see"_

All of the rate constants in Table 6.9 have now been revised to values appropriate for use

in the low-temperature Shield Water System. Assuming that the SWS has two magnetic

corrosion product filters with an effective flow rate of 2.46.0.90 - 82.8 kg/sec (as

discussed at the beginning of this section), a new table similar to Table 6.9 can be

generated for the SWS (see Table 6.11 ).

Table 6.! !. CorrosionProductTranspoRInputsfor the SWS

Corrosion Rate, R (mg/rim_. me) 0.6 .........

SurfaceReleaseRate,R; (mg / dm_.m0 )..... 0.2

Dissolution R_lease Rates (!/g'c_

............. In'blanket, ri _, 7 x 10-7

Out-of-blanket, r, 1.5 x 10-s

Denosi_on,Rates (g / m2.see) , ,

For Soluble Ions, k. 3

For Particulates (Cad), k, 0.4

Total Ion Solubility, C. (ppm) 4.6

Total Wetted, surface An,-.._,A (m s) 5300 _

Surface Area in Neutron Flu_ A i (mz) 1470

Total Coolant Flow Rate, Qt (m3 /se¢) 0.714

Effective Filter Flow Rate, Qf (m 3 / see) 0.083
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Acgivi_yCalculations

The method for determining the level of activity in the coolant is now discussed.

Referring back to Figure 6.20, we note that activity can enter the coolant directly, from

activated corrosion products in the shield structure, or by non-activated corrosion

products from elsewhere in the system becoming activated as they pass through the

neutron flux of the shield. Each of these mechanisms is now discussed in turn.

The activity of the corrosion products adhering to shield structure can be calculated by

assuming that the radionuclides are all in steady state, with the decay rate matching the

production rate. This assumption is conservative in that it maximizes the activity level,

and is reasonable for most of the radionuclides of interest, assuming the reactor has been

operating for a number of years. The decay rate for all of the atoms of a particular

isotope in a given amount of MT-9 corrosion product is given by the product of the

decay constant _,(l/sec) and the number of atoms of that isotope per kg of MT-9, [3

(atoms/kg). 42 Production of a given isotope occurs when a particular target nuclide is hit

by a neutron. The production rate of a given isotope is hence given by the product of

the number of target atoms per kg MT-9, C, (atoms/kg) and the transmutation rate for

that isotope. The transmutation rate is given in turn by the product of the flux and target

cross sections, o6 (l/see). Setting the production rate equal to the decay rate thus

yields:

(6.32) g[3- C,,oO.

The TWODANT neutronics code and REAC3 activation code provide the values for the

specific activity (_,[3)for various regions in the blanket. Knowing C.. for the target

42Werecallthat thecorrosionproch_ is assumedto havethesamecompositionof metalspeciesas does
theparentstrucuwalmaterial.
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nuclides for MT-9 yields the appropriate values for the transmutation rate (o4)) for the

isotopes of interest. The isotopes contributing most to the activity in the MT-9 shield

structure during operation are as follows: Cr-51, Mn-56, Fe-55, W-185, W-187, Mo-93,

Mo-99 and Co-58. These isotopes contribute over 94 percent of the activity in the shield

structure after 30 years of operation. Isotopes of molybdenum (which generate 4

percent of the shield activity) have generally not been found in the coolant of PWR

reactors, despite their presence in the PWR piping structure.43 Therefore, we will

assume that the molybdenum isotopes are not released to the SWS coolant, and will not

consider them further.

The specific activity for the various isotopes drops off rapidly as a function of distance

from the front of the shield. At 31 cm behind the front of the shield, the specific activity

values drop by over an order of magnitude from the activity at the first wall. Hence, the

contribution from the portion of the shield behind the 31 cm point is negligible.

Therefore, only corrosion products from the first 31 cm of the shield will be assumed to

contribute to the activity in the SWS coolant. The specific activity values for the

corrosion products in this section of the shield are conservatively assumed to be the

average of the values at the front of the shield and the values at 31 cm. Table 6.12

shows these average specific activity values for each radionuclide, along with the

corresponding parent isotope density and transmutation rate values.

43C. C.Baker,eLal., STARFIRE- A ComanercialTokamakFusionPowerPlantStudy,Argonne
NationalLal_ratoryReportANL/FPP-80-1,1980,AppendixG.
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Table 6.12. Activity_ Parameters for SWS

i

Number Parent Nuclei Transmutation
Radioisotope Decay Specific Activity Density in IsotOpe an.d Rates (o$),

Nam_ Constant (_,B). l/kR.sec MT-9 (B). Number Density_ l/se_.___gc
(_,), 1/s¢c _toms/kg in MT-9j

atoms/kg

Cr-51 2.9e-7 4.3el I 1.5e18 Cr-50, 5.8e22 7.4e-12

Mn-56 7.5e-5 1.3e12 1.8e16 Mn-55_ 6.0¢22 2.2e-11
Fe-55 8.5e-9 l.le12 1.3e20 Fe-54, 5.4e25 2.0e-14

, ,, , , , ,,,,

W-185 1. le-7 2.4el 1 . 2.2e18 W-184_ 3.4e21 6.9e-11
W-187 8.0e-6 1.8e12 2.3¢17 W-186_ 3.2¢21 5.7e-10....... , ,,,, ,,,,,, ,

Co-58 1.!¢-7 5.0e09 4.4e16 Ni-58, 3.5e22 .1.4¢-13

TransoortEouations

Now thattherequiredtransportandactivityinputshavebeencalculatedfortheSWS,

theappropriateequationsdescribingtheactivitytransportinthesystemmay be

discussed?4 Theequationswhichdescribetheactivity/corrosionproducttransportare

asfollows:(I)theoverallcorrosionproductmassbalance;(2)themassbalanceforthe

in-flux4sandout-of-fluxsurfaces,(3)thecoolantbalanceforeachradioisotope;(4)the

in-fluxsurfacebalanceforeachradioisotope,and(5)theout-of-fluxsurfacebalancefor

eachradioisotope.Theseequationsarediscussedinturnbelow.

Overall Mass Balance for Corrosion Products

Assuming all components in the system reach steady state, the net production of

corrosion products must equal the net sink. The net production is given by the corrosion

44Thefollowingmethodologyis adoptedfromC.C.Baker,eLal., STARFIRE- A Commercial
TokamakFusionPowerPlantStudy,ArgonneNationalLatmrato_ReportANL/FPP-80-I,1980,
_G.

45In the neutronflux(amm_ tobethefirst31oatof theshield).
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rate constant R times the total surface area A The total sink rate is given by the filter

effective flow rate Qr multiplied by the total coolant corrosion product concentration

C, -- C, + C_. Hence we have'.

(6.33) R.A = Qf(C, +C0).

Since all parameters are known in this equation except for Co, we can solve for it as

follows:

R.A
(6.34) C_=_ C,.

Qf

Using the SWS parameters in Table 6.11, we obtain a negative value for C0 in the above

equation. This is of course miphysical, and it indicates that the filtration rate is higher

than the corrosion production rate. This effectively means that the equilibrium value for

Co will be very small, and that the total corrosion product concentration will be

dominated by the solubility term C,. We will assume, therefore, that C, = C,.

Corrosion Product M_s Balance for Surfaces

For the steady-state corrosion product mass balance of both the in-flux and out-of-flux

surfaces, the addition of corrosion product by corrosion of the surfaces and deposition of

corrosion product from the coolant onto the surfaces must balance the removal of

corrosion by both surface release and dissolution release mechanisms. For the in-flux

surfaces, this means the following equation must be satisfied:

(6.35) R + k,C, + koCo = R, + r_W_,

where Wi is the corrosion product surface thickness on the in-flux surfaces, and the

other parameters have been previously discussed and evaluated. Similarly, we can write

for the out-of-flux surfaces:

(6.36) R + k,C. + k oCo= Rf + rowo,
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where Wo is the corrosion product surface thickness on the out-of-flux surfaces. We can

now solve for the corrosion product surface thicknesses, and recalling that C, _ 0, we

get:

R-R, +k,C,
(6.37) W'_.o =

ri,o

For the SWS, we obtain Wi = 0.1 mm, and W.= 1.7 ram.

Coolant Ballm¢¢for Ra_lioi_otopes

The equation for the balance of each radioisotope in the coolant is as follows:

The change in the total number of atoms of the radioisotope in the coolant per

unit time (atoms / see) =

Term 1 Isotope production due to dwell time in shield

Term 2 + Addition due to release of corrosion product surface

Term 3 + Addition due to dissolution of corrosion product surface

Term 4 - Removal by deposition on surfaces

Term 5 - Removal by decay in coolant

Term 6 - Removal by filtration.

Each of these terms is now discussed, and their magnitudes determined.

Term 1, the isotope production due to dwell time, is given by the following relation:

(6.38) Term 1 - U .C=.,,. V.(o'_),,,

where Cu, is the concentration of the target isotope which generates the radioisotope

of interest, U is the fraction of coolant in the neutron flux field, V is the total volume of

coolant, and (cr¢')w is the transmutation rate for isotope "iso" (see Table 6.12).

Term 2, the addition due to the release of the corrosion product surface, is given by:
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(6.39) Term 2 = R, .A, .fl_,o,

where R, •A _is the total release rate of the corrosion product surface for the irradiated

portion of the system, and fl_ is the densityof isotope i in the corrosion product. These

terms are known from Tables 6.11 and 6.12.

Term 3, the additiondue to dissolutionof the corrosionproduct surfaces, is given by:

(6.40) Term 3 = riA_coc,, + roAoco,.,,,

where the r terms and Ai are listed in Table 6.11, A, is equal to A - Ai (the out-of-

shieldsurface area), and co_,, and COo.,,are the number of isotope atoms on the in-shield

and out-of-shield surface corrosion product deposits per unit area, respectively, coi.,,

and co,.,, are unknowns, and will be eliminatedshortly using the in- and out-of-shield

surfacebalance equations.

Term4, removalbydepositionon surfaces,is given by:

(6.41) Term 4 =-k.A. y,,,

where y,, is the numberof radioisotopeatoms per volumeof coolant (which is the

variableto be solved for), and k is the corrosion productdeposition rate perunit surface

area (atoms/m z .see) dividedbythe total corrosion product concentration in the

coolant (atoms/m3). Since the concentrationof corrosionproducts in the coolant and

the deposition rateconstants are known, we can determinek, which turnsout to be

about 10-_m/see.

Term 5, removal by decayin coolant, is given by:

(6.42) Term 5 = -V. A,,. y,,,

where _,, is the radioisotope's decayconstant, and Term 6, removalby filtration, is

given by:

(6.43) Term 6 = -Qr "Y_,
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Finally,then, the followingequation is obtained for the balance of each radioisotope in

the coolant. Here steady state is assumed, so that the concentration in the coolant is

assumed to be constant:

0= U.C.,_, •V.(cr¢)_ +R,.A.p_o+ (r_A_w_._,.+ roAo¢Oo,.o)
(6.44)

- k. A. Yi,o- V' 2_. y,, -Qr' Y,,

In-FluxSurfaceBalance

The balancefor each radioisotopefor the wall surfaces in the neutron flux (assumed to

be the surfaces in the first31 em fromthe front of the shield)is givenby the following

equation:

The change in the numberof radioisotopeatoms perunit area of in-flux surface

per unit time - dcoi'=*(atoms/m' .see) =
dt

Term la Production of radioisotopesin the surfacedeposit (for in-fluxsurfaces)

Term 24 + Addition due to activatedcorrosionproducts remainingon the surface

Term 3a + Deposition of radioisotopesfromcoolant

Term 4a - Removalby dissolutioninto coolant

Term 5a - Removalby decay.

Termla, the productionin the surface deposit, is given by:

(6.45) Term la = Wi.=,(nr¢')m ,

whereW_.,,is the numberof targetatoms perunit area of surface deposit (= Wi •C...m).

Both componentsof this termhave previouslybeen evaluated. Term24, the addition

from corrosion, is given by:

(6.46) Term 24 = (R - R,)_,.
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The quantity (R - R, ) is the amount of corrosion product which is not lost via surface

release into the coolant. All quantities in Term 2a are known.

Term 3a, the deposition of radioisotopes from the coolant, is related to Term 4 from

Equation 6.44, but is defined per unit area. Similarly terms 4a and 5a correspond to

terms 3 and 5 of Equation 6.44. The equations for these terms are as follows:

(6.47) Term 3a = k. Y't,o,

(6.48) Term 4a = -r i "coi.,o,

(6.49) Term 5a =-2_, •co_,_.

Combining these terms, the mass balance for the in-flux surfaces in steady-state is:

(6,50) 0 = W_,_(o'#). + (R - R, )fl.o + k. ?'. - r,. to_. - 2. •co_...

In this equation, all quantities are known except for ?'.., which is the term we desire,

and co_..

Out-of-Flux Surfoee Balance

For the out-of-flux surfaces, a similar mass balance equation can be formulated, except

that there is no production of radioisotopes in the surface deposit, and no addition of

radioisotopes due to corrosion of the out-of-flux surfaces. Hence, the first two terms of

Equation 6.50 vanish, and we have:

(6,51) 0 = k. ¥_, - ro•co.,m - 2=. •co.,m ,

coo represents an additional unknown. Rearranging the above two equations, and

re_alling that fli.,, = (cr¢')_. C..,m / 2m, the unknowns coi._ and co,,i,, earl be solved for:

(6.52) co,,.=( k ) I(R-R,)C.,.c.W_.I (tr,).r_+2--"-_r., + _.. (r_+g.,) '

and
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lk/(6.53) °°o._ = Y=o'
ro+2=

If we now substitute Equations 6.52 and 6.53 into Equation 6.44 yields the relation for

the concentration of each radioisotope in the SWS coolant, to wit:

(6.54)

Y,,o(atoms / m _) =

{UC,V+(RrAtC,,.=/2 =)+[r ,/(r, +2,,o)][(R-Rr)AiC,==o/2 =+Wt.,,oA,] }( o'#)=,, Qf + V2 i,o+ IL;L,,oUAo/ (r o + 2 ,,o)+ A, / (r, + 2 ,,o)]

This equation can be simplified somewhat by noting that the production of radioisotopes

in the coolant due to dwell time in the in-flux region is significantly less than the addition

of isotopes to the coolant from the activated surface deposits. Mathematically, this

means that the quantity UC,V is substantially smaller that the other terms in the

numerator of Equation 6.54, which is true for the radioisotopes of interest here. Further

simplification can be achieved by noting that the decay of radioisotopes while in the

coolant makes a negligible impact on the coolant concentrations, since:

(6.55) VA= << Qf

for all isotopes of interest. With these simplifications, and recalling that R, = R / 3, we

finally obtain:

(6.56)

{ 1/3(RA,C,,.=/2 =,)+[r,/(r, +2 =)][2/3(RA,C,,.=/2 =)+W,.=A,]}y= = (0"_)= Qr +k2 =[A o/(r o + 2 =)+ A, /(r, + 2 =)]

All of the terms on the left side of this equation are known.
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Multiplying the radioisotope concentrations in the coolant (obtained in the above

equation) by their corresponding decay constants yields the activity for each radioisotope

per unit volume of coolant. These values are shown in Table 6.13, together with the

maximum permissible concentration levels (MPC's) for each isotope. The MPC's are

based on criteria for soluble radioisotopes released to unrestricted areas.

Table 6.13. Corrosion Product Activity Levels in SWS Coolant _

IIII III I

• Radioisotope Coolant Activity (Ci./m 3) MPC (Ci/m 3)

Cr-51 5.1e-6 2.0e-3

Fe-55 1.0e-5 8.0e-4

W-185 2.5e-6 1.0e-4

W-187 2.7e-5 7.0e-5

Co-58 5.3e-8 1.0e-4

Mn-56 2.0e-5 1.0e-4
I I

As shown in the above table, the activity of each corrosion product isotope is below the

MPC level for unrestricted release of the SWS water.

In addition to ensuring that each isotope is below its MPC level, the total activity of all

of the isotopes in the released water must be limited to allow for unrestricted release of

the water. To limit the total activity, the following equation must be satisfied:

(6.57) CA CB Cc-------+ ..... ._+...< 1
MPC^ MPC, MPC c

4_MPC's from the Code of Federal Regulations - 10CFR20, Title 10, Part 20 - Standards for Protection
Against Radiation (U.S. Government Printing Ofli_, 1/1/1993). Values for soluble radionuclidcs used
becausetheconcentrationof solublcsis muchgreaterthantheconcentrationof insolublesin theSWS
coolant.
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where CA, Ca, etc. are the specific activities(or concentrations) of isotopes A, B, etc.,

and MPC A, MPC H,etc. are the corresponding maximumpermissibleconcentrations.

For the SWS, the summation on the left-hand-sideof the above equation is dominated by

contributions fi'omW-187 and Mn-56, and is equal to 0.6. Because this summation is

less than 1,the SWS coolant water has low enough total activityto be released to an

unrestricted area,based on the analysispresented here.

_AirborneActivity

The results just discussed indicatethata release of coolant water from the SWS is not an

environmentalconcern,as long as the radioisotopes remain waterborne. However,

there is a possibility,in the event of a coolant leak in the AuxiliaryHeat Exchanger,of

these isotopes becomingairbornedue to the flow of air through the cooling tower.

Clearly,even in the event that allof the leakedwater evaporated into the cooling tower

airstream,not all of the radioisotopes would necessarilybecomeentrained in the

alrstream. Sincethese isotopesare not volatile,a fractionof them, perhapsa large

fraction, will probablyremainon the heat exchangersurfacesaiderthe water evaporates.

Additionally,since the flow rate of air through the cooling tower is substantial,there will

be a large dilution of the concentrations of any isotopes whichbecome entrained in the

airflow.

In order to determinethe concentrationof radioisotopes inthe cooling tower air in the

event of a leak in the AuxiliaryHeat Exchanger, it is necessary to have anestimate of

what fractionof the isotopes in the cooling water become entrainedin the cooling tower

air flow. This is a very difficultproblem,depending not only on the coolant leak rate and

air flow rate through the tower, but also on the location of the coolant leak, the inlet air

conditions (temperature, humidity),the heat exchanger surface conditions, andthe

detailed air flow profiles in the vicinityof the leak. Such a detailedestimate is beyond
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the scope of the current conceptual design study. In lieu of such an estimate, then, a

very conservative approach will be taken which will provide an upper bound to the

airborne concentrations in the cooling tower air which could result from the largest

conceivable leak rate into the tower air flow.

This conservative approach assumes the following:

(1) All radioisotopes present in the leaked coolant are immediately released to the

air. No isotopes remain in the coolant, or plate out on surfaces.

(2) Any radioisotopes which enter the air flowing through the tower are uniformly

mixed into the air as it exits the tower.

(3) The largest conceivable leak rate into the tower air flow results from a double-

ended shear of a tube in the Auxiliary Heat Exchanger (AHE).

Note that although a double-ended shear of an ARE tube would not result in the largest

conceivable leak rate from the system (since a double-ended shearof the main system

piping would clearly result in a higher leak rate), the AHE tubes are the only portion of

the system located in the air flow path for the cooling tower air. The flow rate through

the ruptured tube is assumed (conservatively) to be driven by the total pressure head

developed by the SWS pump, and the tube length through which the leak flows is

assumed to be negligible.

To calculate the air flow rate through the tower during normal operation, it will be

recalled that hot (85 C) primarycooling water from the shield enters the Auxiliary Heat

Exchanger/cooling tower complex before entering the Service Heat Exchanger (refer

back to Figure 6.5). This hot water, flowing rapidlythrough the Auxiliary Heat

Exchanger under the action of the jet pump, heats up air in the cooling tower and results

in a substantial air flow rate through the tower.
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A thermal hydraulic analysis of the Auxiliary Heat Exchanger/cooling tower complex

described earlier in this chapter has shown that the air flow rate through the tower during

normal operation is 290 m3 / sec. This is somewhat less than the flow rate which occurs

during accident operation, because the water in the Auxiliary Heat Exchanger is at a

lower average temperature during normal operation. With the air flow rate known, the

radioisotopic activities in the cooling tower air can be calculated. Table 6.14 shows the

results. The MPC's in the table are again for soluble radionuclides.

Table 6.!4. C..orrosion Product Activity Levels in Cooling Tower Air'7

I _ Illl I I I Ill I -- I I IIUlII II

][htdioisotgne Aftivitv in Air (Ci / m3) _C in Air (Ci / m3)

Cr-51 2.9e-11 4.0e-7
i j.

Fe-55 5.8e-I I 3.0e-8
-- 1 I IllI i i

W-185 1.4e-11 3.0e-8

W-187 ! .5e-10 2.0e-8

C0-58 3.0e- 13 3.0e-8
,, ,,, , .. ,, i ,. ,, i

Mn-56 1. Ie- 10 3.0e-8
I_ll I I Illll l I I IIll IIllll I

The table above shows that the specific activities for all of the corrosion products in the

cooling tower air are more than 2 orders of magnitude lower than the corresponding

IV[PC.Obviously, the total activity level would also satisfy an equation of the form of

Equation 6.57. Hence, we can conclude that the corrosion product activity released into

47Ml_'$ fromthe CodeofFederalRegulations- IOCFR20,Title 10,Part20 - StandardsforProtection
AgainstRadiation(U.S.GovernmentPrintingOffice,11111993).ValuesforsolubleradionucUdcsused
becausetheconcentrationof solublesis muchgreaterthantheconcentrationof insolublesin theSWS
coolant.
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the air flowing throughthe tower from a Auxiliary Heat Exchangertube rupture will not

exceed the values specified for release to unrestricted areas.
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6./0. 1.2..Argon-41Ac:t/¢/O'

As discussedpreviouslyin this chapter,argon is the most significant impurityin the SWS

coolant froman activationstandpoint. Argongas is a constituentof the atmosphere,and

has a significantsolubilityin water. Argonis composed of 99.6 percentAr-40, which

convertsto At-41 underneutron irradiation.At-41 in turn decays with a halflifeof 1.83

hours, emittingboth beta and gammaradiation. The halflifeof argonis much longer

than the SWS coolant loop transittimeof about 4 minutes. Hence, the At-41 will not

decay much duringtransportaroundthe loop, and the At-41 activity level willbe

relativelyconstant aroundthe loop at an equilibriumlevel determinedby the neutronflux

in the shieldand the argongas concentrationin the coolant.

The federalStandardsfor Protection AgainstRadiation(10CFR20) specifyno MPC in

water for Ar-41, since it is a noble gas. Hence, the concern is airbornecontamination

resultingfrom a leak in the AuxiliaryHeat Exchanger. We will calculatethe airborne Ar-

41 activity levelsin the airexiting the cooling tower, using methods describedin the

previoussection. The assumptionsused in this analysisare similarto those used in the

previoussection, namely:

(1) All At-41 presentin the leakedcoolant is immediatelyreleasedto the

cooling tower air.

(2) AnyAr..41whichenters the airflowingthroughthe tower is uniformlymixed

into the air as it exits the tower.

(3) The largest conceivableleak rateinto the tower airflew resultsfroma

double-endedshearof a tube in the AuxiliaryHeat Exchanger(AHE).

We will firstassume thatthe argongas is presentinthe coolant at the saturationlevel

(that is 5.6 cc argon for every 100 cc coolant, as discussedin Section6.10.1). The

argonactivitylevel inthe coolant and inthe airexitingthe cooling tower for this case are
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shown in Table 6.15. The At-41 coolant activity was calculated using the TWODANT

and REAC3 codes.

Table 6.15. At-41 Activity Levels in Cooling Tower Air (Argon at Saturation) 4s

Ar-41"Co01ant Activity Activity in Air ,.MPCin Air

(Ci / m3) , , (Ci / m_) (Ci / m3)

19 1.1e-4 4.0e-8
i ii Ill

As seen in the table, the argon activity in the cooling tower air is much higher than the

MPC value when the argon is at saturation levels in the coolant water. Hence, a way

must be found to reduce the Ar-41 activity in the SWS coolant.

