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DESIGN ANALYSIS OF SELF-COOLED LiQUID METAL BLANKETS
Y. Gohar

Fusion Power Program
Argonne National Laboratory
Argonne, lllinois 60439

ABSTRACT

A trade-off study of liquid metal self-cooled blankets was carried out to
define the performance of these blankets and to determine the potential to
operate at the maximum possibie values of the performance parameters. The
main parameters considered during the course of the study were the tritium
breeding ratio (TBR), the blanket energ, multiplication factor, the energy
fraction lost to the shield, the {ithium-6 enrichment In the breeder material,
the total blanket thickness, the reflector materlal selection, and the
compositions of the different blanket zones. Also, a study was carried out to
assess the Impact of different reactor design choices on the reactor per-
formance parameters. The design choices include the impurity control system
(timiter or divertor), the material choice for the iimiter, the elimination of
+ritium breeding from the inboard section of tokamak reactors, and the coolant
choice for the nonbreeding inboard bianket. In addition, tritium breeding
benchmark calculations were performed using different transport codes and
nuclear data libraries. The importance of the TBR in the blanket design

motivated the benchmark calculations.



[+ tntroduction

The main blanket functions in a fusion power reactor are to convert the
kinetic energy of the deuterium-tritium (DT} neutrons to recoverable heat and
produce adequate tritium breeding to supply the ftritium fue! requirement
during the whole reactor |ifaetime as well as generate enough surplus tritium
to start another reactor within a reasonable period of time. From the reactor
design point of view, it is desirable to maximize the recoverable heat
produced in the blanket which is defined as the energy deposited in the first
wall, breeder, reflector, and plenum per fusion neutron. Another important

function of the blanket is to perform as a part of the reactor bulk shield.

In parametric analyses,l'2 three performance parameters are used to
compare the different blanket designs; the tritium breeding ratio (TBR) , the
blanket energy multiplication factor, and the energy fraction lost to the
shield. The analyses were systematically done to study the changes in these
performance parameters due to the following varlables: a) the breeder
material selection (lithium or lithlum-lead), b) the lithium=6 enrichment,
¢) the breeder zone thickness, d) the reflector material selection, e) the
reflector zone thickness, and f) the reflector zone composition. The maln
rasults from the parametric analyses are presented in this paper.

Another study was performed to quantify the relative changes in the
reactor periormance parameters due to the following design choices: a) the
impurity control system (limiter or divertor), b) the material choice for the
limiter, <) the elimination of the +tritium breeding capability from the
inbocard section of tokamak reactors, and d) the coolant choice for the non-
breeding inboard blanket. A seif-cooled liquid metal (Li or 17Li-83Pb)
blanket was considered with a steel (PCA type) structure. Helium or water was
the coolant for the non-breeding blanket. Two limiter blade designs were
employed in the analyses.

Accurate prediction of the tritium breeding ratio is an important issue
in the blanket design process. Therefore, tritium breeding benchmark

calculations were carried out to assess the impact of using different

transpor + codes and nuclear data libraries.



L. Parametric Studies

The neatranic pertarmance ot Liquid mefal (L1 or HLIT-830b) selt-cooled
blankets are detined o wiae ranges ol blanket parometers.  Optimum blankod
dosian ranges were obtained tor both broeeders with stee! structure,

Plat o dritiam dreoding

The brankot parancters consi sy for the study are given in Table |I.

The tirst wall aa1 the frit um Loeefing zone compositions are dictated by

thermal hydraulic, structure, and MDD considerations. Difterent reftliector

materials (C, Al, Cu, Jr, Mo, W, Pb, 11,0, PCA steel type, and V15Cr3Ti alloy)

were omployod. Tne VL earichment in the 17Li-83Pb changed from natura!l
abundance to 90%. Only natural abundance was considered for the liquid
lithium breeader. In general, tho blanket does not benefit from tithium-6

enrichment unlass a neutron multiniier or a large structural fraction is used
in the breeding zone. A shielding zone is inciuded in the calculational modet
to insure correct boundary conditions at the outer surface of the reflector
zone. The one~dimensional discrete ordinates code ANISN3 was used to perform
the transport calculations with a Pz approximation for the scattering cross
sections and an Sg anqular quadrature set. A 67-coupled group nuclear data
Fibrary (46-neutron and 21-gamma) based on ENDF/B-1V was employed ftor these
calculations. VITAMIN-C? and MACKLIB-1V? libraries werc used to ob*ain this

library.

Lithium and lithium=-lead biankets require a reflector zcne which has good
neutron moderators combined with high Z-materials to absorb the seccndary
gamma rays. The retlector materials soften the neutron spectrum which
increase the 6Li(n,a)f reaction rate. The high Z-reflector materials absorb
the secondary gamma rays generated from the blanket and the front section of
the shield which causes an increase in the blanket energy multiplication
factor. Thus, the use of the reflector zone improves the blanket performance
in the following manner: a) it reduces the blanket thickness to achieve a
specific ftritium breeding ratio, b) it increases the blanket energy
muitiplication factor, ¢) it reduces the energy generation in the bulk shield,
and d) it reduces the total blanket and shield thickness for a specific
blankat performanca. The TBR analyses are considered in this section. The

other aspects will be discussed in different sections of fhe'reporf.