The At-41 activity in the coolant depends only on the neutron flux in the shield and the

concentration of argon in the coolant, as mentioned before. Since the neutron flux in the

shield cannot be easily changed, the level of argon in the coolant must be reduced. A

common way to reduce the concentration of gases in power plant coolants is to de,aerate

the coolant water. A brief discussion of deaeration is now provided.49

A typical deaerator reduces concentration of oxygen and most other dissolved gases to

less than 0.005 cc/liter, s° Cruseswhich form compounds with water, such as ammonia,

may not be reduced to such levels. A deaerater functions by heating the water to

saturation temperature, spraying it over trays to scrub the dissolved gases out, and

sweeping the gases away by a supply of steam. The steam supply for the deaerator can

4STheargonMI_ is from10CFR20- TheCodeof Fed:ralRzgulation&Title 10,Part20,Standards
forProtectionAgainstRadiation,U.S. GovernmentPrintingOffice, January,1993.

49Thediscussionof deaerationis adaptedfromChapter9 of T. Baumeister,et.al.,eds.,Mark's
StandardHandbookfor MechanicalEngineers,EighthEd.,McC_w-Hill,1978.

5°Ibid.,pp.6-110and9-77.
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be obtainedfrom the reactor's steamplant auxiliarysteam supply. Tray-type deaerators

are insensitiveto water inlet temperature, and operate under wide load conditions. In

addition to reducing the argon level in the SWS coolant, deaerationwill also reduce

corrosion of the SWS piping and equipmentby reducing the oxygen level in the coolant.

Thedeaeratorcan also act as a storage tank for SWS coolant.

With a deaeratorinstalledin the SWS system, the argon level can be reduced to below

0.005 cc/liter, whichis over 10,000 times less than the saturation level. Assumingthe

argon level is 0.005 cc/liter, we can recalculate the activity level in the cooling tower air.

The results are shown in Table6.16. As can be seen, the activity in the air is now below

the MPC value. Hence, by deaerating the SWS coolant, the Ar-41 coolant activityis

reduced to a level at whicha AuxiliaryHeat Exchangertuberupture willnot result in

unacceptableAr-41 activity in the air exiting the cooling tower.

Table 6.16. Ar-41 Activity Levels in Cooling_Tower Air (With Deaerafion)

Ar-41 Coolant Activity Activity in Air MPC in Air
.(Ci / m3) (Ci / m3) , {Ci / m3)

1.7e-3 9.6e..9 4.0e-8

6,10.2.Short-TomN-16ActivltF

Theradioisotopesconsideredintheprevioussectionsofthischapterallhaverelatively

longhalflives.Hence,althoughtheseisotopescanbeharmfultotheenvironmentinthe

eventofaleak,theywillnotcau,_significantoccupationalorpublicexposuredosesas

longastheyremaininthecoolantpiping,sincethelonghalflivesresultinrelativelylow

activity levels.
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On the other side of the spectrum, N-16 (which is generated by irradiation of O-16 in the

coolant) has a very short halflife of 7.3 seconds. Therefore, N-16 is not a threat to the

environment in the event of a leak. However, the activity of N-16 during normal

operation is very high, and the gamma rays which result from decay of N-16 can shine

through the SWS piping. This gamma radiation from the SWS piping and equipment is a

potential operational hazard. The N-16 gamma rays are an operational concern in water-

cooled fission reactors. Generally,a secondary shield encloses the reactor core and

coolant piping to protect personnel against N-I 6 radiation.

The O-16 (n,p) N-I 6 reaction is a threshold reaction, requiring a neutron of a least

10 MeV energy,sm Of the neutrons produced fromthermal fission ofU-235, less than

0.2 percent have energy above 10 MeV. s2 The neutrons seen in a fusion reactor shield

have a much harder spectrum, and the neutron flux at the front of a fusion reactor shield

is similar to that of a fission reactor core. Therefore, the amount of N-16 generated in

the SWS coolant as it passes through the shield is much greater than the amount of N- 16

generated in fission reactor coolant.

To calculate the N-16 activity in the SWS coolant, we mustaccountfor the decay of N-

16 in the coolant piping as coolant flows through the unirradiated regions of the loop.

The N-16 activity level as the coolant exits the shield will be the highest level, and the

activity drop as the coolant flows through the loop until it reaches the shield again. The

N-16 activity is not of concern for the coolant in the shield itself, since the fusion reactor,

blanket, and shield will be inside a reactor compartment enclosed by secondary shielding.

5_R.S. Amato,ShieldDesignandRadiauo'n Anabm CourseNora, nettisReaaorEngineeringSchool
BettisAtomicPowerl.atmmtoty,mtdmed,p. 9-15.

521LG. Jaeger,et.al.,eds.,EngineeringCompendiumonRadiationShielding,Volume1, Springer-
Verlag,1968,p. 69.
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Similarly, the SWS shield outlet piping can be shielded to protect personnel from the

gamma radiation coming from coolant inside the pipe. However, the Auxiliary Heat

Exchanger (AHE) would be very difficult to shield adequately to protect personnel and

the environment, because of the configuration and large size of the AHE and cooling

tower complex. Rather than shield the AHE, then, we will design the SWS piping

system so that the radiation levels at the HE are low enough to not require shielding.

This can be done by ensuring that there is enough transit time between the shield outlet

and the AHE inlet to provide adequate decay of the N-16 activity.

6.10.2.1 Model for N-16 ActiviW m the SWS

To determine the N-16 activity level in the SWS as a function of position in the coolant

loop, the basic flow pattern of the SWS must be modeled. Figure 6.22 shows a

schematic of the SWS flow pattern.

Figure 6.22. SWS Flow Patlcm Schematic
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The flow schematic represents the shield as a dotted line, with the inboard third of the

shield indicated as the "In-Flux" region, and the outboard two-thirds of the shield the

"Out-of-Flux" region. The outboard two-thirds of the shield sees negligible neutron flux

levels compared to the first third, as discussed in Section 6.10.1. i. A fraction (fl) of the

coolant goes through the inboard third of the shield (fl = 1/3), and the rest of the coolant

(t'2) goes through the outboard two-thirds of the shield.

Coolant N-16 specific activity levels at various points in the system are indicated by _,n1

through _,n6. The _.is the N-16 decay constant, and n I through n6 are concentrations of

N-1 6 at the specified points. The highest activity level is _,rg2,for coolant coming out of

the inboard portion of the shield. The lowest activity level is Lnl, and the activity level

for coolant entering the AHE in _,n5. Residence times for coolant in various portions of

the system are indicated by AtI through At4. The relationship between the activity levels

and residence times is now derived.53

The equation governing the generation and decay of N-16 activity is as follows:

dn
(6.58) w = No_ - Ln,

dt

where N is the density of O-16 atoms in the coolant, and c_ is the reaction rate in the

neutron flux of the shield. The reaction rate used herein is the average value for the first

third of the shield, as obtained by the TWODANT/REAC3 codes. Integrating the above

equation allows us to solve for _,n2 in terms of _,nl:

(6.59) _Ln2= 1%0_(1- e -_a") + (Lnl)e -_'_' .

The equation for kn3 in terms of Z,nl is similar, except there is no source term:

(6.60) _,n3 = (Anl)e -x'_l .

53DerivationadaptedfromILS. Amato,ShieldDesignandRadiationAnalysisCourseNotes,Bettis
ReactorEngineeringSchool,BettisAtomicPowerLaboratory,undated,Chapter9.
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To determine _,n4, we use a flow combining equation which depends on the flow

fractions fl and _, to wit:

(6.61) 2n4 = fl. 2n2 + f2.2n3.

By analyzing the rest of the SWS flow loop, _,n5 and _,n6 can also be solved for. This

results in six equations and six unknowns, and the various specific activity levels can be

solved for in terms of Noah,and AtI through At4. The most important activity levels for

the present analysis are the levels at the shield outlet (_,n4) and the AHE inlet (_,n5).

_,n4 can be found based on the previously stated equations, plus the equation for _,n1:

(6.62) Lnl = Na4_. fl.e-_'2(e -_a'l - 1)
e -_(Atl._'2)- 1

Once _,n4 is known, Z,n5 can be found using the equation:

(6.63) _n5 = (Ln4)e -_A'3.

Because the coolant flow rate has already been determined for the SWS (0.714

m2 / see), as have the sizes of the Auxiliary and Service Heat Exchangers and the shield,

the residence times through the shield (At1) and the AHE (At4) are determined, and are

Table 6.17. SWS Residence shown in Table 6.17. The residence time in the

Times AHE is quite short (since the coolant flow path

.... length of the unit is only a few meters). Hence,

Shield (at!): 28 see
the N-16 activity levels at the inlet and outlet of

AHE (At4:) 2.5 see the AHE are similar.

The residence times At2 and At3 depend on the length and diameter of the piping

cormeeting the Service and AHEs to the shield and to each other. The total length of the

piping in this loop was previously determined to be 200 meters for the purposes of this

study. However, the diameter has not yet been specified. The choice of pipe diameter
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strongly impacts the activity levels in the AHE, since a larger pipe diameter results in

longer transit time from the shield to the AHE. 54 Table 6.18 shows the activity levels at

the AHE inlet for different pipe diameters, as well as the residence times At2 and At3.
I

i

Table 6.18. N-16 Activity at AHE Inlet versus SWS Pipe Diameter

,,,

Pipe Diameter ,(m) At2 Isec) At3(sec) N-16 Activi_, 1kn4 {Ci/cu. m)

0.5 58 28 410

1.0 220 110 0.16

1.1 260 130 0.018

6.10. 2.2 Bioioeical Dose Rate from AHE

In order to determine the minimum allowable pipe diameter, the N-16 specific activity

level in the coolant needs to be related to the biological dose rate of gamma radiation

received in the vicinity of the AHE. Furthermore, the maximum allowable biological

dose rate from the AHE must be specified. The following paragraphs discuss these

issues.

Disintegration of an N-16 nucleus results in emission of a 6.1 MeV gamma ray 55

percent of the time, and a 7.1 MeV gamma ray 20 percent of the time. s5 Hence, the

gamma yield is 0.55 + 0.20 = 0.75. For simplicity in the following analysis, we will

54Rather than increasing the pipe diameterto increasethetransittimetotheAIDE,a holdingtankcould
beinstalledbetweentheshieldandtheAHE. Coolantpassingthroughtheholdingtankwouldbe
delayedwhileresidinginthetank,thusreducingtheactivitylevel. However,byincreasingthe pipe
diameter,thelooppressuredropis decreased,whichis beneficialto the naturalcirculationoperationof
theSWS. Aswillbe seen,therequiredpipediameteris notexcessivelylarge. Hence,the holdingtank
optionis notchosen.

55R.G.Jaeger,et.al.,eds.,EngineeringCompendiumon RadiationShielding,Volume1, Springer-
Vedag, 1968,p.92.
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assume that the emitted gamma ray energy is always 6.5 MeV. Thus, the gamma specific

activity of the SWS coolant at the AHE inlet is given by:

(6.64) (_,n4)_;,t_v. _ = _,n4.(0.75).

To translate the gamma specific activity of the coolant in the AHE to a gamma flux in

the vicinity of the AHE, the AHE is approximated as a cylindrical surface source with the

diameter of the cooling tower and height equal to the AHE height in the cooling tower.

Figure 6.23 shows the assumed geometry.

It will be recalled
Figure 6.23. AHE Geometry_ for Gamma Dose
Calculations (Table 6.5) that the

cooling tower radius

----- R (g) is 3.85 meters, and

the air gap height (H)

is 1.5 meters (H =
I"

1/ 10 the chimney

height, from Appendix

6). The distance r inr

the figure is the

distance of the observer receiving the gamma ray flux from the bottom of the AHE. The

observer is assumed to be level with the bottom of the AHE, which is conservative, since

the bottom of the AHE is actually over 4 meters from the ground.

For a cylindrical surface source with the geometry shown in Figure 6.23, the gamma flux

at the observer is given by the following equation:

S.R
(6.65) _ (m-_ .sec-') = F(¢,k),

2(r+R)

where
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H
(6.66) tp - arctan----,

r-R

2x/r. R
(6.67) k = --, and

r+R

(6.68) F(tp, k)= j'e b_ °dO.
0

Here, S is the surface source strength (m -2 •sec -_) of the AHE. S is evaluated by

assuming all gamma emissions from the AHE come from a plane of height H and

diameter D, taking into account the coolant activity at the AHE inlet, (_, n4)6 _ M°v._,the

fraction of coolant in the AHE volume, and the effective thickness of the AHE as

installed in the cooling tower.

The gamma flux equation just described yields the number of 6.5 MeV gamma rays

crossing a unit surface area per unit time. To be useful in the present analysis, this

gamma flux must now be converted into a biological dose rate, which is the rate at

which energy is transferredto the human body. The standard unit for measure of

biological dose is the rein or, radiation equivalent man.56To convert from the gamma

flux to the dose rate, aflux-to_dose-rate conversion factor is used, which depends on the

energy of the gamma rays. For 6.5 MeV gammas, the conversion factor is 6.93e-2

mrem/hr per 7/cm2. sec.57

Using this conversion factor, a table similarto Table 6.18 can be generated which shows

the dose rate at different distances from the AHS for various SWS pipe diameters. Table

_6TheSIunitforbiologicaldoseis thesievert(Sv),whichis equivalentto 100remfora particulartype
of absorbedradiation.However,the U.S. federalstandardforradiationlimits(10CFR20)continuesto
use rem. See I_A_ Meyers,ed., Encyclopedia of Modern Physics, Academic Press, Inc., 1990, pp. 586-
587 for more information on radiation units.

_7"Neutron and Cramma-Ray Flux-to-Dose-Rate Factors", American National Standard ANSI/ANS-
6.1.1-1977 (N666), American Nuclear Society, LaGrange Park. IL, March 17, 1977.
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Table 6.19. Gamma Dose Rates versus SWS Pipe Diameter

AHs Surface Dose,Rate at.,AaS Oos.e,'Ra'ieat'r =
Pipe Diameter Source Strength Sufface_ r= 0 2 meters

(m) (m-" sect) (mrem/hr) (mrem/week)

0.5 5.8el 1 3.3e4 2.3e6 , ,,,

1.0 2.2e8 12 870

1.1 2.4e7 1.4 96
i

6.19 shows the surface source strength of the geometry shown in Figure 6.23, and dose

rates at the surface and 2 meters from the surface as functions of SWS pipe diameter.

Note that the units for dose rate are different for each column.

The dose rate limits prescribed for unrestricted areas (that is, areas which do not have

barriers to protect the public from radiation exposure) for members of the general public

as follows: 100 mrem for a person continuously occupying area for 7 days, and 2 mrem

for a person occupying area for a single hour. 5s As can be seen in Table 6.19, a pipe

diameter of 1.1 meters results in AHS dose rates which permits continuous occupation

by members of the public at a distance of 2 meters from the AHS, since the dose rate

there is less than 100 mrem/week. Furthermore, this same pipe diameter results in dose

rates below 2 mrem/hr at the surface of the AHS cylinder.

It can be concluded from the above analysis that a pipe diameter of 1.1 meters would

result in dose rates from the AHS which would not be harmful either to the public or to

the environment. This is therefore the pipe diameter chosen for the SWS. Although this

5SFrom10CFR20 - TheCodeof FederalRegulations,Title 10,Part20,StandardsforProtection
AgainstRadiation,U.S. GovernmentPrintingOffice, January,1993.
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is a large pipe diameter, the SWS is an unpressurized system. Hence, such a large pipe

diameter would not be impractical.

6. 10.2.3 Shielding of SWS Piping

Since the N-16 activity levels are very high at the shield outlet, regardless of SWS pipe

diameter, the 1.I meter diameter SWS piping near the shield outlet must be shielded to

prevent excessive gamma exposures. To ensure that the required shielding thickness for

this large piping is reasonable, the following discussion will determine the required

thickness for the shield outlet piping.

From methods discussed above, the specific gamma ray activity in the coolant in the 1.1

meter pipe at the shield outlet can be determined. Given this value, we desire to know

how much shielding (of what material) is necessary to limit the dose rate at the outer

Figure 6.24. Configuration of SWS Pipe shield surface to below 2
Shield

mrem/hr. For a gamma ray

----t energy of about 6 MeV, gamma

PipingShield ray attenuation in materials is
dominated by Compton scattering

and pair production. The

attenuation coefficients associated

with both of these processes

increase with the shield material's

atomic number. _9 Therefore, the

higher the material's atomic

-R- number, the better its gamma

shielding properties. Lead (Z = 82) is therefore the material of choice for most gamma

_gLccttu_ Notes for MIT Course 22.111, Nuclear Physics for Engineers, Spring 1991, Chapter 8.
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shielding applications, and will be used here. The shield is assumed to be a slab shield;

the geometry of the shield configuration is shown in Figure 6.24.

in calculating the required lead shield thickness, we must account for the fact that the

water present in the pipe itself tends to sel.f-shieM some of the gamma rays being emitted

from the center regions of the pipe. The appropriate gamma flux equation for a self-

shielded, cylindricalsource with a slab shield (as shown in Figure 6.24) is as follows: 6°

(6.69) _(m "2.see'') =[(2n4)6'M'vr'R].G(H r ,/_,R,,U.ht).B(,u.ht)2zr R 'R '

where G is a function depenktent on the geometry and the linear attenuation coefficients

for gamma rays in the source (la_,,) and the shield (lash).61 B is called the buildup factor,

and accounts for scattering in the shield reflecting gammas back toward the observation

point, which tends to increase the gamma flux. Numerous approximations exist to

analytically describe the value of the buildup factor. A common one is known as

"Berger's Formula", and is as follows:62

(6.70) B(I.Lht) = 1+ AI.tsht"exp(B, lasht).

Values of A, B and I.tshfor lead, as well as laso for water are shown in Table 6.20.

The SWS coolant activity at the shield outlet, (_n4)6_M,v _, is 1.8e14 per cubic meter

per second. To shield a pipe of diameter 1.1 meters so that the shield surface dose rate

is below 2 mrem/hr,a lead shield thickness of less than 0.3 meters (or about one foot) is

6oR. G. Jaeger, et.ai., eds., Engineering Compendmm on Radiation Shielding, Volume 1, Springer-
Verlag, 1968, p. 382.

61Tables for the G function are available in Jeager, et.al., pp. 377-381. These tables were utilized to
evaluate G for this work.

62jeager, et.al., p. 213-216.
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necessary. This required shield thickness is reasonable, and of course will become even

smaller as one moves along the pipe and the N-16 activity levels decrease.

Table 6.20. Parameters for Pipe Shielding Calculations 63

......... Lead_ Water

g_h(l/m) A B g.,o(l/m), ,,, , , ,,,, ,,,, , ,

50.5 0.1344 0.1000 2.77
i IIll " '

63Values for6 MeVgammas,fromJeager, et.al.,pp.215and178.
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6...11. The Two,Loop Shield Water System Option

In the foregoingsections,thesingle-loopconfigurationof theSWS wasdiscussed.It

wasclaimedat thebeginningof thesectionthata two-loop SWS configuration,although

virtuallyeliminatingthepossibilityof radioactivereleaseor exposureto theenvironment,

wouldbe lessefficient,hencemoreexpensive.In thissection,the two-loopSWS

configurationwill beanalyzed.Thecomponentsof the two-loopsystemwill be sized,

andthesystemcostestimatedandcomparedto theestimatedcostfor the single-loop

system.

II.i Two Looo,S,,WS...ComoonentsSizeand Cost,

Figure 6.25 shows the overall configuration of the two loop shield water system. As

shown in this figure, there is a primary loop which includes the Service Heat Exchanger

(SHE), the shield, the jet pump, and one side of the Intermediate Heat Exchanger (HIE).

Figure 6.25. Two-Loop S_'eld Water System Diagram
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The primaryloopis contaminated with radioactivity, but is fully enclosed within the
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reactor building, thereby greatly reducing the chance of a radioactive release to the

environment. The secondaD, loop includes the Auxiliary Heat Exchanger (AHE) and the

other side of the IHE. This loop does not normally contain radioactivity, and for the

most part runs outside of the reactor building.

During normal system operation, the primary loop water circulates in a forced-flow

mode using the jet pump head. As with the single loop SWS, during normal system

operation the SHE removes the heat from the primary loop using forced flow from the

main condenser cooling system. During normal system operation, the secondary loop

remains online, but plays virtually no part in removing her,_tfrom the primary _,oop. The

size of the SHE required for the two loop system is similar to the size requir_,xlfor the
!

single loop system.

If site power is lost, both the primary and secondary loops must naturallycirculate in

order to cool the shield. Hence, the IHE must be located above the shield by some

amount (designated Hw in Figure 6.25), and the AHE must in turn be located above the

IHE by some amount (I-Iw2), in order to provide naturalcirculation driving heads for the

two loops. To determine appropriate values for Hw and Hw2, and to size the cooling

tower, AHE and IHE for the two loop system, an analysis must be performed.

The basic tools used to perform the two loop analysis are the same as those used

previously for the single loop analysis. Pressure drop and heat transfer coefficients for

the AHE are the same as a function of Reynolds number, for example. The IHE is

assumed to be a crossflow, shell-and-tube type heat exchanger. Hence the analytical

methods used for the SHE are also applicable to the IHE. However, the two loop

system is somewhat more complex than the single loop system, and has more parameters
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which must be specified. A list of the most significant parameters for the two loop

system is shown in Table 6.21.

Table 6.21. Two Loop SWS Parameters

iN i i H

Primary Loop Piping: Length , Diameter

Secondary Loop Piping: Length ,. Diameter

IHE Diameter IHE Length IHE, AHE Tube Configurations

AHE Length AHE Depth AHE Width

Primary Thot Primary Tco[d Primary mass flow rate

Secondary Thot Secondary Tcoid Secondary mass flow rate

Air Thot Air Tcold Air mass flow rate

Air chimney height (Ha) , ShielddHE, height (Hw) IHE-AHE height,,Q-lw2)

The above table indicates the large number of parameters that must be determined in

order to specify the size and performance of the two loop SWS. To make the problem

tractable, it is necessary to reduce the number of parameters which are to be varied in the

analysis. In order to estimate the cost of the system (which is our primary goal in this

section), we want to focus on the sizes of the major system components required for

natural circulation operation, namely the cooling tower, the AHE and the IHE. For this

first-order cost analysis, the cost of piping for the system will be neglected. (Note that

the cost for piping for the two-loop and single loop systems will probably be similar -

hence, neglecting the piping cost is probably not significant when comparing the cost of

the two systems.)
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First, the diameterand length of the system pipingwill be fixed. The diameter of the

secondaryand primarypiping is fixed at 0.6 meters. This valuewas chosen after

exploring a numberof different sizes; it is the smallestdiameter that does not overly

constrain the rest of the system. Note that the diameter of the piping is not governed by

N-16 activation concerns, as it is for the single loop SWS. The secondary piping length

is chosen co be 200 meters, to allow for a long run of pipingto the AHE. This is the

same valueused for the single loop system piping length. The primarypiping length is

chosen to be 20 meters. As with the single loop analysis,pipe elbows, tees, and other

flow restrictions are not explicitlymodeled',rather, the piping lengths are chosen to be

conservativelylong, in part to account for such flow restrictions.

We willuse the same AHE tube configurationas that usedfor the single loop anaJ.ysis,

and use the tube configuration previouslyused for the SHE for the IHE as well. The

Tcold value for air willbe chosen as 25 degrees C, and the Thor value for air willbe

fixed at 40 degrees C. The Thot value for the primaryside willbe chosen as 95 degrees

. C. These temperaturevalues werealso used for the singleloop analysis. The IHE

diameteris fixed at 1meter. Thisvalue ensuresthat the HIEdiameteris of the same

orderas the inletpipingdiameter. An IH diameterof I meteralso allows solutionsto

the heat transferequationsto be foundfor a wide rangeof othersystem parameters.