A natural  lithium~lcead blanket, with ferritic steel (HT-9) as a
structural material and without a reflector zone, was considered in order to
demonstrate the undesirable characteristics of this configuration. For this
blanket, a 1.0 m breeder zone thickness 15 required to achiave a 1.24 TBR. At
this thickness, the shield zone absorbs about 0.17 neutrons per fusion neutron
and generates about 7% of the total enérgy. Increasing the breeding zone
thickness to 1.2 m reauses the neutron leakage and the energy generation in
The shield by a facto- of two and increases the TBR from 1.24 to 1.31.
Therefore, the 1.2 m breeder zone thickness is required to capture 96% of the
total energy generated in the blanket with adequate tritium breeding. Such a
thickness has undesirable effects on the reactor design. For a natural liquid
lithium breeder, ‘he neutron leakage is greater than the teakage from the
corresponding {ithium-lead blanket. The neutron leakage from a (.0 m lithium
breeder zone is about 0.5 neutron per fusion neutron which generates problems
for the reactor design. Lead is more effective In slowing down the fusion

neutrons relative to lithium.

In order to compare and select a reflector material for detall analysis,
sevaeral materials were used with the same blanket. The blanket has a 50 cm
thick lithium-lead zone with a § Vol% PCA structural material. The reflector
zone is 30 cm thick with a 5 Vol$ |ithium-lead coolant and another 5 Vol% PCA
structure. The OLi enrichment is 90% to ensure adequate neutron absorption
in BLi for tritium breeding. The other blanket parameters are given in Table

Te

The TBR obtained from this analysis is given in Table 2 as wel! as the
energy generated in the blanket per fusion neutron. The water reflector gives
the highest TBR due to the excellent slowing down properties of hydrogen.6
The carbon reflector produces a 4% lower tritium production relative to
water. The high 2-reflector materials produce lower TBRs relative to water or
carbon. This is due to more parasitic absorption and less slowing down in the
reflector materials. The use of a high pressure water reflector with the
self-cooled liquid metal concepts represents an undesirable combination based
on safety considerations. The carbon reflector is the choice if a high TBR is
the main criterion for the design. The other reflector materiats (Cu, Cr, Mo,
W, Pb, type PCA steel, and V-15Cr-5Ti alloy) produce about the same TBR as

shown in Table 2. Etach of these materials has at least one disadvantage from



TABLE 1.
BLANKET PARAMETERS FOR THE NUCLEONIC ANALYSES

Zone Zone
Zone Thickness Composition
Description {cm) (Vol. %)
First Wall 1 50% steel structure

504 1iquid metal?

Breeder (BT)D 7.5% steel structure
92.5% liquid metal®

Reflector (RT)D cZb steel structure
0%° liquid metal?
(100-C-D)% reflector material (RM)

Shield 60 90% type Feld22 steel
104 water

@ Natural lithium or |1t+hium-|ead.
BT, RT, C, and D are variabtes, where BT [s the breeder zone thickness and
RT is the reflector zone thlckness.

TABLE 2.
IMPACT OF THE DIFFERENT REFLECTOR MATERIALS ON THE LITH!UM=LEAD
BLANKET? PERFORMANCE

Ref lector Tritium Blanket Energy (MeV)
Material Breeding Ratio Per DT Neutron
Mo 1.54 18.06
Cu 1.55 17.82
W 1.51 17.63
Type PCA Steel 1.59 17.36
Hp0 1.75 17.36
V=15Cr-5Ti Alloy 1.60 17.28
Zr 1.60 17.05
C 1.68 16.96
Ph 1.59 16.48
Al 1.57 16.47

88lanket parameters are listed in Table 1 with the following modifications:
49 cm breeding zone thickness (95% 17Li-83Pb, 5% PCA steel +yge), 30 cm
reflector (5% 17Li-83Pb, 90% reflector, 5% PCA steel type) and 90% °OLi




a reactor design point of view. For example, Cu, Zr, and Mc have long-term
radiocactive products and lead has a low melting point. The V-15Cr-5TI alloy
and W are expensive materials relative to the others. For these reasons,

carbon and steel type reflectors were the choice for more deta’| analyses.