Theairmassflow rate is fixed bythe specificationof the air inletand outlet

temperatures, plus the known required heat rejection rate of 5 MW (same as for the

single loop analysis). The coolingtower chimneyheight (Ha) is fixed at 15m, thesame

value used in the finalsingle loop cooling tower configuration(this choice will be further

justified later). The secondarywater mass flow rate is fixedby specif_ng a capacity rate

ratio of 1.0 for the AHE. This is the same as the capacityrate ratio whichcharacterized

the finalAHE size used in the single loop analysis,hence it represents an efficientchoice
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for the temperature range, heat load, and mass flow rates associated with the SWS. The

primary mass flow rate is also fixed by assuming a capacity rate ratio of 1.0 for the IHE

as well. This is done primarily for simplicity. With the primary mass flow rate and

primary side Thot specified, the primary side Tcold is determined as well. The fixed

parameters discussed above are shown in Table 6.22.

Table 6.22. Fixed Two Loop SWS Parameters

Primary Loop Piping: Len_h = 20 m Diameter = 0.6 m

Secondary Loop Piping: Length = 200 m Diameter = 0.6 m
IHE, AHE Tube

HIE Diameter = 1 m HIE Length Configurations = Specified

AHE Length AHE Depth AHE Width
Primarymass flow rate =

Primary Thot = 95 C PrimaryTeold - 80 C 80 kB/sec
Secondary mass flow rate

Secondary Thot Secondary Tcold = 80 kg/sec, ,

Air mass flow rate = 330

Air Thot - 40 C Air Tcold -- 25 C kg/sec ,
Air chimney height (Ha)
= 15 m Shield-IHE height (Hw) IHE-AHE height (Hw2)

m , • ,

With the parameters specified as shown above, the problem has been reduced to one

having only 8 undetermined variables. The secondary cold and hot temperatures are not

really independent, since the secondary mass flow rate and the required heat transfer rate

have been fixed, hence the temperature drop on the s_ndary side has also been fixed.

As it turns out, if we choose the shield-IHE height Hw and the IHE-AHE height Hw2 as

variables in a parametric study, the other parameters of Table 6.22 (and hence the
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desired heat exchanger sizes) are fixed by the other constraints of the problem, namely

the need to balance the natural circulation pressure head with the frictional pressure drop

of both water loops and the air flow path andthe geometrical constraints on the heat

exchangers. Details of the sizing procedure are provided in Appendix 6.

Because of the importance of minimizing the frictional pressure drops of both the

primary and secondary loops of the two loop SWS (in order to minimize the required

natural circulation driving heads and hence the component sizes and costs), the IHE is

designed without baffles on the secondary side. This minimizes the secondary side

pressure drop significantly. In order to ensure uniform crossflow through the IHE tube

bundle, the IHE is assumed to have multiple inlet and outlet pipes serving the heat

exchanger from a single inlet and a single outlet pipe. Figure 6.26 shows the IHE

configuration.

Figure 6.26. Intermediate Heat Exchanger Configuration

SecondaryInlet

Primary Inlet Primary Outlet

SecondaryOutlet
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The tube material chosen for the IHE is the same as that chosen for the AHE tubes,

stainless steel (CRES 304). This material is suitable for the IHE for the same reasons as

it is suitable for the AHE, namely, a high tube velocity limit (for normal, forced flow

operation, and compatibility with a pure water environment, which would be expected

on both the primary, and secondary sides of the two loop SWS.

We will now examine the results of the two loop SWS analysis, using Hw and Hw2 as

parametric variables. Figure 6.27 shows how the AHE volume varies with Hw2 for two

different values of Hw. The AHE volume decreases with increasing Hw2 as well as with

increasing Hw, since the larger height differences permit more natural circulation driving

head, hence the AHE can be made smaller, with a larger pressure drop.

Figure6.27. AuxiliaryHeatExchangerVolume
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Figure 6.28 shows the volume of the cooling tower shell, as a function of the same Hw

and Hw2 values as were used for Figure 6.27.

Figure 6.28. Cooling Tower Shell Volume
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The cooling tower shell volume increases substantially with increasing Hw and Hw2,

since the height of the cooling tower is a direct function of the required height

differential between the shield, HIE and AHE.

Finally, Figure 6.29 shows the variation of the length of the HE (which is proportional

to the HE volume since the IHE diameter is fixed) as a function of Hw. The length of

the IHE is not a function of Hw2 - with the prescribed set of fixed parameters shown in

Table 2, the length of the [HE is determined solely by Hw, the primary loop natural

circulation height difference.
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Figure 6.29. IntermediateHeat Exchanger Length
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Figure6.29showsthattheIHE lengthincreasesasHw increases.AsHw increases,so

doesthenaturalcirculationdrivingheadin theprimarySWSloop. Thisincreased

drivingheadpermitsa largerprimaryloopfrictionalpressuredrop,andhencea longer

IHE. The longer[HE inturnprovidesa largerheattransferarea,whichpermitsa

smalleraveragetemperaturedifferencebetweentheprimaryandsecondaryfluids.

Thepreviousthree figuresshow the dependenceof the size of the cooling tower, AHE

and IHE on the heights Hw andHw2. Fromthese figuresalone, it is not clear what the

optimumvalues of Hw and Hw2 are to providefor the mostefficient, leastexpensive

two loop SWS system. To help determinethe least expensive system,the overallcost of

the cooling tower, AHEand IHEwill be estimatedand added together to providea

indicationof the overall systemcost. The cost estimateassumes that the AHE is

composed of stainlesssteel (CITES304) tubes with aluminumfins, that the IHE is

composed of stainlesssteel tubeswith a stainless steel shell, and that the cooling tower
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shell is composed of reinforced concrete. The details of the cost estimation method are

provided in Appendix 8 The results of the cost calculations are shown in Figure 6.30.

Figure 6.30. Secondary_ Loop Components Cost vs. Hw and Hw2

1
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This figure shows, first of all, that the cost ofthe two loop SWS components do not

substantially exceed about $1 million, indicating that it is a relatively inexpensive

system. _ Second of all, the figure shoes that varying Hw andHw2 does not affect the

cost of the system drastically. A minimumcost for the components of about $1. l million

is given by choosing Hw in the range 4-5 meters, and Hw2 greater than 5 meters (note

that as Hw2 increases, although the cost of the cooling tower increases along with Hw2,

the cost of the AHE decreases, thus the total comronent cost in the figure remains

constant).

Based on Figure 6.30, we will fix the height of the IHE above the shield (Hw), and the

height of the AHE above the IHE (Hw2) at 5 meters each. With these parameters fixed,

IA typicalfusion_r blanketcomplexwill costhundredsof millionsof dollars,by co_n.

293



the effect of the cooling tower chimney height (Ha) is now shown, to further justify the

assumption to set Ha = 15 meters in Table 6.22. Figure 6.31 shows the effect of Ha on

the secondary loop components cost, assuming Hw = Hw2 = 5 meters, and other SWS

parameters are as shown in Table 6.22.

Figure 6.31. Secondary Loop Components Cost vs. Ha
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The total components cost decreases rapidly with increasing Ha until Ha is roughly 15

meters, at which point the rate of cost decrease slows substantially. Thus, ii is

reasonable to pick Ha = 15 meters, to both minimize the cooling tower size and the

components cost.

294



The analysis in the two loop SWS discussed above yields the sizes shown in Table 6.23

for the components in the system. These values result from fixing Hw = Hw2 = 5

meters, with the other SWS parameters as shown in Table 6.22.

Table 6.23. Reference Component Parameters (Two Loop SWS)

Tota! Cooling Tower Height: 24 meters

Cooling Tower Diameter: 10 meters

Cooling Tower Shell Volume: 280 cu. m. .

Auxiliar_ Heat Exchange r _AHE) Volume: 38 cu. m. ....

Intermediate Heat Exchanger (UHIE)Length: 9 meters

Intermediate Heat Exchanser {IHE) Volume: 7 cu. m.I l i I I I

Total Secondary Components C.0st: .. $1,100,000 r

!!.2 Cost Comparison _een S inMe and Two Loop SWS

The previous subsection estimated the minimumcost for the majorcomponents of the

two loop SWS. To compare the cost of the single and two loop systems, a cost estimate

of the single loop system needs to be performed. Since the single loop SWS does not

have an Intermediate Heat Exchanger, the cost for the single loop system components is

simply the cost of the cooling tower plus the cost of the Auxiliary Heat Exchanger. The

minimum size for these components was determined in a previous subsection. The cost

for the single loop components is estimated using the same methodology as used above

for the two loop system, and the results are shown in Table 6.24 (the component sizes in

Table 6.24 are reproduced from Table 6.5 for convenience).
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Table 6.24. Reference Component Parameters (Single Loop SWS)

, ii III ilml null I I

Cooling Tower Chimney Height: 15 meters

Total Cooling Tower Height: 21 meters

Cooling Tower Diameter: 7.7 meters

,Cooling Tower Shell Volume: 160 cu. meters

Heat Exchanger Volume: 18 cu. meters

Total Components Cos_: $4.00 P00I I IN II I IIllI IIII _II I II I III II

Comparing the component costs of Table 6.23 and Table 6.24, we see that the two loop

system is roughly 3 times the cost of the single loop system. The increase in cost in the

two loop system is due to two factors: (1) the additionalcost of the IHE, and (2) ti_e

increased size of the AHE/cooling tower complex due to the lessened efficiency of the

two loop system.

6;!1.3Conclusions

This section has been devoted to discussing the configuration, characteristics and cost of

both the single loop and two loop Shield Water System. In this subsection, some general

conclusions will be drawn based on the analyses presented in this section.

The single loop SWS has the potential to release radioactive coolant to the environment

in the event of a leak, and there are concerns with the operational dose rates associated

with N-16 gamma radiation. However, with proper system design (large pipe sizes and a

deaeration system), the radioactivity concerns can probablybe reduced to acceptable

levels. The single loop system has the advantage of being simpler than the two loop

system, and more efficient. In addition, the same, single loop which is used for cooling

the shield during accident conditions is used for cooling during normal operation. Since
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the loop is used during normal operation, there is greater assurance that the loop will

function as desired during accident conditions.

The two loop system virtually eliminates the concerns over radioactive leakage and

operational exposure, but is more complicated and less efficient than the single loop

SWS. In addition, the secondary loop portion of the system is only used during accident

conditions. Although it is online during normal reactor operation, it is idle. Idle fluid

systems are by their nature harder to maintain in good operating condition than systems

which are operated routinely. A specific problem in the case of the secondary loop of

the two loop SWS is water chemistry/corrosion problems which could occur in the

stagnant system due to the lack of circulation of coolant. Although this potential

problem could be solved by installing a small jet pump in the secondary loop to maintain

proper coolant circulation and chemistry, this would be a further complication to the two

loop SWS.

Because the two loop SWS is less efficient than the single loop system, and because it

requires an extra component (the Intermediate Heat Exchanger) the two loop system

components are roughly 3 times as expensive as the single loop system. However, for

both systems, the total component costs are equal to or less than about $1 million.

Considering that the cost of a typical fusion power reactor blanket system will cost in the

hundreds of millions of dollars, the incremental cost of either the single or two loop SWS

is very small.
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Chapter 7 Conclusions and,,Recommendations
for Future Work
llllll| i i=

This chapter summarizes the main conclusions of this thesis, and provides

recommendations for future work. One of the main results of this thesis is the

conceptual design of Blanket Design 2, a helium-cooled fusion reactor blanket capable of

passively surviving a worst-case undercooling accident with no damage. Included in the

recommendations for future work are some of the steps which would be necessary to

refine the results of the present conceptual design study in order to perform a more

detailed design of Blanket Design 2.

Conclulfi0ns

The main conclusion of the present work is that it is possible to design a helium-cooled,

solid breeder fiJsion reactor blanket which can survive a worst-case undercooling

accident. This worst-case accident, dubbed a No-Flow LOFA, is characterized by a loss

of helium coolant flow through the blanket, without loss of helium coolant pressure. The

elevated temperatures of the first wall region caused by loss of coolant flow, coupled

with the high stresses caused by the coolant pressure combine to make the No-Flow

LOFA the most severe undercooling accident for a helium-cooled blanket. Blanket

Design 2, using the novel "berylliumjoint" concept, can survive such an accident easily.

Blanket Design 2 is based on the original nested shell blanket design developed by Wong

(see Chapter 4). The original nested shell design used a mixed beryllium and lithium

oxide pebble bed for the breeder regions. The first blanket design developed and

analyzed herein (Blanket Design 1, described in Section 5.2) was also a nested shell

design with a mixed pebble bed. The pebble bed region of Blanket Design I was

optimized for survival of an undercooling accident by maximizing its thermal
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conductivity. This was done by: (1) maximizing the beryllium-to-lithium oxide ratio

subject to retaining good breeding performance; and (2) maximizing the size of the

beryllium pebbles subject to maintaining good bed packing performance. As is

summarized in Table 7.1, Blanket Design 1 can survive all of the undercooling accidents

analyzed except for the worst-case No-Flow LOFA.

Table 7.1. Accident Performance of Blanket Designs 1 and 2

,,, , ,, ,

Survives
Blanket True Accident True , w/o Dama2f DamaEed

,, LOCA t , X

LOCA w/air ingress X
Blanket Design 1 LOCA w/helium

circulator failure X
,,,, ,, , ,, ,

LOFA X

No-Flow LOFA X
li i i i In I II II

LOCA? Xii ii in i

LOCA w/air ingress Xim i

LOCA w/helium
Blanket Design 2 circulator failure X

i ii iii Illl I IIIil

LOFA_ X• i

No-Flow LOFA X
ii i ii i i n Im inuu unm I

? Assumes helium circulators continue operating, and there is no air ingress.
Assumes natural circulation of _ helium coolant, with a 2 meterelevation

difference between cool and hot coolant.

To design a helium-cooled blanket which can survive the No-Flow LOFA, development

of the "beryllium-joint"concept was undertaken in Section 5.3. Incorporated in Blanket

Design 2, the berylliumjoint concept uses slabs of beryllium to conduct the heat away

from the hot first wall region, minimizing its temperature during an accident. The
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beryllium joint concept also allows for significant (10 percent or more) beryllium

swelling during blanket operation, without causing structural deformation or loss of

thermal performance. Another factor which helps Blanket Design 2 survive a No-Flow

LOFA is the fact that the coolant channel wall thickness was chosen based on

ruggedness concerns (see Appendix 2). This resulted in overdesigning these channels

with respect to the helium coolant pressure of 10 MPa. This overdesign lowers the

stresses in the first wall channels, thus helping the first wall sustain the high temperatures

of the accident without _xcessive creep. A summary of the design characteristics of

Blanket Design 2 is shown in Table 7.2. As discussed in Section 5.3.4, Blanket Design 2

can survive a No-Flow LOFA with no damage even if the plasma remains on up to 7

seconds after the helium circulators cease to function.

Chapter 6 discussed the impact of Shield Water System (SWS) design on the accident

response of Blanket Design 2. It was demonstrated that in order to ensure long-term

passive safety for the blanket, a SWS capable of naturalcirculation in the event of pump

failure is necessary. Analysis at the beginning of the chapter showed that the inboard

blanket region of Blanket Design 2 may fail as early as 10 days after the onset of the No-

Flow LOFA if there is no natural circulation in the shield. In addition, Appendix 11

showed that a SWS capable of naturalcirculation could eliminate the possibility of

severe structural damage occurring in a vanadium/liquid lithium blanket within 9.2 hours

after the onset of a LOCA with air ingress.
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Table 7.2. Blanket Design 2 Characteristics

Design Neutron Wall Load (Average): 4 MW / m2 0

Design Neutron Wall Load (Peak): 5 MW / m2 00
Design Blanket Lifetime: 3 full-power-years

Blanket Thickness (Inboard and Outboard): 0.40 m
Helium Plenum Thickness (Inboard and Outboard): 0.30 m
Shield Thickness (Inboard): 0.42 m
Total Inboard Thickness: 1.12m

Blanket Module Width (Outboard): 1.7 m

Helium Coolant Operating Pressure: 10 MPa
Helium Coolant Inlet Temperature: 250 degrees C
Helium Coolant Outlet Temperature: 450 degrees C
Lithium Oxide Operational Temperature Range: 309-610 degrees C*"
Maximum MT-9 Operational Temperature: 550 degrees C
Maximum Beryllium Operational Temperature: 575 degrees C

Number of Coolant Shells: 15
Inner Diameter of Coolant Shells: 4-9 ram*

Composition of Breeder Regions (by volume): 0,55 Be/0.19 Li20/0.26 He
Composition of Shield (by volume): 0.90 MT-9/0,10 water

One-Dimensional TBK: 1.4

Tritium Inventory: _ 4 kg in Be; _ 40 g in breeder

Maximum Fast Fluence to Magnets: 1023n/m 2.*

Required Pumping Power: 4.3 % of total thermal power ***

Overall Power Conversion Efticicncy: 0.3 5 .

0 Usedforunderooolingaccidentanalysiscalculations.
0OUsedforshieldingcalculations.
* Dependingon the locationoftheshellin theblanket.
**Assuminga 40yearlifetimeata dutyfactorof 0.75.
***Assumingreactortotalthermalpowerof 3500MW. Separateheliumcirculatorsarenecessaryfor
the firstwallcoolantchannelsto avoidexcessivelyhighpumpinglmwerrequirements.

+Assumesa steamplantefficiencyof 0.38,a circulatorefficiencyof0.9, andaomuntsforhelium
circulatorheatingof coolant
++Exceptforverysmallregionnearheliuminletin whichthetemperatureties in the290-300degrees
C range.
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Chapter 6 provided conceptual designs and cost estimates for both a single-loop SWS

and a two-loop SWS, and compared the advantages and disadvantages of the two

options. The two-loop SWS has a primary coolant loop which circulates water between

the shield and the Intermediate Heat Exchanger (IHE), and a secondary loop which

circulates water between the IHE and the cooling tower. Table 7.3 summarizes the

results of this comparison.

Table 7.3 Comparison of Single- and Two-Lo0p SWS.Options

Sin21e-Loon Advanta2es_ Two-Loo_ Advantages.:

• Simpler and less-expensive design • No radioactivity in secondary loop

• More efficient , No secondary loop shielding
• Easier to maintain required

• Potentially more reliable . No risk of radioactivity release to
environment

The estimated cost of the components for the two-loop SWS is about 3 times more

expensive than for the single-loop SWS (see Section 6.11). However, since the

components for the two-loop SWS are estimated to cost only about $1 million, the cost

of either option will be very small compared to the overall cost of the reactor's blanket

and shield system, which will cost hundreds of millions of dollars. Hence, the passive

safety benefits of a natural circulation-cooled SWS can be achieved for a very reasonable

price. In the author's opinion, the designers of future power reactors such as ITER and

DEMO should consider incorporation of a natural circulation-cooled SWS into the

reactor design, and, if possible, incorporate features into the blanket designs that permit

rapid flow of heat from the first wall region toward the cooler portions of the blanket.

302



During the development of the single-loop SWS, estimates were made of the

radioactivity of corrosion products in the coolant to determine whether a coolant leak in

the cooling tower/Auxiliary Heat Exchanger (AHE) complex would cause an

unacceptable release of radioactivity into the environment. Assuming a worst-case leak

in the AHE to be a double-ended rupture of an AHE tube, Section 6. l O.1 showed that

the radioactivity released to either the ground or to the air should not exceed the

maximum permissible concentrations required by federal standards for release to

unrestricted areas.

Recommendatiom for Future Work

The scope of the present work did not include the possible effects of a plasma disruption

on the first wall temperature behavior. It is likely that the thermal effects of a disruption

would be similar to the effects of the plasma continuation, but over a shorter timescale.

It would be worthwhile to evaluate the possible impact of disruptions on the thermal

behavior of Blanket Design 2 during a No-Flow LOFA. Furthermore, the effect of

possible electromagnetic loads on the blanket structure during a disruption(if the plasma

current is dumped into the blanket) should be addressed.
i

The present study simplified the geometry of the blanket to one-dimension during

blanket analysis. Such simplification ignored the effects of the nested shell edges.

During a detailed design of Blanket Design 2, the effect of the shell edges should be

modeled using at least a two-dimensional, if not a three-dimensional treatment. This

more detailed model should include the actual poloidal neutron wall distribution, which

could not be modeled correctly in one-dimension. After development of the more

detailed model, the model would be used to analyze both normal operating conditions (to

confirm normal operating temperatures of breeder, mu_,tipfier,and structure) and

accident conditions (to confirm that the blanket survives a No-Flow LOFA).
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During the sensitivity analysis performed on the beryllium joint concept in Section 5.3.5,

it was tentatively concluded that stresses in the beryllium slabs caused by temperature

and irradiation-induced swelling should not be enough to cause cracking of the beryllium

slabs, and the consequent loss of thermal performance. However, it was recognized that

a severe lack of high-neutron-fluence data on beryllium makes this conclusion

speculative at best. High-energy neutron irradiation data at high fluenees is sorely

needed for beryllium to determine its swelling and fracture toughness performance.

The scope of the present work did not include actual fabrication and test of the proposed

beryllium joints. The next step in development of Blanket Design 2 would clearly

involve such a "reality check." Some of the issues that could be explored during such

testing are as follows: (1) confirmation of critical assumptions such as the gap

conductances and effective thermal conductivity of the joints; (2) determination of the

difficulty and cost of fabrication of large numbers of beryllium joints, which would be

required to build a fusion reactor blanket; and (3) the effect of fabrication errors such as

slab misalignment.

During failure analysis of Blanket Design 1 and 2, extrapolation of the data base for

HT/MT-9 was necessary to estimate its high-temperature strength and creep properties.

Prior to use of HT/MT-9 in an actual design, such high temperatureperformance data is

needed. In addition, the effect of irradiation on the steel must be tested.

During development of both the single and two loop Shield Water Systems (SWS), it

was assumed that only one cooling tower/Auxiliary Heat Exchanger complex is

necessary to provide accident cooling to the shield. Further work could look into the

desirability of adding redundancy to the SWS by, for example, using two cooling tower
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complexes instead of one. The possible effects of abnormal conditions in the cooling

tower complex, such as ice on the heat exchange surfaces, could also be addressed.

Such analysis was beyond the scope of the present work.

To estimate the radioactivity in the single-loop SWS coolant, data from corrosion testing

in high temperature water for typical PWR materials was coupled with temperature-

dependent corrosion rate correlations to determine the expected corrosion rates in the

low-temperature SWS system. To firmly establish the concentration of radionuclides

which would be expected in the SWS coolant, low-temperature (_ 85 degrees C)

corrosion testing is necessary for the materials expected to be used in the SWS. These

materials include the ferriticsteel used in the shield, the CRES 304 steel used for the

inlet and outlet piping and heat exchanger tubes, as well as the aluminum brass tubing in

the Service Heat Exchanger.

As was stated at the beginning of the chapter, most of the recommendations in this

section suggest analyses which would have to be performed to advance Blanket Design 2

from the conceptual design stage presented in this thesis to the detailed design stage.

Because of the conservative approaches adopted throughout the course of this

conceptual design work, however, it is not expected that the main results of this thesis

would change as a result of detailed design.

305





.Appendix l: Geometrical Correction Factor Details

In the neutronics analysis used in the present work, the tokamak's geometry was

approximated by allowing the major radius of the torus to go to infinity. As described in

Chapter 3, this results in an eta-orin the calculated neutron flux results proportional to

the distance from the centerline of the machine. To correct for this error, it is necessary

to apply a correction factor to the TWODANT neutron flux results, prior to using them

in the REAC3 activation code. This appendix describes in more detail how this

correction factor is applied calculationally.

In Chapter 5, the neutron wall load used for calculating the tritium breeding ratio and the

activation of the blanket is assumed to be uniform for a given inboard or outboard

section, and equal to the average wall load for the appropriate section. The following

discussion demonstrates how the neutron flux as a function of distance into the blanket is

established for these runs. -

Figure AI. 1 shows a diagramof the outboard blanket section; the figure shows the

tokamak vertical centerline, the tokamak majorradius Ro, the poloidal radius and angle

of a poim P in the blanket (r,O), and the horizontal distance from the vertical centerline

R.
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Figure A I. 1. Outboard Blanket/Shield Section. Geometry

TWODANT gives the neutron flux at each distance r from the plasma center. Since the

wall load is specified to be uniform, the neutron flux values that TWODANT outputs do

not depend on poloidal angle O. However, as can be seen in Figure AI. 1, the distance

from the centerline R does depend on O. By a simple integration of O from 0 to n, we

determine that the average value of R at a distance r from the plasma center is given by

_R/ -- Ro . 2r (for the outboard blanket). Hence, the average value of neutron flux at
7/"

distance r, corrected for geometry, is the value given by TWODANT multiplied by the

correction factor. It is these average values of neutron flux as a function of r that are

used as inputs to the REAC3 activation code. To calculate the neutron wall load of the

outboard blanket, which is the input to TWODANT, the average poloidal neutron wall

load (determined in Chapter 5)is multiplied by (RL)/R o, where (R]./--the value of

/R) at the first wall (r = a). The tokamak radius Ro is chosen to be 6 m, and the minor

radius is chosen to be 1.5 m for the cases analyzed herein.
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App,endix 2 : Sizin of Shell Coolant,, Channels

In the design of the nested shell blanket, an analysis of the effectiveness of natural

circulation for various channel sizes is performed (Section 5.2.2.3), and pumping power

is plotted as a function of first wall cooling channel diameter (Section 5.2.2.4.) This

appendix describes the calculational model used for these analyses in greater detail.

Pumpine Power Calculatioff_

This calculation determines the minimum pumping power required to ensure that the first

wall stn_,cturaltemperature does not exceed 550 degrees C. This maximum temperature

occurs at the outlet side of the channel on the side exposed to the plasma.

As discussed at the beginning of the Chapter 5, the maximum neutron wall load for the

blanket designs considered here is assumed to be 5 MW / m2. Since the alpha power

generated in the fusion reactions is 1/4 of the neutron power, if we assume the alpha

power is uniformly distributed on the first wall, we obtain a maximum surface heat load

of(5 MW / m2)/4 = 1.25 MW / m 2. However, a substantial amount ofthe alpha

power is directed toward the divertor. This results in a reduced surface heat load to the

first wall. For the ARIES-I reactor design, for example, the maximum surface heat load

to the first wall is only 1/6 of the maximum neutron wall load.' Since it is beyond the

scope of the present work to model the divertor heat load, the maximum surface heat

load will be assumed to be 1/5 of the maximum neutron wall load (that is, midway

between 1/4 and 1/6). This corresponds to a mardmum surface heat load of I MW / m2.

It is conservatively assumed for this calculation that this maximum heat load applies for

the length of the channel considered,

F. Najmabadi,et.al.,"TheARIES-ITokamakReactorStudy,FinalReport,"UCLA-PPG-1323,
1991,p.8-76.
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The helium inlet temperature is set at 250 degrees C, and the helium pressure is 10 MPa.

An erosion layer of 2 mm of MT-9 is assumed to exist on the first wall in addition to the

channel wall thickness, which is chosen based on the minimum thickness allowable

assuming the channel must contain the helium pressure. 2

The maximum first wall temperature at the outlet of the channel is given by the following

relation:

(A2.1) T_._ = Tk,,o+dTnk. +aT,,

where T_,I.o is the helium coolant outlet temperature (determined assuming all of the heat

from plasma is deposited into the first wall channels),

dTn_. is the temperature rise across the helium coolant film at the inside of the channel,

and dT, is the temperature rise across th ,_. thickness of the erosion layer plus the channel

thickness.

dT_ is given using the standard relation:

(A2.2) dTf._= h ' where

q" is the heat flux across the helium film, and h is the convective heat transfer coefficient.

The convective heat transfer coefficient, in turn, defines the Nusselt number Nu:

hD
(A2.3) Nu-

k'

2basedon thelargestof thefollowingtwo thickaesses:1)theminimumthicknegsrequiredto prevent
creepstrainfromexceeding1%at 500degreesC assuming5 yearsof operationat a dutyfactorof0.75,
and2) theminimumthicknessto ensurestructuralruggedness(chosentober/7,whereris thechannel
radius).Thecreepdatawas_ fxomTheMaterialsHancamokforFusionEnergySystems,
USDOEReport#IX)EfHC-10122,McDonnell13_glas AstronauticsCo.,Initial IssueApril30, 1980.
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where D is the channel inner diameter, and k is the helium thermal conductivity. The

Nusselt number is usually determined by the Dittus-Boelter equation for heated fluids:

(A2.4) Nu = 0.023 Re °'8Pr °'4,

where Re is the Reynolds number (oVD //a), and Pr is the Prandtl number, which can

be taken as 0.7 for helium. However, for cases where the temperature gradient across

the helium film is large (as is the ease here), the heat transfer across the film is decreased;

hence the Nusselt must be reduced. To account for this effect (and also to account for

the effects of flow development at the inlet, which is not a large effect for the present

case, the following correlation is used:3

(A2.5) Nu = 0.021 Re °" Pr" T,,_ 1+ ,

where z is the distance downstrea_m from the inlet. This relation is valid for z/D > 5,

15,000 < Re < 600,000, and 1 < T,_ / T_t < 2.4; condition which are met in the

present analysis. ,
i

Equations A2.3 and ,4,2.5can be used to determine h for fully-developed flow in

uniformly-heated round tubes, rlowever, for the present case, the tube is actually very

non-uniformly heated, since the intense plasma heat load comes only from one direction.

To modify the h for the non-uniform heat flux, data reported in the ARIES-I reactor

study, which also operated at 10 MPa helium pressure with comparable channel

diameters, were used. These data indicated that for turbulent helium coolant flows, h is

reduced by up to 37%, thus increasing the temperaturedrop across the helium film by

the same amount. Hence, in this calculation the h is reduced by 37% from the value

calculated by the equations above.

3D.M. McEligot, et.al., "Effect of Large Teml_atme Gradients on Convective Heat Transfer: The
Downstream Region," J. Heat Transfer, Vol. 87, No. 1, Febrthary, 1965, p. 67.
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Equation A2.6 below, without the natural circulation terms on the left-hand side, and

without the K_ term, is used to determine the pressure drop in the straight lengths of

the first wall coolant channel. The two channel bends at the comers of the blanket

module are accounted for assuming K,_ equals 0.5, a reasonable value. 4 The pumping

power is determined by the following equation:

(A2.6) W, =lmRTajE P

where:

P is the helium pressure.

AP is the pressure drop in the channel

is the helium circulator efficiency
Q

m is the mass flow rate of helium through the channel

R is the gas constant, and

T is the helium inlet temperature

Note that the mass flow rate m in Equation A2.6 is the total mass flow for the whole first

wall, not just for one channel. (This is calculated by determining the number of channels

necessary to cover the entire first wall area of a reactor of majorradius 6 meters and

minor radius 1.5 meters). The helium circulator efficiency is assumed to be 0.9, as was

done for ARIES-I. The pumping power goes up both as the mass flow rate and as the

pressure drop does. To keep the temperature drop low enough across the helium film,

the velocity of the coolant must kept relatively high. Hence, if one tries to decrease the

pumping power by increasing the channel diameter, thereby decreasing the pressure drop

in the channel, the mass flow rate increases, tending to keep pumping power high.

4TheInessuredropatturnis givenby(Kn,,,,pV^2)/2. N.E.TodreasandM.S.Kazimi,NuclearSystems

I, HemisphorePub.Co.,NewYork,1990,p. 358,givesa Ktu,,, rangeof0.35to 0.9forstandardelbows.
Wehaveassumeda valuein themiddleof thisrange.Notethatthepressuredropcausedbytheturnsis
smallcoml_-edtothe overallchannelpressuredrop.
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Similarly, if the mass flow rate is decreased to reduce the pumping power, the channel

diameter must be decreased to maintain a sufficiently high velocity. An optimum can be

found, as is seen in Section 5.2.2.4, around a channel diameter of 0.4 cm.

Natural Circqlation Calculation,.

Figure A2.1 shows the simplified flow loop used for the analysis. As described in the

section on the blanket design, the figure reflects the following assumptions: (1) the first

wall coolant channel is 2 meters long; (2) the steam generator is located above the top of

the coolant channel, giving 2 meters for development of a thermal driving head; and (3)

there is a helium circulator bypass valve which opens upon loss of circulator pump head.

Figure,,l. Simplified Flow Loop for Coolant Channel Sizina_

G n.

I
i

CoolantC lator [
(2 mete

Spring-LoadedBypassValve
(Open)

The equation for mass flow during natural circulation in the channel is given below:
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where:

Ha, is the vertical height available for natural circulation

p is the helium density (in the cold leg or hot leg)
g

m is the mass flow rate of helium through the channel

K_p is the loop pressure drop coefficient

Az is the channel cross section

Ps is the wetted perimeter of the channel

f is the friction factor

T is the helium temperature (at the inlet, outlet, or at point z'along the channel)

P is the helium pressure.

The left side of the equation is the natural circulation driving head. The right side of the

equation is the friction and expansion pressure drop. K_op, the loop pressure drop

coefficient, models the pressure drop through the steam generator, and inlet and outlet

coolant piping. Consistent with previous analyses, 5 6 the loop pressure drop is assumed

to simply scale with the mass flow rate through the system. The rest of the right hand

side of the equation models the pressure drop within the heated first wall channel, and

5J.E. Massidda and M.S. Kazimi, Thermal Design Considerations for Passive Safety of Fusion Reactors,
MIT Plasma Fusion Center Report #PFC/RR-87-18 dated (ktober, 1987.

6B. Malinovic, Natural Convection Characteristics of Liquid Metal Cooled Fusion Reactors, S.M.
Thesis, Nuclear Engineering Department, Massachusetts Institute of Technology, 1986.

314



includes both friction and expansion pressure drops. 7 The friction factor f is given by the

Koo correlation, which is valid for turbulent flow: s

(A2.8) f = 0.00140 + 0.125 Re -°-_2

This correlation is valid for 3000 < Re < 3,000,000.

To solve Equation A2.7, the following steps are taken:

1) The helium pressure is chosen for the ease tO be run.

2) The channel diameter is chosen.

3) The channel wall thickness is chosen based on the minimum thickness allowable

assuming the channel must contain the helium pressure, as discussed in the previous

subsection.

4) The mass flow rate through the channel necessary to maintain the maximum first wall

temperature at 550 degrees C during normal operation is calculated. This assumes a

neutron wall loading of 5 MW/m2, and a first wall heat load of I MW/m2. This mass

flow rate is the normal operating mass flow rate through the channel.

5) The decay heat deposited per unit length along the channel is conservatively assumed

to be constant, and is calculated based on the volumetric decay heat being generated by

the MT-9 first wall at shutdown (2 MW/m3.) Included in the decay heat are

contributions from the first wall erosion layer (assumed to be 2 mm thick MT-9), and

from the channel wall. The bulk temperature Tb as a function of distance along the

channel can then be related to the mass flow rate in the channel.

6) Using this relatiun between _ and the mass flow rate, Equation A2.7 can be solved

iteratively to get the mass flow rate through the channel during natural circulation, and

7The correlation used for wessure drop in a heated channel of flowing helium was developed by Melese
in G. Melese and R. Katz, Thermal and Flow Design of tIelium-Cooled Reactors, American Nuclear
Society, 1984.

sW.H. McAdams, Heat Transmission, 3rd Ed., McGraw-Hill Book Co., 1954.
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the consequent outlet temperature. 9 For this calculation, the pressure drop through the

portion of the loop not including the coolant channel is assumed to be 56 kPa during

normal operation, based on the ARIES-I nested shell blanket loop design value. 10 For

flow rates below the normal flow rate, the pressure drop is assumed to scale with the

square of the mass flow rate, as discussed above.

7) The first wall temperature at the outlet during natural circulation is determined based

on the helium coolant outlet temperature, plus the temperature rise from the bulk helium

coolant to the first wall, as described by Equation A2. I. Note that no correction to h

based on non-uniform heat load need be made, since the plasma heat load is not present

for this calculation.

9TheMathCADutility,byMathSoftInc.is usedto Ix'fromthesecalculations.

I°F.Najmabadi,et.al., "TheARIES-ITokamakReactorStudy,FinalReport,"UCLA-PPG-1323,1991.
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Appendix 3: Determin.ation of Bed Thicknesses for Nested
Shel,,! Blanket

This appendix describes the procedure used to determine the proper lithium

oxide/beryllium mixed bed thicknesses used for Blanket Design 1.

The first step in determining the bed thicknesses is to find the volumetric heating as a

function of position in the blanket in the mixed bed regions. To do this, the volumetric

heating as a function of position is first found for the blanket, assuming the blanket is

composed of a volumetrically uniform mixture of structure, breeder, and multiplier

materials. For Blanket Design 1, the assumed volume fractions for this calculation are

0.11 MT-9, 0.12 lithium oxide, and 0.36 beryllium. These volume fractions are the same

as the ones used in the breeder/multiplier ratio optimization analysis discussed in Chapter

5, and are justified there.

The operational heating of the volumetrically uniform blanket, calculated using the

TWODANT code, is shown in Figure A3.1. The heating decreases exponentially along

with the neutron flux for the volumetrically uniform case. Even if the blanket is not

volumetrically uniform, the heating and neutron flux will tend to decrease exponentially

within a particular, volumetrically uniform region. Hence, to determine a very good

estimate of the heating in the mixed bed regions as a function of position in the blanket,

all we need do is determine what the heating of the mixed bed region at the front of the

blanket is, and assume that the heating of the mixed bed regions in the rest of the blanket

drops off exponentially from that value. The appropriate exponential factor to use is the

one which corresponds to the dropoffrate of the volumetrically uniform case shown in

Figure A3.1.
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Figure A3,1. Volumetric Hea.tingof Uniform MT-9/Li20/Be Blanket
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Figure A3.2 shows the resulting volumetric heating in the mixed bed regions alone.

Figure A3.2. Heating in Mixed Bed Regions
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With the volumetricheating in the bed regions now determined, we can choose the

appropriatethicknessesforthe regions it is desirableto have the mixed bed regions as

thick as possible, for two reasons. Firstly,a thickregion resultsin a higherheat flow to
i

the heliumcoolant, and hence a highertemperaturedrop between the coolant and the

breeder. Thishelps keep tile breederabove the desired lowertemperaturelimitin the

region aroundthe coolant inlet. Secondly, the thickerthe mixedbed regions,the fewer

structuralshells are needed. Minimizingthe numberof structuralshells minimizesthe

amountof metal in the blanket, therebyminimizingthe amount of decay heat released

and helping to mitigatethe effectsof a LOFA/LOCAaccident.

However, the thicknessof the bedregions is limitedby thepeak temperaturesof the

breederand structuralmaterialin the vicinityof the coolant outlet. As the bedregion's

thickness is increased,both the temperatureof the coolant channel adjacentto the bed

and the peak temperatureof the breedernearthe center of the bed increase. We must

ensurethatthesetemperaturesdo not exceed the allowable maximumtemperatures.
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Fig_n¢A3.3, .Mode! for. B_d
Thickness. Calculations.

Figure A3.3 shows a simple model of a bed

i--Mixed Bed Region region,surroundedby itstwocoolantchannels.

Asshowninthefigure,thesurthceheat

transfercoefficienttothehelium,h, isassumed
L

to be 1,800 W / mz K, sincethis valueresults

in a low pressuredrop and correspondingly

low pumpingpower for the coolant channels.

Sincethe volumetricheatingin the mixedbed

region decreasesexponentially,it is

straightforwardto calculatethe maximum

channel temperatureand the maximum
CoolaatCharamb

(h=1,800 W/m**2-K) temperatureatthe centerof thebed. The
methodis outlinedbelow.

Fig_e A3.4. Model for Calculation of Maxim_ Pebble FigureA3.4 shows the
Bed Temperature

modelused to

calculate the maximum

q'"=A*exp(-Sx) temperaturewithin the

Cond.= k pebblebed. Themodel

h h assumes that

Tb,° T TL Tb,L convectivecoolingof

the region to the

heliumdominates over

conductive cooling
i n i , i i ,i, i

0 L x
throughthe blanket

structure. The bed region is modeledas a one-dimensionalslab of thickness L in the x-
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direction, with conductivityk and with volumetricheatinggiven by the equation q'"=

A*exp(-Sx). This gives the exponentially-decayingvolumetricheatingdiscussed above.

The borders of the slabeach have surface heat transfercoefficient h, with temperatures

on eithersideof each borderlabeledas follows:

Tb.o and T_,,Larethe bulk heliumtemperaturescorrespondingto the slabborders at x =

0 and x - L, respectively. To and Tb arethe temperaturesof the bedregionat x = 0 and

x--b.

To calculatethe temperaturedistributionwithinthe slab,the one-dimensionalsteady-

state heat conductionequation needs to be solved. For the presentproblem,this

equation is as follows:

82 T -q'"= -A. exp(-Sx).

The boundaryconditionsfor thisproblemareas follows:

qo= h(To- T ,o)= o.

IntegratingEquationA3.1 andusingB.C.'sA3.2 andA3.3 yields thefollowing relation

for the temperaturewithinthe pebblebed region:

A exp(_Sx)+C I x+Cz, where
(A3.4) T(x) = - $2----_-

exp(-SL) S-k S-k + Tb'L- Tb'°
(A3.5) C! = -- 2k .... , and

L+_
h
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(A3.6) C2 A +Tb ° + k A,
The maximumtemperatureof the region is where the followingcondition is satisfied:

_T
(A3.7) _ =0,

Ox

Using the above condition in Equation A3.4 yields the value of x where the maximum

temperature in the slab is, namely:

(A3.8) x_ =
S

This valueofx canbe pluggedinto EquationA3.4 to obtainthe maximumtemperature

inthe region.

The constantsusedin the above equationsareas follows: h = 1,800 W / m2.K, as

discussed above; k is as given in Section 5.2.2.1 (roughly 5.5 W / m. K); S is 4.3 m-I

(fromFigureA3.2); and A is also given in FigureA3.2; the bulk coolant temperatures

are specifiedas 450 degreesC, the heliumcoolant outlet temperature.

As a check on these calculations,a TWODANTrunwas performedwith separated

mixedbed and structuralregions to confirmthe volumetricheating of the bed regions,

and the HEATING3code was run to confirm that the operationaltemperaturesare

within the acceptablerange.
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Appendix,4: ........Calculation of Tritium Invento . in Blankets

It is desirable to minimize the radioactive tritium inventory in the breeder and multiplier

in a blanket for two reasons: (1) To minimize the amount of tritium that could potentially

be released under accident conditions, and (2) To maximize the amount of tritium

available to be processed and used as fuel for the reactor. The following section

provides estimates for the tritium inventories of the Blanket Designs 1 and 2.

Inven[0n, in Lithium Oxide

Estimation of the tritium inventory in the lithium oxide breeder requires a knowledge of

the mechanisms of tritium transport in solid breeder materials. Determining the values of

physical characteristics which are important to the tritium inventory, such as diffusion

coefficients and grain sizes, is the subject of active research in the fusion community at

the time of this writing. Enough data is available at this point, however, to make rough

estimates of the expected tritium inventory in a fusion reactor blanket. The following

discussion will develop tritium inventory estimates for the blanket designs which are

developed in tiffs work

In order for tritium generated in a grain of solid breeder material to become entrained in

the purge flow stream and thereby be removed from the blanket, the following four

processes must occur:s

1. Intragranular Diffusion, in which the tritium diffuses to the grain boundary;

2. Grain Boundary Diffusion, in which the tritium diffuses along grain boundaries
toa pore;

3. PoreDiffusion,inwhichtritiumdiffusesthroughtheporosityofthelithium

oxidepebbletothesurfaceofthepebble,and

IM. A.Alxk_ et.al.,"Thermal,FluidFlow andTritiumReleaseProblemsinFusionBlankets,"Fu_on

Technology,Vol.18,Septeml_,1990,p.165.
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4. Purge Flow Convection, in which the tritium is entrained in the purge flow
stream.

A fifth process, Surface Adsorption/Desorption, in which tritium is either sorbed or

desorbed from surfaces, may be important with respect to tritium inventory of the

breeder material. For lithium oxide, Precipitation of LiOT at temperatures below 300

degrees C can block pores and significantly retard the diffusion of tritium from the

breeder. To minimize the precipitation of LiOT in lithium oxide, both Blanket Designs 1

and 2 are designed so that at least 90 percent of the lithium oxide material is above 300

degrees C during normal operation.

An analysis of the purge flow characteristics of typical solid breeder blanket geometries

has been performed by Fujimura, et.al., showing that tritium convection into the purge

flow stream happens much faster than diffusion from the lithium breeder pebbles._

Hence purge flow convection (process 4 above) will not be limiting, and can be

neglected with respect to the other processes. For temperatures above 300 degrees C,

the tritium release rate in lithium oxide is controlled by diffusion of T ions in the oxide,

via processes I through 3 above. For lithium oxide particle sizes above about 1 mm in

diameter, it has been shown that adsorption/desorption processes do not affect the

tritium release rate significantly) If we assume the diffusion through the material's pores

(process 3) is fast compared to diffusion through the grains and along the grain

boundary, which is a reasonable assumption for a porous material, then di_sion through

the grain and along the grain boundary (processes 1 and 2) govern the tritium release

rate.

2K.Fujimura,et.al., "Analysisof HeliumPurgeFlowina SolidBreederBlanket,"FusionEngineering
and Design,Vol.8, 1989,p. 109.

3T. Terai, et.al., "In-SituTritiumReleaseExgerimentsfromSolidBreedingMaterialstTrTEx)-
ReleasedChemicalFormof Tritiumand ItsDiffusiviti_inLi20," FusionEngineeringand Design,
Vol.7, 1989,p. 345.
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For this simplified, but realistic, case Fick's law can be used to derive a simple

relationship for the tritium inventory in a particle, to wit: 4

_'t" P

(A4.1) ] = -_5_,a _D,

where ! is the tritium inventory in a particle, S is the tritium generation rate for a particle,

as and a p are the grin and particle radii, Dg is the tritium diffusivity in a grain, and D_

is the effective tritium diffusivity through the grain boundaries in the particle.

Experiments have been performed to determine the in-situ tritium release from lithium

oxide under fast neutron irradiation._ Results from these experiments have determined

the following relationships of D s and D_. with respect to temperature'.

(A4.2) D_(m 2 / s) = 1.27 x 10-9exp(-54.9(kd / mol)/RT)

(A4.3) D,,(m 2 /s)= 1.61 x l0 -2exp(-95, l(kJ /mol)/RT)

where R is the gas constant. Although these two relationships were developed based on

experiments in the temperature range 360-600 degrees C, we will assume that they hold

down to the temperaturewhere LiOT precipitation, rather than T ion difl;asion,begins to

control the tritium release rate (300 degrees C). Figure A4.1 shows plots of DB and D_.

as a function of temperature.

4SeeT. Terai,et.al. forderivation.

5T.Terai,et. ai..
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_Figure A4.1. Lithium Oxide Diffusivities
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To calculate the tritium inventory in Blar_ketDesigns 1 and 2, we use a lithium oxide

pebble diameterwhich was chosen fo, the respective designs, namely 0.4 mm for Blanket

Design 1 and 0.88 mm for Blanket Design 2. We assume a grain diameter of 10 IJmfor

the lithium oxide grains; lithium oxide with such a grain diameter has been fabricated.6

Although the majority (over 90 percent) of the lithium oxide in Blanket Designs 1 and 2

operates at temperatures significantly above 300 degrees C, for simplicity and

conservatism we will assume that this lithium oxide is all at exactly 300 degrees C. In

addition, we will assume that for the lithium oxide which operates below 300 degrees C

(less than 10 percent), the tritium inventory is increased by an order of magnitude over

what the inventory would be at 300 degrees C, due to LiOT precipitation. The table

below shows the results of the tritium inventory estimates for Blanket Designs 1 and 2.

6K.OkunoandH.Kudo,"TritiumDiffu,sivityinLithium.BasedCeramicBreedersIrradiatedwith
Neutrons,"FusionEn_neering andDesign,Vol.8,1989,p.355.
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Tritium Inventories in Lithium Oxide Breeder
i N III NU II N I UUl nnl In mum U inlll u i I i iin I

, Blanket Desitm 1 ..... Blanket Desi2n 2

LithiumOxide in Blanket 40 tons 40 tons

Tritium in Breeder (> 300 C) I0 g 20 g

Tritium in Breeder _<300 C),, l0 g 20

Total Tritiumin Breeder ..... 20 g .... 40 _ ......

As shown in the table above, both blanket designs have tritium inventories below 50 g,

with Blanket Design 1 showing less inventory because of the smaller pebble size used in

that design.

Inventory in Beryllium

Due to lack of irradiation data, little is known at the present time about the overall in-pile

tritium retention behavior of beryllium. The lack of data is such that there are currently

no good models for predicting tritium retention in beryllium. This is in contrast to the

situation with breeder ceramics, which generally have fairly well-developed tritium

retention models, such as the diffusion-driven model just used to estimate the inventory

in lithium oxide.

It seems clear that a simple difffusion-oriented model will not suffice to describe the

behavior of tritium in beryllium. Based on the limited available data, it appears that there

is little or no release of tritium from beryllium below a certain temperature (To) between

300-500 degrees C. Above a certain temperature (T b) between 600-900 degrees C there

is a burst release of virtually all of the tritium in the beryllium. For temperatures between
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T and T b there is a gradual,quasi-linear increase in the fractionalamount of tritium

releasedas temperatureis increased.

The burst-release temperatureTb seems to be affectedby the initialporosity as wellas

the irradiation-inducedhelium content of the samples. Increasingporosity or helium

content both cause Tb to decrease.7 This fact, coupled with data which shows that a

majority of the trapped tritium is insidehelium bubbles within the irradiated beryllium,s

indicates that the tritium mayescape from the berylliumnot by diffusion,but by passing

through interconnectedpores to the surface of the sample. If this is the case, then the

tritium release behavior of berylliumwould not be strongly dependent on parameters

such as berylliumgrain size and berylliumsample size and shape, which are necessary to

calculate diffusion-controlledtritium inventories.

Figure A4.2. Tritium Retention Data for Hi_-density
Beryllium 9 Figure A4.2 shows tritium

l
100: --= _ _ J o HighlyIrradiated J retentiondata from ITER R

_" \ _ I a ModeratelyIrradiatedI_' andD experimentson twoO
75

high-densityberyllium
E

so samples. Both samples had.r-
i-

unirradiatedporosities
25u. below 1 percent. One

o samplewas highly
3OO 40O 50O 6O0 70O BOO 90O 100O

irradiated(to a helium
Temperature(C)

contentof 261O0appm),

7M. BiUone, Argonne National Laboratory Fusion Power Program, personal communication, June,
1993.

SG. Longhurst, Manager, E G and G Fusion Safety Program, personnel conununication, April, 1993.

9M Billone.
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the other samplewas only moderately irradiated(to 872 appm helium). After irradiation,

the sampleswere annealedat increasing temperatures, and the fraction of retained tritium

at the annealing temperature was determined.

As the figure shows, for temperatures above 600 degrees C, the highly irradiated

berylliumretains virtuallyno tritium, indicatinga burst release of all of the tritium at this

temperature. Between 500 and 600 degrees C there is a significantdecrease in the

retained tritiumof the highly irradiated sample, assumed to be linear. The moderately

irradiated berylliumexhibits a gradual, linear decrease in tritiumretention starting at 500

degrees C. At 900 degrees, however, there is a sudden burst release resulting in the loss

of virtually all of the retained tritium. This burst release is similarto the release seen at

600 degrees for the highly irradiated sample.

One can conclude,basedon this admittedlylimiteddata, that for temperaturesbelow

about 600 degrees C, virtuallyallof the tritium generated in highlydense berylliumis

retained, no matter how highly irradiated the berylliumis. For temperatures above 600

degrees C, the fractionof retained tritium seems to depend on the fluence seen by the

beryllium,aswell as the temperature. It should be noted that no tritium retention

experiments have yet been performed in-pile, and the tritium release behaviorof

berylliumwhile being irradiatedmay be different than the behavior seen during post-

irradiationanneals. Hence we use the present sparse data guardedly, the following

tritium inventoryestimates should be treated as preliminaryestimates.
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Figure A4.3. Helium and Tritium Produced in Beryllium at
EOL Figure A4.3 shows

105 the amount of helium

L__.._._.--.._..__. and tritium generated
i0 4 Helium "" "" "" --v-.-._.

--- -"'-'------...__ in the beryllium of

lo3 both Blanket Designs
t-,
O

o life. The helium and
O

101 _ tritium amounts are

shown in the figure as
100 ......................

0 10 20 30 concentrations

Distance from First Wall (cm) (atomicpans-per-

million),assuming

that allof theheliumandtritium remainsin theberyllium. TheREAC3 andTWODANT

codeswereusedto generatethisdata,alongwith ITER-relevantheliumandtritium

generationdata._° As canbe seenin the figure,themajority of thetritiumis generatedin

the front half of theblanket,wherethe heliumconcentrationis above10,000appm

Hence,mostof thetritium is generatedin portionsof theblanketwhichwouldbe

consideredto be, in thecontextof FigureA4.2, "highly irradiated"byEOL.

It wig be recalledthat for BlanketDesign 1, the beryllium temperatureduring normal

operation ranges from 290 to 785 degrees C. For Blanket Design 2, the beryllium

temperature ranges from 290 to 575 degrees C. For Blanket Design 2 it seems clear that

since all of the beryllium is below 600 degrees C, most if not all of the tritium will be

retained in the beryllium, regardless of the neutron fluence. For Blanket Design 1, the

situation is less clear. For the beryllium in Blanket Design 1 which remains below 600

l°M. Billone, Argonne National Laboratory Fusion Power Program, personal communication, June,
1993.
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degrees C, which amounts to roughly half the beryllium in the blanket, most of the

tritium will be retained until end-of-life. But for the beryllium above 600 degrees C, the

tritium will buildup until the fluence level reaches the point at which a burst release

occurs, whereupon most of the retained tritium will be released. The fluence level at

which this burst release occurs depends on the temperature of beryllium. For some

portions of the beryllium at the back of the blanket, the fluence level may be low enough

at end-of-life that no burst release occurs, even for beryllium which is above 600 degrees

C.

Since the data is too sparse to develop a detailed model of the tritium-release behavior

for the beryllium which is above 600 degrees in Blanket Design 1, we will make a simple,

conservative assumption in order to estimate the end-of-life inventory for this

beryllium, t_ Roughly half of the beryllium in the blanket at end-of-life is irradiated to

above 10,000 appm helium. Roughly half of this highly irradiated beryllium is above 600

degrees C. The portion of highly-irradiated beryllium above 600 degrees C should

contain virtually no tritium at end-of-life, according to Figure A4.2. The portion below

600 degrees C should contain virtually all of its tritium. Hence, one-fourth of the

beryllium in Blanket Design 1 should have virtually no tritium, and one-fourth should

have virtually all of its tritium. For the other "moderately-irradiated" half of the

beryllium in Blanket Design 1, we will conservatively assume that all of the tritium is

retained, no matter what the temperature of the beryllium is.

IlItshouldberecognLTcdthatbecausethedependenceof theretainedtritiumfractiononfluencefor
berylliumover600 degreesC is not fullyundemoodyet,the end-of-lifetritiuminventorymaynot
actuallybe themaximumtritiuminventorywhichoccursoverthelifeof the blanketforBlanketDesign
1. Astritiuminventoryis buildingup in someberylliumsections,it is beingreleasedvia Ixtrst-release
in others. Onlyby modelingthisbehaviorin detail(whichis currendyimpossibleto do)willthe
absolutemaximumtritiuminventorybefouna Of course,theupperboundforthetritiuminventory
assumesnotritiumreleaseat all, as was doneforBlanketDesign2.
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The results of the above simple estimations of the end-of-life tritium inventory in the

, beryllium of the two blanket designs are shown below.

Tritium Inven,t0ries in Beryllium at End-of-Life

i ii i iii iii |1 i ii i iii iiii

Blanket Dai2n 1 ,, Blanket Dfpi2n 2

Beryllium in Blanket 140tons 140tons

Tritium in Beryllium 3 kg ,, , 4 kg
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Avpendix 5: Thermal Stresses in Slabs

This appendix derives relations useful in determining the thermal stresses in long, thin

slabs. These relations are used in the determination of the thermal stresses to be

expected in the beryllium slabs of Blanket Design 2.

Figure A5. ! shows a schematic of a long, thin slab of length L, width w and thickness t,

where L > w > t. The slab is assumed to have a temperature distribution which varies
i

only in the width direction, T(y). The slab is also assumed to be unrestrained. The

temperature distribution gives rise to stresses within the slab.

Figure A5.I. Schematic of Slab with Temperature Distribution Try)

T(y)
x

Y

Y
w

Y

.--W---

We use the so-called "strength-of-materials" approach to solve for the thermal stresses in

this slab._ This approach assumes that sections of the slab which are plane and

perpendicular to the beam axis before loading remain so after loading (plane sections

remain plane), and that lateral contraction may be neglected (that is, Poisson's Ratio can

be taken as zero). This assumption, which is equivalent to neglecting the stresses in the

IThefollowingderivationis derivedfromB. A.BoleyandJ. H.Weiner,Theoryof ThermalStresses,
JohnWileyandSons,1960,Chapter10.
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y and z directions, results in only a very small error in the calculated thermal stresses for

thin beams when the temperature does not vary in the long x direction.

Assuming that plane sections remain plane results in a linear strain distribution in the x !

direction of the form:

(A5.1) t_= = a+by,

where y is the distance from the center of the rectangular beam in the y direction, and a

and b are constants (to be determined). Hooke's law for the stress in the x direction,

neglecting Poisson's ratio, is given by:

(A5.2) o=(y) = E[6 = -aT(y)] = E(a + by-a T(y)),

where the thermal strain is given by the coefficient of thermal expansion a times the

temperature T. Note that in general E and a are dependant on temperature.

We now use the conditions of equilibriumto determineconstants a and b. If we assume

we are far from the ends of an unrestrained beam, equilibrium requires that the force and
i

moment on the slab cross section be equal to zero, or:

Force Equation f crudA = O, and(A5.3)
A

(A5.4) Moment Equation f ycrudA 0,
A

where A is the cross sectional area. Substitution of Equation A5.2 into Equations A5.3

and A5.4 yields two equations which can be used to solve for a and b, and hence for the

x-direction stress. Noting that

(A5.5) _ydA =0

and defining the moment of inertia about the z axis as

(A5.6) I, = y:dA,
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we obtain;

(A5.7) cr,_(y)=-aETty)+ P_I.+_ where
• A I, '

(A5.8) P-r= f aET(y)dA, and
A

P

(A5.9) Mrz = J-ayET(y)dA.
A

Now, with a knowledge of the temperature distribution in the slab T(y), we can

determine the thermal stresses in the slab using the above equations.
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Appendix 6: ....Cooling Tower/AuxiliarF Heat Ex,,changer Sizin
for t,he Shield, Water Svstem

In the Chapter 6, the results of the cooling tower/Auxiliary Heat Exchanger sizing

procedure for the single and two-loop loop shield water system (SWS) are discussed,

and the optimum size for these two components is determined. In this section, the

method by which these two components were sized is briefly discussed. I Following

discussion of how the cooling tower/Auxiliary Heat Exchanger complex was sized for

the single-loop SWS, the MATHCAD_ codes used for the sizing of components in the

single- and two-loop SWS are provided.

Au.xiliary Heat Exchan2er Sizin_ for Sintle-Loop SWS

Table 6.2 and Table 6.4 in the Chapter 6 specify a number of SWS parameterswhich are

fixed. Once the chimney height (Ha) is specified in addition to these parameters, the heat

exchanger and cooling tower can be sized. The first step in the sizing procedure is to

estimate the mass velocities for both the air and water sides of the heat exchanger.

These mass velocities are defined as follows:

(A6.1) G a, = Wo_. Air Side Mass VelocityAft'

(A6.2) Gwm, = Wrap' " Water Side Mass Velocity,
A_, '

where W,_ is the total air mass flow rate (kg/sec), W_, is the water mass flow rate in a

single heat exchanger tube, Aft'is the air flee-flow, or cross-sectional area, and Arab_ is

the tube cross-sectional area.

IThe methodusedto sizethe Auxiliary Heat Exchanger is adopted fromW.M.KaysandA.L.London.
CompactHeatExchangers,McGraw-Hill.1984,pp.45-48.

2MATHCAD is a computerutility developedand copyrightedby MathSofl,Inc.
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Initial estimates for the mass velocities can be made using the following relation, which is

derived from the equation for the velocity in the heat exchanger core:3

(A6.3) G _ St Pr 2"
f p-y-,

If we note that the ratio St Pr2"3/f is generally constant at about 0.3 for most surfaces

and Reynolds numbers of interest, we can write:

G [0. / AP " -1_,2
(A6.4)

Since the inlet and outlet temperatures for both air and water are known, as are the

relevant heights for natural circulation, the approximate natural circulation AP's for both

the air and water sides can be determined. Likewise, since the heat load for the Auxiliary

Heat Exchanger is known, the required NTU can be determined using the formulae for

and NTU in Chapter 6. With these values, plus the average air or water density ,om

known, the initial estimates for the G's can be determined using the above equation.

With these initial estimates for the G's, the following variables can be solved for in

succession, for both air and water sides:

1. UA, from Equation 6.4 from Chapter 6

2. Re = G--,D where D is the characteristic length scale

3. St Pr 2/3and f, from the figures and correlations in the Shield Water System
chapter

4. h (the heat transfer coefficient), from 3. above and G

5. U (the overall conductance), from the relations in the Shield Water System
chapter

3See Kays and London, p. 47.
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6. A (the heat transfer area), from I. and 5. above

7. V (total heat exchanger volume), from 6. above and 113from Table 6.2 of
Chapter 6

8. Heat exchanger length, depth, and width, from 7. above, o from Table 6.2,
the G's and W's.

Now that the heat exchanger dimensions have been completely determined, the pressure

drops on both the water and air sides can be recalculated, and the estimates of the mass

velocities adjusted as necessary. This process is then repeated, using the mass velocities

as iteration variables, until convergence is reached. The Auxiliary Heat Exchanger

volume and dimensions have then been determined.

CoolinE Tower Sizin2 for Sinzle-Loop SWS

Figure A6.1 shows a simplified

Figure A6.1. Cooling Tower Schematic schematic of the cooling tower

Side View geometIT. The Auxiliary Heat

I Exchanger is elevated to a height L to

_c_n_r _ _t t Ha provide for a natural circulation driving

_r Fk_ -t' __ _ W head for the primary water. The
i

......hill

magnitude of L is equal to the height of
L

the shield centerline above ground

Dm------- (about 2.5 meters based on the

Top View tokamak/shield geometry) plus the

specified height of the Auxiliary Heat

]--D Exchanger above the shield centerline
(Hw = 2 meters, from Table 6.4 in

Chapter 6). Hence L equals 4.5 meters.
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W is the width of the air inlet gap for the Auxiliary Heat Exchanger, and D is the depth

of the heat exchanger arrangement in the cooling tower. Note that the width of the air

inlet gap W is not generally equal to the width of the Auxiliary Heat Exchanger itself, as

determined in the section above. Similarly, the depth of the heat exchanger arrangement

D is not equal to the heat exchanger depth. As can be seen in the top view in Figure

A6. l, the heat exchanger is arranged in a chevron arrangement around the diameter of

the cooling tower. This arrangement maximizes the available air-side frontal area of the

heat exchanger for a given cooling tower diameter and air gap width. For the present

work, we will assume that the chevron arrangement is such that an (air-side frontal area)-

to-(air gap area) ratio of 4:1 results.

In Chapter 6, Ha was chosen as a variable to determine the optimum heat exchanger and
I

cooling tower sizes. Once Ha is specified, W is determined by assuming that W =

Ha/10. This assumption ensures that the area around the heat exchanger inlet is small

relative to the total cooling tower area. Thus we need not be concerned with possible

temperature anisotropies in this region affecting the overall air-side natural circulation

driving head. Once W is determined, Dia (the cooling tower diameter) is determined

based on the frontal area of the heat exchanger, which is known from the heat exchanger

sizing procedure discussed above, and using the 4:1 (air-side frontal area)-to-(air gap

area) ratio. Hence, we have:

HX FrontalArea 1
(A6.5) Dia =

W.a- 4

We have now determined all of the cooling tower dimensions except the thickness of the

concrete tower shell. The shell thickness is assumed to be 0.33 meters, consistent with

the shell thickness of existing large cooling towers.
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MathcadCodeTo CalculateComponent Size and Cost for Single LOop
ShieldWater System

Max Power from Shield(incl.DH from shield and red. from blanket)

q - 5.106 W **"From waterhx.mcd*"

Approx. Pdmary Sidedp from ServiceHX ((_
AirCold SideTemp. dmw=5Okghmc)

dpfserv ! '45

Taoold =25 C
Air chimney Height above HX(flxeq) Heightof HX above CL

Ma]dmumWater sideTemp Ha -- ! 5 ofshield
Hw --2

Twhot =95 Almumed Concrete Cost

Pick Tahot (say40 is max) !
T_ot : 40 P_© =600. Oollent P_te = 600. length-3

(¢l:la.100)3
Cr must be less than or equal to 1.0 Aaaumed ratioof HX ¢oet/matert=lcost
Cr -I

Rmst --5

"Shield Data (f. $hldflow.mcd)'_ Pipe Data

Shield Tube Diameter(m) Pipe Diameter(m) Pipe Length(m)

D_d =0.022 Dpipe = I.I Lpipe =200

Number of Shield Tubes Pipe Area

Nmbes : 7435 Apipe =_. Apilg = 0.95033

Shield FlowArea

Ntubes.g./Dshld,2_ Pipe Surfece AreeAddd = _ Ashld = 2.82629
\ 2 r; SApipe =a.Dpil_Lpipe

VerticalShield Height Length of ihiel¢l _be= SApipe= 69 i. 15038

Vl-hhld : 4.9 Lshkl =8.5 Pipe Water Volume

Shield Flow Area Shield Water Volume Vpipe =LpipeApipe

SAsldd =Ntubes.Lshld.Dshld.x Vddd = Ntabm.L.ddd. (___)2.g Vpipe = 190.06636SAsldd = 4.3679.103

Vddd = 24.02344

Taltm- Timid
t - t =0.21429

(Twhot- Ttcoid)

Rnd NTU

LNTU-
Cr

I
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dma -- q
Cpa.( Tabor- Tacold) dma = 330,89136

Cram : dma.Cpa Cmm = 3.33333.105

Cmm
CmLx -

Cr

Cmax
dmw - dmw = 79.36508

Cpw

Twcold =Twho! q
dmw.Cpw Twcold = 80 Twhot = 95

UA - NTU.Cmm UA =9.1989-I04

Heat Exchanger Parameters (from Tang, p. 269, surface B in Kay,s, London)

Tube OD,ID Transverse Tube Pitch Fin Pitch(# per meter)

Dtout = .026 m st = .07821 sf =346 m-1

Dtin = .0234
LongitudinalTube PI_ Fin Thickness

_n OD
s! =.0524 If =0.000305

Df : .0441

Pin Length

Df Dtout
If- If =0.O0905

2 2

Fin Ares fract/on of Total Area(Afa/Aa) Flow Passage Free-flow/Frontal Area(Aff/Afr)

Farea =0.825 Dh =.01321 o =0.642

Heat Transfer ares/Volume (AaNhx) (m2/m3)

13= 191 m-1
Rsl/o of water free flow area to HX area

o2 = ,'c 02 = 0.10494
sl.sl

AreaAHStube : 4.30053" I0-4

sl

Pressure head (aiO

dpshe._d:- g.(Ha)-(l_(Tdm/) - p,,(Tsoald))

3_2.



Pressure head (water)

dpwhcad - ( g.( Hw).( pw(Twhot) - pw(Twcold) ) )

Initial Guess for Air SideParametem(p. 47, Kaymand London)

ApproxHX Mass Velocitys(Ini'dalGuess)

Gahx = .3 @aheadpa(Tahot)+ pa(Tac,old)! "s
NTU 2.Pra.666 /

J

C,Ihx = 3.64224

kg/sec-m2

Prwav - Prw(Twhm) _-Prw(Two,old)
2

Gwhx : i'.3.dpwhead.pw(Twhm) + t_ Twc01d)/'s
i NTU 2.Prw_v_ J

Gwhx = 348.06958

I_ec:-m2
I-IX Reynold'$ Number

l_w(Twhot) _-_w(Twcold)
_WIVC =

2

Rcwhx(Gwhx) :Gwhx .Dtin Rewhx(_)=2.48571.104
_twr_,e

_(Tahot) + _(Tm;oid)
i_lve -

2

Re,ahx(C,mhx) :Gahx .Dh RP,ahx(Cmhx) =7.14574"103
tutnv¢

HX Ditlu_oelter

hwhx(Gwhx) : k'w .0.023.Rewhx(Cmttx)'a.Prww3 hwhx(Gwhx) =2.84905-103
Dtm

HX Water frictionfmctor(Mc.Adams.Blamtm)

fwhx(Gwhx) : _ Rcwhx(Gwhx)<30000,0.316. Rewhx(Gwhx)(-.TJ),0.184.Rewhx(Gwhx)("2) ]

fwhx(Owhx) =0.02517

From Tang

jh(C_mhx) =0.2338.Reahx(Cnthx) °'3962 jlgGahx) =0.00695

fa(Gahx) =0.2836.Reahx(Cmhx) °'227 fa(Gahx) =0.03783



St(Gagx) :jh(Gahx) ha(Gahx) : SttGIhx).(iahx.Cpa ha(Gahx) =32.32944 W/m2-K
Pra_t,6

Fin Efficiency(Assume Aluminum Fins)

m(Gakx) 4.hatGahx) s tanh(m(Gahx). If)= at(C,agx) =
kAl.ff m(Gahx), if ql( Cmhx) = 0.94588

vlao(Gahx) = I - (Farea).( I - rtt(Cn_)) qao(Gahx) =0.95535

Calculate U (based on Air SideArea)

Wall Reu_tance (amume SS304 tubes)
Ra_o of Water are-,/Air area

Dtin.lniDtoutI

fra¢ =Dtm .( ! - Farea) AaRw = _Dtin/
[3tout 2.kss304.ffao Aagw = 5.21785" 10-4

fi'ac=0.1575

U(Gahx. C,whx) : !

[ 1 _ I -,-AaRw/ U(Gahx,Gwhx)=28.46771
',_,o( G,hx ).h.(Oaks) hwbx(Gwhx ).fr_ /

UA
As(Gshx,C_vhx) :

U(O_x. Owl_x)
I

AI(_. C_) = 3.23135"10a

Volhx(Gahx.Crwhx) : Aa(Gahx.Gwhx) Vol_(Cndgx._) = 16.91804
P

AirOm

Free Flow Area Frontal Area

AfffGthx) - cLam /d]r(_) =90.84819 Aff(_)
O,b.x Af_Gs_) = A£rfOshx)= 141.50809H

ds_m(Oshx)_Afr(Gshx) dsaa(Gshx)=0.777
58.3.14

Water Data

Alfw(Gwhx) - draw AEw(Gwhx) =0.22801
Owhx

HeatExchangerDePth,Wldth,l.englh

Dhx(Gahx,Gwhx) -Volb__. C_)
Afz(Cnd_) DI_'{_, Gwhx) =0.11956

Whx(Cmhx.Gwhx) : Affw(Gwhx) Whx(Cmhx,Cnvhx)= 18.17467
a2-Dhx(C_.,-thx.Gwhx)

Voih_ Cnd_, Owhx)
Lhx(Cn,hx,Gwhx) =

Dhx( Glhx, Gwhx). Whx(Cmhx.Cm'hx) Lhx(Cnlhx,Gwhx) =7.78601

bt-/.



Volhx(Gahx. (i_hx) = 16.91804

HX Air-side _on dp(approx, value for rhomean used)

DP throughHX core

r

dpld'l(GaKx,C_'hx) : Gahx2 I ' (! + o2).i pa(Tacold) I, ,- fa(GaKx) Aa(Gahx.C-whx)

2 pa(Tacold) _ . pa(Tahot) , ', Aff(Gahx)

J
FlowArea of HX

Aflowhx(_hx. Gwhx ) : Volhx(GdLx.Owhx)
Dbx( Gahx, Owhx) Aflowhx(Gabx, C-whx) = !41.50809

Cooling tower diameter, assumingWhx is 1/10 Ha, cooling towerflow area: 1/4 HX flow
lree

Ha
_Vhx2 :--

I0 Wkv,2= 1.5

IAx2(G_.C, whx) : Aflowhx(C,ahx.Owhx)
4.Whx2

Dis(C.nd_.Gwhx) : Lhx2fGabx,Gwbx)
x Die(Gahx,Owhx) = 7.50724

Cooling Tower Area

:,
\ 2 /

DP _rough chimneyoutlet

dma
C¢lmn{C,dlx. Gwhx) -

ATw_ Cnlhx,Owhx)

Go,him(Gahx,Gwhx).Di_ Od_. C_vhx)
Rctow(CJahX.C_hx) -

pa(T_) Retow(Cathx,C.rwhx)= 7.94447"106

fatow(_,Gwhx) : _Retow(Gshx,Gwbx)<30OOO,O.316.Retow(Gshx.C-wbx)l"z_),O.184.

dplow(Gahx,Gwhx) - Ha'fal°w(Odcx'Gwhx)'Gchim(Gahx'Owhx)a Pa = I.mass-lcn$th-l'time -'z
2.Dia(_,_).l_(Tabot)

dptow(Gshx, C-whx) =0.38019

Total air fiction dp

dl).t(Gd_.C,_-Sx) : dptow(Oahx,Owbx) .,-dpdl(Chmx,GwSx)

gw(Twh_) + pw(Twc,old)
Fdclion Pressure Drol_ pwav =

2



Shield:

Total shieldpressure drop in loop (f. slhdtub2.mcd)

dpfshld = 14

dpfshld = 14

Piping
t

Gwpipe - draw Rcwpip¢=(hvpip¢,Dpip¢ Rcwpip¢= 2.80359.10s
Apipe gwave

fwpipe =_Rcwpipe<30000.0.316.R©wpq>e__ 2_).0.184.Rewpipe( 2): fwpipe =0.01497

dpfpipe =fwpipe Lpipt: Gwpip¢2 dpfpipe =9.81779
Dpipc 2pwav

Sense HX

dpfsm'v : dpfservl, i_dmw_2
_;50 , dpfserv = 113.37868

HX Water-side dp

dpw/hx(Gahx. Gwhx) : fwhx(Gwhx) Lh.x(Gahx, Owhx) Gwhx2
Dtin 2.pwav dpwthx(Cnd_, Gwhx) = 524.62479

Total Water Fd_on Pressure Drop

dpwf(Gsd_x.Owltx) :dpwfl_x(_. Owhx)+ dpfpip¢+dpfsldd+ dpfscrv

dpwf(Gahx, Gwhx) = 661.82127
Given

dpaI(Cnthx,Gwhx)sdpthe_

dpwf( Gahx. C-whx)_dpwhead

/Gsv.lt
_ : find(Glhx,Gwhx)

iGwv,,l/

Gaval = 3.52884 dpwlhx(C_.nwal,C.m'val) = 55.6942 !

Gwvtl = 149.82986 dpwf(C_mval,Gwval) = 192.89069

"""_HX Final Dimensions '''----_----------_---:--_=----

Dhx(C-aval,Gwvd) =0.12488 Lhx(C_mval,Cm'val) = 3.61322

Whx(Gawd.Gwval) =40.42262 Volhx(GavaI, Gwval) = 18.23885

Concrete Volume(Assume .33 m thickshell, incl height above center of shield)

Convol : (Hs_-WlLx210_"Hw + Vl-lsldd\_Di_). Gavsl,Owvd)._..33.(lO0.¢m)3 Co,wol= 157.44819.1ength3
l



Price Data

AluminumTubes (Metal Goods, Marlborough,1I/I 1/93, for 500 fl of I in dis tube)

1.61
Pal

I m._,.o65.m, l fl

Pal =4.0094 I. 104•length-3 Dollam

SS304 Tubes (Metal Goods, Marlboro, 11/I 1/93, for 500 fl of I in dis tube)

Pss304 : 1.71 Pu304 = 4.25844.104 ' I_B[tfl1-3
I.in._..O65.in. I fl

Aluminum Volume

Alvol : Volhx(Gaval.Cm'val)._.Farea.tf.(lO0.¢m)3 Alvoi = 0,87657.1eu$,th3

Steel Volume

ss304vol :Volhx(Gaval.Cm, val)._.( 1 -Farea) _ Dt°ut2 Dtin2- (100'era) 3
4 _.Dmm

ss304voi = 0.7529.1_h 3

HX Cost'***"

HX¢,¢_ : (Alvol.Pal + ss304voI.P_04).RCl_
HXc,mt= 3.36034" 105 Dollam

Tower Cost

Tower_ost: CoavoI.Pconcme Towe_um= 9.44689-104 Dollllm

Total Cost

Totcost : Towerc(m+ HXcmt Totceet- 4.30503"l0 s

_._, _._,_,_, ¢._._, _,_._** _,_. _ ;..; .;,,; ,;, ;, ,; ,; .;_.:. ,; ;,-,;;, ,;_ ,; :, ;,. & ;, ;, ;. _._._, _ _. :, :, _,:.. :. ;. ;, ,It& ;,,; :. _,_._.;,:,

Constants

Cpar:4.18.103.0.24! Cpa= !.00738.103

J/kg-K (from Mark'e)

Cpw--4200 J/kg-K (from Todrmts end Kaztmi)

293
pa(T)-.0752.16.0 ........ kg/m3

( T, 273) (both from Keys and London)

_(T)-( 18.53+ .0441.(T - 300)). lif ePs,-s

Pta =-.0.7

8-=9.8

kAl=-200 Wlm-K ku304 =- 15 W/m-K



Water density(I" in C (0..100C))

pw(T) _-I000 • 2.002461 l0 2T 5,882755.103 T 2 ,_1.534709. I0 _._

Water PrandttNumber(25-100 C)

Prw(T) _6.20034.e_p(. 0.038745,( T - IO)) _ - 0.0115698,T _ 2,85795

Water VIscowty(20-110 C)

t_w(T)-_(597.674.oxp( 0,0364205,(T - 20)) - 1.91245.T._441.941 ). 106

Water conductPAty(50-100 C)

k-w-=0,7 W/m-K

Densltin

pal--O.I.Ib pal- 2.76799.103 'tam'length -3
in3

_.304_-s.to" _,304-8.# .mm._ -3
¢m 3

Sffecth_ HX Dimensions 02 =0.10494 Ha ," 15

Lhx2 =Ll_O,(Gaval,Gwval) Lhx(Gaval,Gwval)- 3.61322

Whx2 "1.5

Dhx2 -Volhx(Gaval,C_val)
Lh.v,2.Whx2 _ ,, 0.4995

Ha - 15

DP for all but Shield (forshldflow.mcd) _fddd - 14

dpwf(Gaval, Gvvval)- dpfshld - 178.89069 dpwf(Gaval. Gwval) - 192.89069

Water-side Aux HX Surface Area Pipe Surface Area

SAAHX : At(C,.mval,G_al). fr_ SApipe - 69 i. 15038

SAAHX = 548.67027

Shield 8urfilce Area

SAahld- 4.3679.103

Service I,'IXSurvace Area(f. watmhx.mcd)

SASI'IX : 184

Total Surface Area

SAtin =SA_dd _.SApipe 4-SAAHX ._SASHX

SAtot = 5.79172-103

Service HX PrtmmyWater Volume(f. waterhx.mcd) Pipe Wmr Volume

PVSHX --I.O Vpipe - 190.06636



Aux HX Pdmary Water Volume Shield Water Volume

PVAI-Eg : n2 Volhx(Gavel.Gwvzl ) Vshld= 2402344

PVA}LX = 1,91393

Total 8W8 Volume AirFree Flow Area (for eidlxt2.mcd)

Vtol : PVAItX- PVSi{X * Vpip¢,,, Vshld Aff(Gtval) = 93.76784

Vtot = 217.00372 Wirer Free Flow Area

Affw(Owval) = 0.5297

Air Heat Transfer Area

Aa(Gavd.Gwval) = 3.48362' 103

"'**''*"'**'**DATA OUTPUT "*'*'''*''**'*_'_'''"'"

Cr = i Hw = 2 Ha = 15 RewlLx(Gwvti)- 107-104

Twcoki= 80

Volhx( Gavel, Gwval) = i8.23885 l.iXcos_ -, 3.36034, l0 s dma = 330.89136
draw =79.36508

Dhx( Gaval. Gwval ) = 0.12488 Towcr¢o_ - 9.44689.104
SA = [l.Volhx(Gavai. Gwval)Whx2 = 1.5 Dhx2 = 0.4995

Totcost= 4.30503' I0_
SA = 3.48362.103

Dia(C_nwal.Gwvld) = 7.7485
Affw(Owval) - 0.5297 I-[Xeost

_ "96.46113 $/112
Com,ol - 157.44819,length 3 SA

Cooling Tower Height l..hx(Gaval.Gwvd ) = 3.61322

Vl-bllld
Htow : Ha . _ ,. Hw .,. Htow = 20.95 Htow - Ha- Whx2 = 4.45

2

Tower Length-to-Okmmeter Ratio Number Tub_ inAHX

Htow = 2.70375 Ntube : Affw(Gwval)
Dia(Gaval,G_val) _.

dptow(Gavel. Gwval) = 0.32663

dpal(Gaval,Gwval) - 8.334

3Y'f



Math_d CodeTo CalculateCom_)onentSize and Cost forTwo-Looo
ShieldWater Sys.tem

Tahot

Tacold Tw2hotIHE _ Twhot
T

/

-"> 1Tw2cold J
HW

/

Pdml_ Water Side (S

Equations: Unknown VadablH: /Umumedvaltabln:
dp I_mary 1Ode Twcold Tahot
dp secondaryi,de Tw2hot Tacold
dp airhx Tw2cold Twhot

halt balance pdmary ii_dl dma
heat balance secondaryside draw
heat balance airhx draw2

Max Power from $hield0ncl. DH from shield and tad. from blanket)

q : 5.106.wa_

Nr Cold SideTemp.

Heightof IHX above CL

Tacokl :25 C of shield

Air chimney Heightabove HX(fixed) Hw : 5.m

Maximum Pdmary Water sk:leTemp Ha : 15.m Heightof AHE above IHX
Twbot : 95 Hw2 - 5.m

Amumed Concrete Cost (price for I¢l]ruct.col. for 5-stow
bldg., fT."Means Concrete Cost Data, 1991"

Pick Tahot (say40 is max) i
T_ot =40 P_ : 60(_........ Do,am Pooacm_- 000.kal_ -3

(¢m. 100)3

_ro



l

Cr must be less than or equal to 10 Assumed ratioof HX costJmateriaicost
Cr :1

Roost : 5

""Shield Data (f ehldflow.mcd)'** Secondaw water Pipe Data

ShieldTube Diameter(m) Pipe Diameter(m) Pipe Length(m)

Dsidd -0.022+re Dpipcs : .6.m Lpipes : 200.m

Number of Shield Tubes Pipe Area

Ntubcs : 7435 Apipcs - _. Dpipcs'_:
2

Shield Flow Area Apipu - 0.28274. length2

Dshld'2 Pflmary water PiPe Data
Asldd :Ntalg.s.,,t.... Asldd --2.82629.1¢=r&2

2 Dpipep = .6.re Lpipep : 20.m

Vell_.al Shield Height Length of shield tubes . /Dpilx_p!2
Vlhhld :4,9.m Lshld :8.5.m Apipep :,_., 2 /

Shield FlowArea Shield Water Volume

SAddd :Nml_s.Lsldd.Dddd.

SAsldd = 4.3679.103 .knLlth2

Vddd _ 24,02344.length 3

Solve for Ncondery mare flow rate:

draw2 = q
Cpw.Cr.( Tabor- Tar,old)

INITIAL GUESS for Tw2cold

Tw2ooid =60

Tw2boI(Tw2cold) --Tw2cokl+ q
dmw2.Cpw Tw2hot(Tw2_kl) = 75

Secondaryside delta T

dolT2 r -- q
draw2. Cpw defT2 = I5

For iCmpli(dly, "assume" Cr2 (rdo of capacity ratesfor IHE) is 1;thus the delta T'a are equal
for bo_ primary and ucondery u_les:

Cr2 =!

Hence, Primary sidedelta T .....

d¢lT --dolT2

Twoold =Twhm - dell"

+_1



and, primaryand secondary side man flow rates are equal:

dmw - draw2 draw = 79,36508.mass-time -t

IHE diameter {assumed)

Di :l.m

IHE Efficiency(forCr2=I)

r.2(Tw2cold) : ( Tw2hot(Tw2cokl)- Tw2cold)
(Twhot- Tw2cold) r.2(Tw2cold)= 0.42857

IHE NTU (AssumingCr2=I)

I
NTU(Tw2cold) : --,.la(Cr2.1n( I - c2(Tw2cold))+ I )

Cr2/
NTU(Tw2ooid) = 0.8201 i

IHE Crntn(ImumJngCr2=I)

Cmin --dmw2.Cpw Cmin= 3.33333. I0 _*murlength 2"time-3
Cpw= 4.2*103.length2.time-2

draw2 = 79.36508-ma._lJme-X
IHE U'A

UA(Tw2ooid) : NTU(Tw2ooid).Cmin

UA(Tw2ooid) = 2.73369" 10_ .mus-len_th 2.time"-3

HX Parameters (for water-water I..IXI-m o.581. "Heat Exchmnaem"_

Tube Data

Tube OD Tube THicknmm Tube Pitch Baffle Sl_cing

do :i.in do
t :-- Is(h.,d) :1_.!

IO P = !.25.in p =o.o3175.1¢n_

do = 0,0254.kngth

Tube IO Pitch Porallel end Normel to FLow(for _iangulmr

& :=do - t Iwout, do,=1 in, p,,1.25 in

di = 0.02286.1¢=!Fh RP = 1.082.in Im .=0.625.m Inikl Gum for HX length
l_ = 0.02748.1_ lm = O.Ol588.1ength

Dklmater of Outer Limitof Tubes (DoU), baffle cut dlstanco (Ic) lad =3.m

Oo_(OO:-_.D_ _ :Di- DoU(Di)
8

Shell Side Celculations

Crouflow Arem

]Sm(hxl) : is(lud).i Di- Doti(Di) + Docl(Di) - _.(p_ do) Sm(hxi) = 0.88476.length 2
L P

3_r2.



Shell Side Re number

Tw2cold - TwZhot(Tw2cold) _
paves(Tw2cold) =_w_

2

do.draw2
Res(hxl, Tw2coki) :

paves(Tw2coid).Sm(I_J)
Res(bxl,Tw2coid) = 5.44025"I03

Relation for Ideal ji (assuming aqangular layout, deal in, p-l.2S in, "*for lO0<Re<laS'*)

ji(hxl.Tw2coid) =2.71228.Rcs(hxl.Tw2oold) ('°'w2z29) -¢-(O.0806972).Rcs(hxl.Tw2oold) ('°'25°_t)

ji(hxi. Tw2cold) =0.0 !06 !

Ideal h for shell side

2

Imidead(hxl.Tw2cokl) :ji(hxl, Tw2ooid).Cpw,( draw2 /' k'w '3
\Sm(lud)/ (Cpw.pav_-'Tw2oold))

(conservatively neglecting
effect of hot tube =urface

iufidcsi(h'v.J.Tw2oold) = 2 16202"I03 "mass-time-] temperature)

watt
= l,mau, tim¢"3

m2
Conver_on to hsreal, approx. (p. 5118,HEAT EXCHANGERS)

immal(hxl, Tw2oold) : 0.6.hsidm_ h.vJ.Tw2oold)

Tube(Primarv_ Side Calculations

Average Primary Side PrandU,viscosity

: , ? /
Number Tubes(curve fit)

Nt :(2.93 52.D_I(Di))90"/.Dotl(Di) z N,-651.851871 m 2

Primary Side Flow Area

i 2 / Aflzri= 0.26754. kmgth2

Primary Side Re

draw
c__-

:c,w. d° R_ =231309.10_
tatvcp

IMmry Side h (Dim_Bo_ar) C_o enmmce effect=

!_: kw.0.023.Repri*8.Prptve3 lip = 2.74817. 103
di

3s3



OverallU (based on SHELL-SIDE AREA!)

l
Us(kxl. Tw2cold_ :.

I t i do ,

hsreai(hxl, Tw2oold) kss3O4 i ,- _diI di.hp,
' doJ

Us( Kxl.Tw2cold) = 790.94242" mass'time-3

. /do_
di ,hi _

t ! 1 .nms-t Aaltw ,di J- 1.33684.10 -_ "time3 :
kAIBr diJ 2.kAIBrI .,t-

_f AaRw = !.20427" l0-_ -ma_ -! -time3

Shell-sideArea

As( h.xl.Tw2cold) = UA(Tw2mid) As( hxl. Tw2c.,oki)= 345.6247I. length2
Us( hxl. Tw2cold)

Pdmary Side Area

Ap(hxl, Tw2c,old)= As(lud, Tw2cald). (-_)
PressureDrom

Shell Side

Number of Tube Rows Crossedin Cromflow Section

Frfc_on Factor (for trl4mgu_ leyout, deal in, p,, 1.25 in, l O0<Re<l d)

( 0 21680"/)
fi =4872.38.Res(hxl,Tw2mld) ('z(mll) + i.32957.Res(hxl.Tw2mld) " "

fi = 0.20604

Avg.SHell side Dem_

paves(Tw2cold)pw(Tw2h°t(Tw221d)+ Tw2cold!-- . _ ]

Se¢. sidefrictiondp from IHE

4.fi.dmw22.NG
dpslHE(lud,Tw2cold)=

2.1m_es(Tw2mld). Sm(hxl)2

dpdHE(hxl, Tw2mld) = 92.40355"nmu"lealph-i -time-2



t tt/rotttttttt tttee.wtwtet eet_ete_ e_ttee

AHE calculations

T_ot- Tacold
c(Tw2cold) :

( Tw2hot(Tw2coid) - Tacold)
Tw2cold) = 0.3

FindAHE NTU

1,1,iln(-c(Tw2cold).- i)+ I \,Crl

NTUa(Tw2_Id) : Cr/
Cr

NTUa(Tw2coid) = 0.44 i ! i

dma : q
Cpa.( Tabor- Tacold) dma= 330.89136"mass't/me -I

CmJna : dma.Cpa Cmina= 3.33333" IOs "mass'kngth 2"tmg-3

Cmma
Cman :_

Cr

draw - Cmaxa draw = 79.36508"nmss'tim¢-!
Cpw

Tw2hot(Tw2c,old)= 75

UAJ(Tw2cold):NTUa(Tw2c,okl).CmiB UAJ(Tw2c,okl)= 1.47035"I0s-mass-l_2"tim©-3

Hem ExchangerParametem (from Tang, p. 269, surface B in Kays, London)

Tube OD,ID TransverseTube Pitch Fin Pitch(# per meter)

Dram = .026.m m st = .07821.m st"=346 .1 m-1
m

Dtm= .0234.m
LongitudinalTube Plich F'mThickness

Fin OD sl = .0524.,- tf =0.000305.,-
Df =.0441.m

Fm Lengl:h

Df Dtout
- If =0.00905.k=_

2 2

F'mAres fraction of Total Aroo(Afa/Aa) FlowP_e Free-flow/FrontalArea(Aft/Aft')

Farea :0.825 Dh :.01321.m o =0.642



Heat Transferarea/Volume (AaNhx) (m2/m3)

--191. m-1
m Ratio of water free flowarea to HX area

Dtin_2

2 t
o2 - ,'¢._ o2 = 0 10494

sl.st

2 /

Arc_d-lStub¢ = 4.30053.10 -4 •|¢ngdl2

sl

Premure head (air)

dpzh¢_ -. 8.(Ht).(pa(T_=ot) - p=(Tac,old))

Secondaryside Premure hen (wotor)

dpvhead(Tw2cold)=(- g.(Hw2).(ffw(Tw2hot(Tw2cokl))- pw(Tw2cokl)))

dpwhesd(Tw2cokl)=414.4598"masrlensth-l"time"2

Inhl Gum for AirSide PimmeWm(p. 47, Kay=and London)

ApproxHX Mm Velocity_lnttisl Guam)

Cnthx--/.3 dpahead Im(Tahol)+ ps(Ttmid) / "s

Gtbx = 2.88187-mass,ksnath-'2"tiaras-I

Prwsv(Tw2cokl)"-Prw(Tw2hot(Tw2cokl)) + Prw(Tw2cokl)
2

(

Gwhx-i.3 dpwhead(TwZmid) t_(Tw21mt(Tw2oold))_-pw(Tw2¢oid)/"
\ NTUs(Tw2cokl) 2.Prwsv(Tw2cold) "_ /

Gwbx = 374.03809"nutsr ieagth-2.time -!

AHE Reynold'aNumber

l_w=ve(Tw2cokl):pw(Tw2hot(Tw2cold) )+ ttw(Tw2cold)
2

3s'



Dtin
Rewhx(G_vhx,Tw2cold) : (h_hx • ,

_wave(Tw2cold) Rgwhx( Gwkx. Tw2coid) = 2.07018.104

_(Tabor) - _(Tacold)
i_lave -

2

Reabx(Gal_) : Gallx._Dh Reai_(Gahx) = 5.65395.103
_ave

HX Dittus-Boelter

hwhx(Owhx. Tw2cold) : kw .O.023.Rewhx(Owhx. Tw2cold) S.Prwav(Tw2cold) '3
Dim

hwhx(Owhx. Tw2c,old)= 2.6505. I03 "mass-time-3

HX Water fric'Cdonfactor(McAdams,Blagiml)

fwhx(Gwhx.Tw2cold): _Rewbx(C_hx.Tw2mld)<30OOO.O.316.RewhxlGwhx,Tw2cold)('zs) -o,2Jfwhx(Gwhx.TwZcold)=0.02634 O,ig)L.R¢,._,C6,,_xjT,I..,,I',_)

From Tang

jlgGahx) : 0.2338.Redu_(Gduc)"oa9_2 jh(C.rd_)=0.00762

f_(_ ) :0.2836.Re__._x(C__x)"o.227 fa(Gahx)= 0.0399

St(C,-ahx)_jh{C_,d_)_(Od_) :St(_).Gd_.Cpa Im(C.nd_)=28.06691"mus'tin_-3
pra.6¢,_

Fin Efliciency(.amlumeAluminumRml)

', _ / _lllGd_)- m(GduQ.If qI(_)=0.95261

qao(Gahx):I- (Farea).(l- qffCnthx)) vlm(Cmhx)=0.9609

Calculate U (based on Nr SideArea)

Wall Resistance (mmume $8304 tubes)
Ratio of wirer area/Air Ires

Dtout 2.1m_O4.f_ Adtw = 5.21785.10-4"mlu-I"time3

=0.1575

Ua(Gahx, Gwhx. Tw2mld) - I
I 1 \

. + Adtw!
_,_o(C.mlm).lu_OduO hwhx(Owhx,Tw2¢old).fr_ /

Ua(Gahx, _, 'rw2c_ld) =25.00245-mau'time -3

UAa(Tw2mld)
ha(Gahx, Gwhx.Tw2mld) -

Ua[Gahx.Gwhx, Tw2c,old)

Imten_ted} ha( Gahx, C-whx,| Tw2ooid) = S.88083, !03. leasth2



Volkx(Gahx, Gwhx. rw2cold) :: Aa(Gakx. (hvhx. Tw2cold)

Volkx(Gahx. Gwhx, Tw2cold) =30,78967.length 3
Ak Data

Free Flow Area FrontalArea
dma

Aft( Gthx ) - Aft(Gahx)
Cnthx Aft(Gahx) -

Att(Gahx) = ! 14.81839.1ensth2 o

dana(Gahx) - Aft( Gahx) Af_ Gahx) = !78.84485" lenglh2
58.3.14 dann(Cnthx)=0.98202"length2

Water Data

Affw(Gwhx) - draw Affw(Gwhx) =0.21218"lenglh 2
Gwhx

Heat Exchanger Depth, Width,Length

O_( Gak_,C.m,bx. Tw2cold) - Volbx(Gd_, C-whx,Tw2cold)
Afx(Gahx) Dhx(C, thx,Gwhx, Tw2c,oid) =0.17216"length

Whx(Cmhx,Cnvhx.Tw2mld) : Affw(Owhx) Whx(Gahx,C-whx,Tw2mld)= 11.7451l,lcasth
02.Dhx(Oahx,Owhx.Tw2c,old)

Lhx(Gahx, Gwhx, Tw2cold) - Volhx(Gakx.Gwhx, Tw2mld)
Dhx(Cndu_.Cm,hx. Tw2coid).Whx(_, C.m4tx,Tw2cold)

Lhx(Gahx,Gwhx,Tw2cold) - 15.22718.1eagth

HX Nr..siclefrictiondp(aplxox, value for momean treed)

DP through HX core

dpafl(Oahx,Owhx,Tw2cold)= .(__ I + f,(Gahx).....

fl(C_nthx).,,0.0399
Flow Area of HX

Aflowhx(C_ndut,Gwhx,Tw2cold)- Volhx(OJx.Owhx,Tw2c,old)
Dhx(Gahx,Owhx,Tw2c,old)

A.Ik_hx(Gahx, _, Tw2coid) = 178.84485, length2

Cooling tower diameter, assuming Wllx is 1/10 He, cooling tower flow iromm114HX flow
area

Ha

10

Whx2 = i 5"lcaBth

_s,P
qll



Aflowhx(Gahx.Gwhx.Tw2cold)
Lkx2(Gahx,Gs_hx.I_2cold} :

4.Wkx2

Lhx2(C,abx.Gwkx.rw2cold)
Dia(Gthx.Gwhx.Tw2cold): Dia(Gakx,Gwhx.Tw2cold)=9.4880I'length

Cooling Tower Area

Dia( Gahx. Gwkx. Tw2cold)'.2
ATwr(Gahx.Gwhx,Tw2cold)_-_

2

DP through chimney outlet

dma
C-clam(Gahx.C_,whx.Tw2_id) -

ATwr( GaJlx,C_bx, TwZookl)

C_l_(Gahx, C_bx, Tw2oold).l_a(Gthx. C_hx, Tw2oold)

Retow( C_rahx,Crwhx.Tw2ooid) - _(Tabor)

gctow(Gahx. Gwhx. Tw2oold) = 6.28593" 106

fatow(Gthx, Gwhx. Tw2oold) --_ R©tow(C_nthx,Gwhx, Tw2oold)<30000,0,316. Retow(_C_.Gwhx. Tw2oold)( .2s),

f ,,.

falow(Gtbx.Gwhx,Tw20old)=0.00804

Ha.fatow(Gthx,Cm'hx,Tw2mkl).Gchim(Gahx,Gwhx,Tw2cald)z
dptow(Gshx.C-whx,Tw2cokl)-

2.Dia(Gshx,C_m'hx,Tw2cald)._("l'ahot)

(Iptow(G-hx,Gwbx,Tw2oold) =O.12355"mass'lensth-l"time"2

Total air fiction dp

dptt( Gthx, Gwhx, Tw2cold) : dptow(Gahx. C.m_, Tw2mid) + dpafl ( Gahx, Gwhx, Tw2mld)

dptl(Gahx,C,whx,Tw2cald)= 7.72177.mass"Imlgth-I"time"2

Fd_on PrmmureDrops
may(Tw2mid) : fyw(Tw2bm(Tw2mld) ) + _u(Tw2mld)2

Secondary Side Pipingdp

Gwpipes - draw2 Rewpipes(Tw_id) =Gwpq:¢s DP_I_m Rewpipes(Xw2c,old)= 3.98349- IOs
Apil_S ,wave(Tw2cold)

f-wptt_Tw2cotd):_ _(Tw2cotd) <30000,O.316.Rewpipes(Tw2c,old)_.25)0.184.Rcwptpcs(Tw2cokt)( .2)]

fwpipa(Tw2mkl)=O.0! 3%

dpfpipes(Tw2mkl) =f_ii_(Tw2coki), Lpipes Owpipes2
Dpipa 2._'av(Tw2ooid)

dpfpipca(Tw2ooid) =

IHE secondaryt/de dp

dI_IHE(hxl,Tw2cold)=92.40355-mass.icnsth- t. timm-2



AHX Water-side dp

Lhx( Gahx,Gwhx.Tw2cold) Crwkx2
dpwtk_( Gakx. Gwlzx.Tw2cold) =fwhx((_'hx. Tw2oold)

Dtm 2.pwav(Tw2c.old)

Total Water FrictionPressure Drop (secondaryside)

dpwf( Gahx, Owhx. Tw2cold) : dpwlkx(Gahx.Gwhx. TwZcold) _ dpfpipcs(Tw2cold) _ dpslHE(k'd.T_v2cold)

dpwthx(Gahx. Gwhx. Tw2cold) =

dpfpipes(Tw2cold) =

dpslHE( h:,d.Tw2cold) = 92 40355.mast length-t "time-2

@aft Gakx. Gwhx. Tw2cold) = 7 72177.mass.length- t.tim¢- 2

Primary sidedp'a

_w(Twhot ) -,-_w(Twoold)
_wpavc :

2

Shield

dmw

Gwshld - Ashld Owshld = 28.08104.mass" length-2-time -!

Rews_:l --Gwshld. Dshld
ttwpavc

gewahld = 1.8854"103 fwahid : _ Rewshld<30000,0.316.Rewahld ¢''_ ', 0.184.Rewshk_-.2, ]

fwshld = 0.047%

pw(Twhot) . pw(Twmld)
pwpave :

2

Lshld Gwshld2
dpfshkl =fwshld

Dshkl 2.pwpav©

dpfshld = 7.5553 l'masa"length-1 "time-2

Pdmary pipingdp

Owpipep- draw gewpipep: Owpipev._
Apipep _wpJvc

Rewpipep = 5.13992.105

f,wpipep : if[Rewp/pep<30000,0.316.Rewpipep("2').0.184.Rewpipep("2)!

fwp/i_ =0.01326



dpfpipcp--fwpipcpLplpep(;s_Ipep"
Dpipcp2 pw_ave

dpfpipep= Ig.O1244"mass.Icu_,lh-I.time-2

IHE pnmarys_cledp

prlrrlarvs_e Rcpn = 2.31309,104
HX Tubes

fwp :_ Rcpn<30000.0.316.Rcpn( 2_).O.184.Rcpn(.2)

fwp=0.02562

IHE OP

dppt(kxi) : fwp.

di 2.pwpav© dppf(lud) = 153.02193"mlss'iCnL_-I "time'2

Pdmarv SideTotal OP

dppt(lud) -dppi(b._d)- dpfpipcp+ dpf_dd dppt(l_J) = 1"/8.58968"mm'la_ -= "tim=-2

Primary side mnuml circulationOP

dpwpbe,,_ : (- g.(Hw).(pw(Twimt) - inv(Tw_old))) dpwpbesd= 482.55394"auuwlcagtb-t"tim©"2

Balance pressure dropson AHE

C_.-tven

dpd( Gd_, Owbx,Tw2cold)=dp_=e,ad

dpwf(¢3=hx,Gwhx.Tw2cold)=dpwhcad(Tw2cold)

dm(Ivd)aa_n_ir.=i

hx_ As(hxl,TwZcold)
_.do.Nt

! _vtt i
i Gwv=l t _ find(Gahx. Gwhx, hxl, Tw2mld)II t=tv=_
;LTwZ_,dj

G=v=d= 2.75612-muuwkml_-2"time-t

Gwv=d= 147.26214.auuwk'al_-2"d=o_-t

hxlvti = 8 95923,1ensth

Tw2midval = 56.26359

"_'_'HX Final Dimensions.'''''_''':'''''''"''''''''''''--

Di_ C_vll,Owv_l,Tw2caidval) =0.20314"iensth Lbx(Gsvsd,Gswsd,Tw2coldvsl) = 7 39669"length

Whx(Gaval,C.nvval.Tw2coldval) = 25.2822"length Volhx(C.nwal,Gwval, Tw2ooldval) = 37.98809-length 3
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Concrete Volume(Assume .33 m thick shell, incl heightabove center of shield)

Whx2 VltshJd
Convol _ Ha .- _ - itw2 . iJw - _ Die(Gavel. Gwval, Tw2c,oldvtl ).n 33. ItX).cm

10 2
tttt etttttttttttttttttttttettltttt ttett eHHHtIt_tt toot ttHtltfe

Convol = 283.87283"length3

Price Data

Aluminum Tubes (Metal Goods, Marlborough,1I/I I/I)3, for 500 ft of I indie tube)

Pal = 1.61
I. m.=..o65.m. I fl

Pal = 4.0094 I. 104"lenLtlh'3 Dollars

SS304 Tubes (Metal Goods, Marlboro, 11/11/93, for 500 fl of 1 indimtube)

Pu304 : i.7 i Put304 = 4.25844.104 .la81h -3 Dollam
i.m._..065.m, i fl

Aluminum Volume

Alvol : Voihx(Oaval.Gwval.Tw2c,oldval).l).Fama.tf Alvol = 1.82572"lenslh3

_tl Volume

u304vol : Voihx(Gaval.Gwval.Tw2c, oidvtl)._.( ! - FKea) ._-.Dr°m2-- Dtia2 !
4 =.Dloet

ss.304vol ,, 1.56814.1ensth3

AHX Coil m*'_

HX_ : (AJvol.Ptl + ss304voI.Pu304).Rmm

HXc,ost = 6.99895" i0 _ Dollem

Tower Cost

Towermst : Coevoi.Pcoucrete
Towemml- !.70324-10_ Dollsm

AlBr Cost (uuume re,me N copper- copper quote from Admiral Metals in Wobum,
for 1000It of 3/4 in coppertube)

1.26
PAlEr =

035.ia._.0.O35.ia. I .It PAIBr = 7.76978.104.len_b_

IHE Cost (u304 tu_04 shell- amume shell is 2 cm thick)

Tabevol HI.d°2 - _2: ._.hxlval Tubevo1,0.56225.1eal;m3..,t,
4



ss304voilHE tL_dvai_ Di 2¢m ss304voUHE =0 56292"lenslh "_

ll-_.co_ =( Tubevol,Pss304 - ss304voilHE Pss304 ).Roost

Total Cost

Totcost : Tow_:,ost * F[X¢ost + [HEcost Totcost - I 10979.106

Towcrcost = 170324.10 _ HXc,ost - 6.99895.105 [HEcost - 2.39575.105

Pss304 = 425844.104 .icnLzth-3 PAIBr = 776978.104 .length-3 Pal = 400941.104 .len81h-3

Constants J_jouk W -_win N _1_'_'mu

Cp,, 4.18,103.0.24i. _ J/kg-K (from Msrk's)
k$.K Cpa - 1.00738,103 .Ingth2.timc -'2

Cpw ,-4200..-L J/kg-K (from Todrelm and glzJm0

k$.K T -'-2O

pt(T) • 0752.16.0 293 ks kg/m3
(T- 273) ( 100.¢m)3 _(T) ', 1.2032.nut_length "3

{both from Ksys and London)

_(T)--( 18.53+ .0441.(T .- 300)). 106.Pa.Nc PIPS
_(T) --6.182.10`-..6._lcaith -t .time-t

Prs._0.7

kAl;200. W W/m-K Icu304,15. W - Wlm-K kAIBr,100 ,wan
100-cm.K 100.cm.K m.K

Wltar density(T inC (O-100 C))

pw(T)_{1000 . 2.002461.10.2.T_ 5.882755.10.3..1.2+ 1.534709.10-5.T3/. k_
(!00.¢_) 3

Wmr PmnclUNumber(25-100 C) pw(T) - 998.17017.ma_. Icnith-3

Rn_ T) - 6.20034.exp(-0.038745.(T - 10)) +- 0.0115698.T+ 2.83795

Wttar Viscosity(20-110 C)

Itw(T)-_(597.674.exp(-O.0364205.(T- 20))- 1.91245.T_-441.941).iO'6.N . seG
( IOO-¢m)2

Water conduolMty(50-100 C)

W
kwh0.7. W/m-K

100.om.K

Deni_

_:_o.tre _:2 76799.103.m,,.k=_-3
in3

061L304=-8".-_--_ pi,lt304"8"|03 -mllas-_glh -3
_a 3



EffectiveHX Dtmom,on=
n2 = o !0494 H= = 15,1enfth

Lhx2. : Lhx2(Gaval.(hvval,Tw2c,oidval) Lhx(Gavnl.Gwvnl.TwZc,oldval) = 739669. lenlN_

Whx2 = I 5"lensth

Dkv.3. : Volhx(Gmval.Gwvtl, Tw2c,oldvnl)
LIv_ Wlt_ DIx_2= 0 81256. length

Ha = 15.lent.h

Air Free Flow Area (for airhxt2m=:l)

At[(Gtvtl) = !2005689.1enfth2

Water Free Flow Area

Aff,w(Gvvvat) - 0 53894.1enLzth2

Air Heat Transfer Area

AJ(Cnlv=l.Gwvat.Tw2coldv=l)=7.25573.I03.l=i[¢tb2

If-IXvolume

2 ! [I-D_oi = 7 03656'kmgth3

Cr = I Hw2 = 5, lenlpth Hw = 5"

Ht = 15.1enl;th Rewluc(Gwvat. Tw2midvat) = 7.72698.103

Twmld = 80

Volhx(Gevat, Gwval. Tw2midvat) = 37 98809*leqlh 3 dam = 330 89136.ma,u-tane- t

- 699895, IO5

Dhx(Gtvat,Gwvat.Tw2mldval) = 0.20314"lensth draw = 79 36508.mau.tnne -!

Tewem_ = !70324. I05

Whx2 = I 5"kngth SA :_.Volhx(Gevat,Cm'vat,Tw2mldval)

DI_ = O,81256.1enBth Tetemt = 1.10979.106

SA = 7.25573-103,length 2

Dia(Cravat. Cnvvat,Tw2mldvat) =99209- _ HXum = 96.46113"_ "2

At]rw(Gwvat) - 0.53894. kal_h 2 SA

Cmvol = 283 r/283.1mlth 3
Lhx(Gavat.Gwvat, Tw2ooldvat) = 739669" lenl;th

Cooltr_ Tower I-_ht

Htew : Ha. Wh_ . Hw2 .
2 Htew -- 23.95. kal_h

Htew- Ha- Whx2 = 7 45"lenlgth

Tower Length-lo-Dtameter Raeo Number Tubes inAHX

Htow NI=I_ :.M]rw(Cr_wat)
= 2.4141 Nmbe = 1.25319"I03



T_2coldval =56.2635_ l'x_*2hot(l_xv2_olch'al)="71.26359

Twcold = 80 Twho! = 95 Tw2hol(Tw2ooldval) - Tw2ooldval = 15

Taoold =25 Taborffi40 Aft(Gaval) = 120.05689" lenglh2

Affw( G'wval) - 0 53894.length 2

rw2_idval =56.26359 Tw2hot(rw2t)oldval) =7 !.26359 Hw - 5.1ensth
Hw2 =5.length

VoUt,_(Gavtl, Gwval. Tw2c,okh'al) = 37 98809-length _

Convoi - 283.87283"length3 N-tXVoi=7,03656.1englh 3

Totc,ost ,_1.10979.106

Dis( Cnwsl.Cswvtl.Tw2ooldvtl) = 99209. length hxlval = 8,95923. length
Is(h,tlvtl) = 8.95923. length

IHEoost= 2.39575. i0 s

HXc,ost = 6.99895. l0 s

Towercost = 170324.10 _





Avpendix 7: Shield Water Svstem ,P.Umpin Power
Calculations
In the Shield Water System (SWS) chapter (Chapter 6), it was shown that the pumping

power necessary to provide flow to the SWS is relatively small (0.02 MW), despite the

use of an inefficient jet pump to provide the required pressure head. This appendix will

describe the method used to estimate the efficiency of the jet pump, and the electrical

pumping power necessary for the SWS.

Figure A7.1. Jet Pump Nozzle Figure A7.1 shows a simplified

Configuration schematic of the jet pump nozzle inside

the main SWS piping. The jet pump-

1 2 3 driven flow from the nozzle expands to

fill the diameter of the main system
-->

pipe, as shown in the figure. The
-> Pn -> P3

pressure upstream of the pump nozzle-->

is 1)1,and downstream of the nozzle the

_,_ Jet Pump pressure is 1)3. Hence the pressure
Nozzle

Main SyslmmPipe
head of the pump is 1)3-P,.

In the inviscid flow approximation, we can relate the pressure upstream of the nozzle

(Pl) to the pressurejust before the nozzle outlet (1)2)using the Bernoulli equation for a

horizontal nozzle::

2 2
Pv2

(A7.1) Pl + Pv---L= P2 +
2 2

The velocities at point 1 and 2 are related by conservation of mass:

tSee,forexample,N.E.TodreasandM.S.Kazimi.NuclearSystems/, ThermalHydraulic
Fundamentals,Hemisphere,1990,
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1
(A7.2) v, -- v, ,

" I- frac

where "frac" is the fraction of flow area taken up by the nozzle diameter.

The pressures just upstream of the nozzle outlet (P2) and downstream of the nozzle (P_)

can be related by conservation of momentum considerations. 2 Namely, we have the

following relation:

(A7.3) (fpv2dA)2 +P2A = (j'pv2dA)3 +psA,

where A is the cross-sectional area of the main system pipe in Figure 1. We can rewrite

the above equation as follows:
2 2

(A7.4) p[frac, vo +(1- frac), v 2]+ v s = Ps - P2,

where v, is the velocity out of the nozzle. Note that v 3 = v2 = the flow velocity in the

main system pipe.

Given the desired main system pipe flow velocity, the equations above can be used to

determine the nozzle velocity required to obtain the required pump pressure head. The

pumping power which we desire to calculate (that is, the electrical pumping power

required for the system) is the power required to obtain the nozzle velocity v,. The

pressure head required to accelerate from rest to velocity v, is given by Bernoulli's

equation with an initial velicity and pressure of zero, namely:

(A7.5) p, = pv_"
2

The required electrical pumping power, then, is given by multiplying the pressure p, by

the mass flow rate through the nozzle, divided by the pump's electrical power-to-

pumping power efficiency:

21bid, p. 403.
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(A7.6) PP= Pu "vnAp,
oc,

where sr is the "raw" pump efficiency,whichjust accounts for the losses in the jet pump

itself due to electricalto hydraulic power conversion losses. Er is typically about 0.9 for

a water pump._

The effectivepump efficiency is defined herein as the ideal pumping power required to

sustain the flow through the main system piping divided by the actual required pumping

power calculated above. The ideal pumpingpower for the main system pipe flow is

simplythe pressure drop across the jet pump (P3- P1) multipliedby the main system mass

flow rate. Hence, the effective pump efficiencyis:

(P3 - P, )"v3AP
(A7.7) 6elr =

PP

Fora nozzle which takesup 1/3 of the availablemainsystempipingflow area,we obtain

aneffectivepumpefficiencyof 0.27 for the flow conditionsof the ShieldWaterSystem.

3T. Baumeister. et.al., eds., Mark's Standard Handbook for Mechanical Engineers, Eighth Ed.,
McGraw-Hill, 1978. Chapter 14.
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Appendix 8: Cost Data for Shield Water Svstem Components

This appendix describes the data used to generate cost estimates for the air-cooled

Au.,dliaryHeat Exchanger/cooling tower complex and for the water-cooled Intermediate

Heat Exchanger. These cost estimates are used only as guidance to help size these

components, and to provide an order-of-magnitude estimate for the cost of the overall

shield water system (SWS).

Auxiliary Heat Excha,,,neerand Intermediate Heat Exchaneer Costin_

The Auxiliary Heat Exchanger (AHE) is composed primarilyof stainless steel

(CRES304) tubes with aluminum fins. In addition to the tubes and fins, there are

structural members serving to support the heat exchanger tubes and fins in the required

configuration. The Intermediate Heat Exchanger (HIE) is composed of a stainless steel

shell (CRES304) containing aluminum brass tubes. Like the AHE, the _ also has

structural members to support the tubes, and to provide a foundation for the shell.

TOestimate the cost of these heat exchangers, the required volumes of tubing are found

for both exchangers. In addition, the fin volume for the AHE, and the shell volume for

the IHE is found (assuming the IHE shell is 20 nun thick). The cost data in Table A8.1

is used to find the base material cost for the tubes, the AHE fins, and the HIE shell.

Once the total cost for the base material for the AHE and IHE is found, the total base

material cost is multiplied by a factor of 5 to account for the cost of the structural

members, as well as the cost of heat exchanger design and fabrication.
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Table A8. I. Cost of Heat Exchanger Base Materials

ill

Material . . Cost pe r cu. meter .

Stainless Steel (CRES304) $43,000 +

Aluminum $40,000 •

Aluminum Brass , $78:000 jr ....
+ Based on cost of 1"CRES304 tubing, quote from Metal Goods, Marlborough, MA, 11/11/93.
• Based on cost of 1" aluminum tubing, quote from Metal Goods, Marlborough, MA, 11/11/93.
f Based on cost of 3/4"copper tubing; quote from Admiral Metals, Woburn, MA, 11/11/93.

Coolin2 Tower Costin2

The cooling tower is a shellcomposedentirelyof reinforcedconcrete. To estimate the

cost of the tower, we assumethat the shellthicknessis 0.33 meters,whichcorresponds

to the thicknessfor large( -- 100 meterstall) coolingtowers used for the steamside of

1000 MW powerplants,t This assumptionis clearly conservative. Using the diameter

and heightof the tower, the volumeof the rei,aforcedconcreteshellis determined. The

cost of the concreteis determinedusingthe as-fabricated cost forthe reinforced

concretestructuralbeamsof a modestsize (5-story) building,whichis $600 percubic

meter.2

tThickness of typical large cooling towershell fromRan Chandren,Balke-Darr,private
communication,9/17/93.

2From J.M. Goldman, SeniorFAt, "MeansConcrete Cost Data," 9th AnnualEdition, ILS. Meansand
Co., 1991.
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Appendix 9: Composition and Properties of HT/MT-9 Steels

This appendix contains material property and composition information on the ferritic

steel Sandvik HT-9, and the reduced-activation ferritic steel MT-9. The appendix also

contains a discussion on the determination of the creep rupture curves for MT/HT-9

shown in Section 5.2.3.6.

Table A9.1 gives the composition, in weight percent, of HT-9 and MT-9.

Table A9.1 Composition of MT-9 and HT-9

i iii in ii ii i I _ i i ii ii i I ill

Elem¢,_gt , HT-__ MT-92,- , ,, , , ,,,,,, ,,, ,,, i , ,, ,

Fe 84.5 85.5

Cr 12 12

Mo 1 0.02

V 0.3 0.3

W 0.5 1

C 0.2 0.2

Si 0.4 0.4

Mn 0.6 0.6

Ni 0.5 0.0025
i ii i Illll I I I In mn

IR.L. Klueh, et.al., FemticJMartcnsiti¢ Steels: Promises and Problems, in USDOE Fusion Reactor

Materials Semiannual Progress Relmrt for Period Ending March 3 I, 1992, USDOE R_on
#DOE_R/0313112.

2S. Fetter, "The Radiological Hazards of Magnetic Fusion Realtors," Fusion Technology, Vol. 1l,
March 1987, p. 400.
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The basic material properties (thermal conductivity, thermal expansion, and volumetfi_

heat capacity) of MT-9 steel used in the present work are assumed to be the same as for

HT-9. To simplify the analysis performed using this data, the temperature dependence of

these properties is assumed to be linear (the data is fit to a linear approximation.) This is

consistent with what was done in a previous similar study,3 and results in minimal error.

Table A9.2 shows the linear correlations used herein: They are based on data for the

temperature range 500-1000 degrees C, which is the temperature range of most interest

in the present work.

Table A9.2 Material Properties of HT/MT-9

IIII I I I I I I II I I I

ProoertT Linear Correlation (T in K)
, , ,, ,,,,, ,,, II

Thermal Conductivity (W/m-K)4 24.1 + 0.004.T

VolumetricHeatCapacity(J / In3.K)s 1,989.106 + 4920.T

Mean Thermal Expansion Coefficient

........ (10-* / K),6, .... , 11.0+ 1.46.10-3.T

SJ.E.MassiddaandM.S.Kazimi,ThermalDesignCons/derationsforPassiveSafetyeffusion Reactors,
MITPlasmaFusionCenter_Ix_rt#PFC/RR-87-18datedOctober,1987.

4Source,ibid.

SSource,ibid.

6Sours, TheMaterials_ forFusionEnergySystems,USDOEReport_C-10122,
McDonnellDouglasAstronauticsCo.,InitialIssueApril30, 1980.
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('rgep Rupture ('urves

The data used to generate the creep rupture curve for MTAIT-9 shown in Section

5.2.3.6 is based on 198 stress rupture data points obtained from 12 heats of Sandvik HT-

9. The temperature range for the data was 500-650 degrees C.7 To determine the

appropriate creep rupture time curves from this data, the method described in ASME

Code Case 1592 is used. This code case, which evolved into Code Case N-47 for Class

1 Components in Elevated Temperature Service, specifies the following method for

determination of creep rupture curves:8 (1) obtain the data points indicating the rupture

times for different samples at the same temperature and stress; (2) determine the mean

(ttl) and the standard deviati6n (ol) of the logarithm of the rupture times for these

points; (3) the logarithm of the minimum rupture time for the data set is given by: mini =

I.tl- 1.65(ol); (4) the creep rupture curves are them determined by the set of mini values

for the various temperatures and stresses tested. This method ensures that the creep

rupture curve thus defined is a lower boundary for approximately 95 percent of the data.

Larson-Miller Parameter °

To estimate the creep rupturebehavior for MT/HT-9 for temperatures above 650

degrees C, for which there is no test data, use is made of the Larson-lVfillerparameter,

which has been found to characterize the creep response of many metals. The Larson-

Miller parameter is given by the following relation:

7Sonrce,TheMaterialsHandbookforFusionEnergySystems,USDOERelmrt#_C-10122,
McDonnellDouglasAstmnautifsCo.,InitialIssueApril30, 1980.

STh¢methoddescribedis basedon informationinthebooklet1977Design Criteria of Boilers and
Pressure Vessels,paperspresentedatthe3rdInternationalConf.on PressureVesselTechnology,Tokyo,
Japan,April19-22,1977,TheAmericanSocietyofMechanicalEngineers,1977.

9Thediscussioninthissectionis basedon informationin J.E.MassiddaandM.S.Kazimi,Thermal
DesignConsiderationsforPassiveSafetyof FusionRealtors,MITPlasmaFusionCenterRelmrt
#PFC/RR-87-18datedOctob_, 1987,Chapter3 andJ.A.Collins,Failureof Materialsin Mechanical
Design,JohnWileyandSons,1981.
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(Ag.1) P -- T(C + log10t, ),

wheret, is the rupturetimeof themetalattemperatureT (in Rankine).It hasbeen

foundthattheLarson-MillerparameterP isconstantfor agivenmetalandstresslevel,

andthat theconstantC is usuallyabout20 for metals.Hence,if the rupturetimeis

knownat aparticulartemperatureandstress,therupturetimeat adifferenttemperature

canbeestimatedusingtheaboveequation.Thisequationis usedto estimatetherupture

stresscurvesfor MT/HT-9 at temperaturesabovethosefor whichtestdatais known.
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Appendix 10: MA THCA_D, Code for Calculat!,ne Pebble Bed
.Conductivit

The following MATHCAD code incorprates the modified SZB modeP 4 5 for calculating

the pebble bed conductivity as a function of temperature for Blanket Design 1.

Packed Bed Thermal Conductivlty: "EFFTP
..... ==........................ 6/92
Schlunder. Zehner Bauer model
modified by Dalle Donne and Sordon.
and W.Fundamenski

- Input.: Up to line 145
- Results Around line 145

hi:=2 Number of pebble tvpes
(Thms is fixed at 2 here. so model covers 1 or 2-slze
beds. Set second size volume fraction vf2 %o 0 if only
one size pebble in bed.)

j := l.. nl

Diameters Volume fraction of pebbles with respect to overall bed:
This doesn't account for any porosity

Dpl:=3.0.n_n vfl:=0.6 in pebbles: that is factored into the
conductivity of the pebbles later on -
KMC

Dp2:=0.4.mm vf2::O.2

•"-- ,,vfJ Volume fraction of each pebble typ_

Vj vf!+vf2 relativ, to the total pebbl, volume

tMathCAD/s a comlx_r utility developed by MathSoft Inc.

2provided to the author by P. Gierszewski of the Canadian Fusion Fuels Technology Project (CFFTP).

3W.R Fundamenski and P. Gierszewski, "Co_n of Correlations for Heat Transfer in Sphere-Pac
Beds," Canadian Fusion Fuels Technology Project report G-9181, August 1991.

4E. Schlunder, "Particle Heat Transfer," Proc. 7th Intl. Heat Transfer Conf., Munich, Vol. I, May 1982,
p. 195.

5M. Dalle-Donne and G. Sordon, "Heat TRansfer m Pebble Beds tbr Fusion Blanket&" Fu_on

Technology, Vol. 17, 1990, p. 597.
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Effectl-e diameter for b;n_ry bedz

D - 1143._

DD :=

2 slze dmstrmbutmon factor, from orlginal

SZB model, and as used by Dalle
Donne/Sorden

DD - 2.149_6

_F modification - use a bed of
one size spheres of equivalent
diamster, neglect_ SZB factor :

DD :=i

Q :=iI

IT'] ......................B_L m:_ros_ly_Ir_pn .........

Q-20_

Contact area ratios between pebbles of type 1 and type 2:

i Following values are suggested for (pk)^2:
Low-k ceramics - 0.5E-4 High-k ceramics (A1203) - 1.5e-4
steel - 5E-4 AI, Be - 10E-4 (???)
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fpsl::O.l '=.,nhere:nternal poz.o_:ItVfractlon for t_,pe I _nd 2

_s2 _:0.I

p .:1.5,bar Purge preg,_ure

Zl ;=0.6 Em:sslvltv of pebble tvpe 1

_2::$1 E_L1_1_,It':of pebble tvpe 2

Set te_Lperature polnt_ for caJ.culatln,_ bed conductlvlt%_'

i :=1.. IO

Tb i =(20 + (i- 1).100)

kll I :=kB,(Tbi+273,fpll) Set material conductivity for
pebble type 1

kJ2i :=ld/20(Tbi. +273,fI0.2)_. Set material conductivitv for
pebble type 2

k&::m,(Tbi+2n) Setga.conductivity

:=05.aH,CDai_ + 2'73_. Thermal accommodation coef ficient
for purge gas

......... D.5.I_Or. _=h_S. 12mn__ I/Z_. _

Calculate bed effect ire thermal conductivity :

k,,::k,(_1,,k,_,,V,,V,)

kb,:=_Ze(_,_,,Tb,+m.p,_,D,_,DD,_,,I,,2,v,,va._
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ks1
K

kb.'m-- kgiTbi _ W

2O 494_J 992
= 20 "%

120 5.1281 70g

220 5.2551 536

320 53511 423
420 5.4291 345

520 5.4961 289

620 5.5521 246

720 5.591 212

820 5..,971 181
920 5.5521 151

Onit.dimensions

OP4OIN•I

kg,IM mmlL smlT K=I Cul

cms0.01.m mms0.001.m urn,,0.001.ram

W=kg.m2.s"3 Pa,kg.m"I.s-Z MPa= 106.Pa bare105.Pa

Material property correlations"
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'-iTBcorrelation
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Av- a (kgkc__T,p), g,D),lakgei_T,D,kg,VI,V2,_I,_2)-_sg,B(f2,DD), kg l )ks kgkc__(T,p). g,D)
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• ( °
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+ _-_ .ft. k_ss+ (l- fi). Fv
kg
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Appendix 11: Effect of Shield Water System Desi .n on a
VanadiumLithiumLithium Blanket Desien

This appendix provides the results of a LOCA analysis of a vanadium alloy

structure/lithium coolant/lithium (V/Li/Li) breeder blanket design. The analysis shows

that having a Shield Water System (SWS) capable of naturalcirculation in the event of

an accident can greatly reduce the potential for structural failure of the blanket in the

event of a LOCA with air-ingress.

Vanadium alloyed with chromium and titanium (VCrTi) has been identified as a

promising structural material for fusion reactor blankets because it has excellent low-

activation characteristics compared to other metal alloys. VCrTi also is compatible with

liquid lithium coolant, as long as the proper alloying composition is chosen (note that

due to concerns with impurities in helium coolant, vanadium alloy is not generally

considered to be compatible with helium),i 2

A potentially severe safety problem with VCrTi, however, is its behavior at high

temperatures in an oxygenated atmosphere. Volatility experiments on V15Cr5Ti, a

vanadium alloy with 15 percent chromium and 5 percent titanium, indicate that exposure

to an oxygenated atmosphere at temperatures above 650 degrees C results in the

formation of molten V20 s oxide. With an oxygen partial pressure corresponding to air,

formation of this molten oxide begins in less than 15 minutes,a

ID.L. Smith,et.al., BlanketComparisonand SelectionStudy(BCSS)- FinalReport,ArgonneNational
Laboratoryreport#ANL/FPP-84-1,September1984.

2D.L. Smith,et.al., ReducedActivationStmcaaalMaterialsDevelopmentforDEMOFusionReactor
Applications,ArgonneNationalLaboratoryReport#ANL/ER/CP-76020datedSeptember1992.

3R.M Neilson,Jr.,Volatilityof V15Cr5TiFusionReactorAlloy,IdahoNationalEngineering
LaboratoryReport#EGG-M-25985datedDecember1986.
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In the event a LOCA occurs in a blanket with vanadium structure, air from the reactor

building could potentially enter into the blanket coolant system through the piping break.

If this "LOCA with air ingress" occurs and the temperature of the vanadium structure

exceeds 650 degrees C for any duration, formation of molten V20 _ is likely to occur,

possibly resulting in gross melting of the blanket structure. Two means exist to prevent

this from occurring: (1) ensure that the reactor atmosphere has no oxygen (e.g. use a

nitrogen atmosphere); and/or (2) ensure that the vanadium structure does not reach

650 degrees C during the LOCA.

Most reactor studies using V/Li/Li blankets assume that there will be a nitrogen

atmosphere in the reactor building; this not only prevents the oxidation of vanadium but

also reduces the risk of a lithium fire. However, reliance on a nitrogen atmosphere

means that access to the reactor building will be hindered for the duration of the accident

(unless oxygen breathing apparatus are used by personnel). Furthermore, during the

course of the LOCA a common mode failure could result in partial or full loss of the

nitrogen cover gas in the reactor building (the presence of oxygen at partial pressures

much less than that found in air can cause rapid formation of molten vanadium oxide).

Finally, if the LOCA could happen at a time when the nitrogen atmosphere was not in

place (during maintenance or due to a sensor failure). For the reasons listed above, it is

interesting to investigate whether it is possible to keep the temperature of a V/Li/Li

blanket below 650 degrees C during a LOCA. If this can be done, there is no need for a

nitrogen atmosphere to prevent gross melting of the vanadium structure.

The blanket design chosen for this analysis is the V/Li/Li blanket of the Blanket

Comparison and Selection Study (BCSS). 4 This design is shown in Figure A11.1.

4D. L. Smith,et.al.,BlanketComparisonandSelectionStudy(BCSS)- FinalReport,ArgonneNational
Laboratoryreport#ANL/FPP-84-1,September1984.
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Figure All. I. The BCSS V/Li/Li Blanket Design -_

\\

Figure A11.1 shows

the overall configuration of the blanket, and the liquid lithium flow paths. The fight-

hand-side of the figure shows the inboard and outboard blanket segments as they would

be arranged in a tokamak reactor. Moving to the left in the figure, the first wall region is

shown, with toroidally-oriented coolant channels. Below the first wall region is the main

tritium breeding region, where the lithium flows poloidally. Behind this region (not

shown in the figure) is a second breeder region, followed by a lithium manifold region.



The one-dimensional volumetric composition of the inboard V/Li/Li blanket is shown in

Figure A I 1.2. The VCrTi alloy used in the BCSS design is V ISCr5Ti. The composition

Figure A1 1.2. One-Dimensional Model of Inboard BCSS V/Li/Li Blanket

5mm 100%VCrTi t' Erosk- Layer (FirstWall)

451mm 11.1% VCrTi/88.9% Li vt

/I 0.8_

15_nm 100% VCrTi , Breeder Regions

335mm 7.5% VCrTi/92.5% Li vf
o,648

200mm 10% VCrT'¢60%MT-9/30% Li Manifold Region
1.28 m I

401mm 100% VCrTi
I

,L ,l. ,1, ,I,

620mm 90% Fe1422/10%Water Shield Region

is taken from BCSS. This figure shows the first wall followed by the two breeder

regions (separated by a wall of I00 percent VCrTi) followed by the mar;fold region.

The manifold region contains MT-9 ferritie steel as well as VCrTi. Behind the manifold

region is a 40 mm thick VCrTi wall followed by a vacuum gap and then the shield. The

shield is composed of water and Fe1422 ferritie steel, which is composed of 14 percent

manganese, 2 percent nickel and 2 percent chromium, the remainder being iron. Fe 1422

has a lower strength than MT-9, but is also significantly less expensive, and can be used

in the low-pressure shield region. The arrows in Figure A11.2 indicate radiant heat flow
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paths which exist following a LOCA in which the lithium coolant is fully drained out of

the blanket. Because of the blanket geometry, radiant heat transfer can occur between

the first wall and the wall separating the breeder regions, and between the wall separating

the breeder regions and the manifold region. The view factors (vf) for radiant heat

transfer are indicated in the figure. 6 Of course, a radiant heat flow path with a view

factor of 1.0 always exists between the back of the blanket and the front of the shield.

The method for the LOCA analysis of the V/Li/Li blanket proceeds in the same manner

as did the analysis for Blanket Designs 1 and 2 in Chapter 5. Hence, only the substantial

data relevant to the present analysis will be presented here. The afterheat of the

V15CrSTi structure as a function of time after shutdown is shown in Figure A I 1.3 for

various distances behind the first wall of the BCSS V/Li/Li blanket. The lithium coolant

exhibits negligible afterheat compared to the VCrTi structure, and, in any event, is

assumed to drain away during the LOCA.

6Note that a similaranalysisfor thisblanketdesignwasperformedby J.E.Massiddaand M.S.Kazimi
in ThermalDesignConsiderationsforPassiveSafetyof FusionReactors,MITPlasmaFusionCenter
Report#PFC/RR-87-18datedOet&_r1987. MassiddaandKazimiincludeda radiantheatflowpath
fromthewallbetweenthebreederregionstothe re_xmostwallof the blanket.Thisviewpath is possible
giventhe V/Lift,i blanketgeometry,buthasa viewfactorof only0.278,anddoesnotchangethe results
of theanalysissignificantly.For the presentwork,thisradiantheatflowpath is conservatively
neglected.
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Figure A11.3. Afierheat in VI5Cr5Ti for the BCSS V/Li/Li Blanket
10

o--- o At First Wall
I v-- --v 5 cm Behind First Wall
I o----o 40 cm BehindFirst Wall

I o- -- • 60 cm Behind First Wall_oo.o-o_-o- -o- --o .... o- --

E

VV-v--V-- V_- V----V .... V ...... V---

,_ so-o-o-- o_ -o-- --o ..... • ........ • .........
< 0.001 -- -e

==•'=-•--•---e--- •...... •......... •............ •

0.00001 ...........
0 0.5x105 1.0xlO 5 1.5x10s 2.0x105 2.5x10s

Time After Shutdown (sec)

The aiierheat of the MT-9 in the manifold region of the BCSS V/Li/Liblanket is shown

in Figure A11.4 for the front and back regions of the manifold.

Figure A11.4. Afterheat of MT-9 in Manifold of the BCSS V/Li/Li Blanket
0.1

v-- --v Back of Manifold (60 cm into Blanket)
n .... n Front of Manifold (40 cm into Blanket)

_v\ "°"" D-. -0 .... 0 ....... 0 ........... 0 ............... 13

"-" 001 v\
1.__

0.001 .........
0 0.5x10 s 1.0x10s 1.5x105 2.0x10 s 2.5x105

Time Alter Shutdown (sec)
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The afterheat of the Fe!422 in the shield region is shown in Figure A! !.5. The aflerheat

generated by the water in the shield is negligible compared to the structural aflerheat.

Figure A 11.6. Afterheat of Fe 1422 in Shield of BCSS It is interesting to
V/Li/Li Blanket

compare the aflerheat

10" - I o--- o Back of Shield generatedby thev.... v-- - -v Frontof Shield
I

"_v-.. Fe1422 in the

V/Li/Li blanket
¢

10"a

_.O.o," shield to the aflerheat
<_ o....o., generated by the

10-5 _..

""--o.. MT-9 in the shield of
_'O_ ....

Blanket Design 2.
10.7

o o.5xlO5 1.OxlO5 1.5xlO5 The afierheatof the

Time After Shutdown (sec) Blanket Design 2

shieldwasdiscussed

in Section6.1.2, and
Figure AI 1.7. Aflerheat of MT-9 in Blanket Desil_ 2 Shield

t,,._, the results are
10.3 --- ,,_. -" reproducedagain

,,--- m Front of Shield here in FigureA11.7.
e----e Back of Shield

lO.5 The aflerheatin theE
shield of the V/Li/Li

blanket is much
10 -7

higher than the

...... * aflerheat in the shield

10-9 ............
0 0.5x10s 1.0x10s 1.5x10s of Blanket Design 2.

Time After Shutdown (secs)

There are two main
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reasons for the large difference in aiterheating in the two shields. Firstly, the MT-9 of

the Blanket Design 2 shield has lower activation characteristics than the Fe1422 used in

the V/Li/Li shield. Secondly, and most significantly, the _"Li Li blanket is sign(ficaut b,

Ih#mer lhau Blanke! Design! 2. This results in a higher, harder neutron flux impacting on

the front of the V/Li/Li shield than impacts the shield for Blanket Design 2. This higher,

harder neutron flux results in significantly more activation in the shield structure. As will

be shown, the higher afierheat in the shield will have an important impact on the

performance of the V/Li/Li blanket during a LOCA.

Important inputs to the LOCA analysis are the emissivities of the surfaces which can

radiate heat in Figure A11.2. For the blanket-to-shield radiant heat flow path, and

emissivity of 0.7 is assumed for both surfaces, as was done for Blanket Designs l and 2

and justified in Section 5.2.3.3. For the in-blanket surfaces, the emissivity is assumed to

be 0.5. This emissivity is typical for oxidized metal surfaces, 7 arid in the absence of data

for VCrTi, is used herein, s

7T.Baumeister,et.al.,Mark's Standard Handbook for Mechanical Engineers, EighthEd., Mc-Graw
Hill, 1978.

SOxidationof the VCrTi surfaceswill occurin the presenceof oxygen, even at temperaturesbelow 650
degrees C. However,below 650 degrees the oxidationis not as rapid,and does notresultin formationof
an oxide with a low meltingpoint. Sincewe areconcernedin the presentanalysiswith a LOCAwith
air ingress, it is reasonableto assume an emissivity associatedwith an oxidized metal.
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The normal operating temperature as a function of distance from the first wall for the

BCSS V/Li/Li blanket/shield is given in Figure A] 1.8. The distribution is linear within

Figure A11.8. Operating Temperature Distribution in the blanket region,

V/Li/Li Blanket and Shield 9 ranging from a first6OO

wall temperature of
soo

525 degrees C to a

_- 4oo temperature of 300o,_,

3oo _ degrees C at the

_ back of the blanket.
2oo

The shield region is

10o assumed to be 100

0 ............... degrees C during
0 0.4 0.8 1.2 .6

normal operation.
DistancefromFirstWall(m)

Two LOCA cases are now presented. The first case assumes a LOCA with the plasma

extinguishing at the onset of the LOCA, and with no cooling of the shield region after

the onset of the accident. This could occur if there was a common-mode failure which

caused both a LOCA in the lithium loop and a failure of the shield water system pump(s).

This is the worst-case undercooling accident with respect to the oxidation concern, since

both the blanket and the shield heat up, resulting in the highest temperatures in the

VCrTi structure. The inboard blanket/shield configuration is analyzed here since the

thermal mass of the inboard shield is lower than that of the outboard shield. This results

in more rapid heating of the shield region, and hence more rapid heating of the blanket

structure as well. As was done for the analysis of Blanket Design 2 at the beginning of

9From D. L. Smith, et.al., Blanket Comparison and Selection Study (BCSS) - Final Report, Argonne
National Laboratory report #ANIJFPP-84-1, September 1984.
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Chapter 6, the blanket/shield configuration is assumed to be thermally isolated from the

surroundings. Figure A I 1.8 shows the results of this analysis. This figure shows the

Figure A11.8. LOCA in Inboard V/Li/Li Blanket/Shield with temperature of the

No Shield Water Circulation inboard V/Li/Li
700-

_ blanket first wall600 Temp. requiredfor VCrTi and the front of
catastrophicfailure

5oo ........ the shield.The
." _ FirstWall

400 ,' ...... Frontof Shielc_ first wall
7 L.-----.-

t't le

E / temperature rises300

: from an initial

200 0" Potentialfor Catastrophic

100 _ FailureAfter 9.2 hours temperature of 525
o 2oooo 4oooo socxx_ aoooo degrees C to 600

Time After Shutdown(sec) degrees, then

dropstemporarily

astheVCrTi aflerheatingnearthe first wall dropsearly in the transient(seeFigure

Al 1.3). The first wall temperaturethen risesat a moremoderaterate reaching650

degreesafter9.2 hours. At this point, air ingresscoupledwith the LOCA couldcause

grossstructuralfailureof the firstwall region. The front of theV/Li/Li blanketshield

rapidly heatsup to 450 degreesC, thencontinuesto risein temperaturemoreslowly.

This heatup of theshieldpreventsheat from rapidlyradiatingfrom the blanketto the

shield, exacerbating the heatup of the first wall.

The second LOCA analysis to be run assumes that the Shield Water System (SWS) has

natural circulation capability. Hence, the front of the shield stays at 1O0 degrees C

throughout the transient. Except for this new boundary condition, the analysis is the

same as the first LOCA analysis just presented. The results of the natural circulating

SWS analysis are shown in Figure AI 1.10.
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Figure All. 10. LOCA in Inboard V/Li/Li Blanket/Shield The figure shows that
with Natural Circulation in SWS

by keeping the front of

65o '_ the shield at 100
Temp. requiredfor VCrTi

o_',_, catastrophicfailure degreesC via natural

"_ circulation of the

E
® SWS, the V/Li/Li firsti--

wall is kept well below

s5o 650 degrees C for the
10hours

_, entire transient, thus

0 10000 200o0 3ooo0 4oooo stxxx_ eliminating the risk of
Time After Shutdown(see)

grossstructuralfailure

in theeventof air

ingress.

In Chapter 6 it was shown that for Blanket Design 2 the effect of a SWS capable of

natural circulation ensured long-term (10 days after accident onset) passive safety of the

blanket in the event of a No-Flow LOFA. This appendix has shown that for a different

blanket design with a different worst ease accident, having a SWS capable of natural

circulation earl greatly improve the short-term (9.2 hours after accident onset) passive

safety of the blanket. Although a cost estimate for a natural circulation-capable SWS is

not performed herein for the V/Li/Li blanket shield, based on the results of the analysis

shown in Chapter 6 the cost would be expected to be minimal compared to the cost of

the overall blanket/shield complex.
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