Carbon and stee! with the natural lithium-lead breeder were cnmployed for
in-depth analysis. A ferritic steel (HT-9) structure was employed for this
analysis. Figures 1 and 2 show the TBR as a function of the reflector zone
thickness for different breeding zone thicknesses. The blankets with the
steel refiector do not achicve a TBR greater than 0.9 for G0 cm maximum
blanket thicknesses (breeder and reflector). The same blanket with a carbon
reflector has a TBR greater than 1.2. This performance difference is related
to the ratio of the !ithium=6 macroscopic ahsorption cross section, to the
tota! macroscopic absorption cross section in the reflector zone. This ratio
is c¢lose to unity for the carbon reflector because it 1s dominated
by 6Li(n,u)’r cross section. For low enerjy neutrons, the carbon absorption
cross section Is four to six order of magniudes lower than 6Li(n,a)*r. For the
steel reaeflector, this ratio is less than one because the macroscopic
absorption cross section of steel 1s comparable to |ithium=-6 which causes a
competition botween the steel and the lithlum on the available neutrons in the
ref lecvor zone. This point Is c¢learly demonstrated when the Ltiinium=-6
enrichmant is ingreased in the blanket. The TBR increases from 0.9 to 1.5

when the lithium enrichment is 90% instead of the natural enrichment for the

same blanket as shown in Figs. 2 and 3.

Based on the above analysis, the natural lithium-lead blanket with carbon
reflector car achieve a TBR greater than 1.2. The same blanket with a steel
reflector requires a !ithium=-6 enrichment to obtain a similar TBR. However,
the steel reflector produces a higher blanket energy multiplication which is
the sub ject of the next section. Similar behavior is observed with the liquid
lithium breeder except both reflectors can achieve a TBR greater than 1.2 with

natura! lithium.

The higher energy multiplication factor of the liquid metal blankets with
stee! reflector motivated further in-depth analysis to address the potential
of this concept. The results will aiso apply to other high Z-reflectors (Cu,
Mo, ana W). Tha blanket parameters in Table 1 were considered with the

lithium-iead breeder where the lithium-6 enrichment (LE) was varied from
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natural enrichment to 90%. The breeder zone thickness (BT) changed from 20

to 50 cm for different reflector zone thicknesses (RT). A sample of the TBR
results Is shown in Figs. 4 and 5, Other reflector compositions were used In
the analysis which show similar trend to the results displayed in Figs. 4 and
5.

With respect to the tritium breeding results, the following observation
can be made: a) a TBR up to 1.65 is achievable with a total blanket thickness
less than 90 cm, b) the TBR of the natural lithium-lead blanket increases lin-
early with the breeding zone thickness for any reflector zone thickness up to
about 1.2 m total blanket thickness, c) for a specific breeding zone thick-
ness, the TBR ratio increases and reaches a saturation level as the reflector
zone thickness increases to about 30 cm, d) at 30% 1ithium-6 enrichment, a TBR
of 1.2 to 1.4 is achievable with a blanket thickness less than one meter, and
c) for a specific tritium breeding ratio, the total blanket thickness de-

creases as the lithium-6 enrichment or the breeding zone thickness increases.

The carbon rcflector with the lithium-lead breeder gives similar results
to the stee! reflector. |t requires about 40 cm zone thickness to achieve the
TBR saturation value for a specific breeding zone thickness instead of the 30
cm for the steel reflector. Also, the natural lithlum blanket with a carbon
reflector has a higher tritium breeding potentlal than the corresponding

blanket with a stee! reflector.

A similar analysis was performed for the lithium breeder with a steel re-
flector. Only natural lithium is used because the small steel fraction in the
blanket does not require high !ithium~6 concentration to achieve the highest
.possible TBR:Y Also, fh; use of natural |ithium reduces the breeder material
.cosf. As an example, Fig. 6 shows the TBR as a function of the breeding zone
thickness for different reflector zone thicknesses. The results show that a
60 cm |lithium blanket produces a TBR greater than 1.2 but it has a low energy
multiplication factor. The next section will address this issue in detail.
Again, it appears that about a 30 cm steel reflector zone is adequate to

achieve thz maximum TBR.

11.2 Blanket Energy Multiplication

A main function of the blanket is to produce recoverable heat in suitabie

conditions for the plant thermal cycle. Thus, a good design strategy is to

10
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maximize the recoverable heat while just meeting the nther requirements, such
as the required tritium breeding ratio.

Molybdenum, copper, and tungsten reflector materials produce the highest
energy deposition In the blanket. Among these three materials, tfungsten Iis
the preferred material for two reasons. It has a good shield performance
which reduces the total blanket and shield thickness. Also, tungsten does not
produce long-term activation and it can be recycled without difficulty. Steel
and water reflectors deposit the same amount of energy in the blanket through
different mechanism as can he seen from the corresponding TBRs. The blanket
with a vanadium reflector produces less energy than the corresponding blanket
with steel. The other reflector materials (Zr, C, Pb, and Al) are in a lower
rank in terms of the energy deposition per fusion neutron but they produce
higher TBRs due to their low absorption cross sections. Again, steel and
carbon were used for in-depth analyses for the same reasons discussed in the

previous section.

Figures 7 and 8 show the blanket energy multiplication as a function of
the Ilthlum-lead breeding =zone thickness for different reflector zone
thicknesses and two 11thium=-6 enrichments. The blanket energy multipllication
factor decreases as the Iithium-6 enrichment increases. As shown before for
the lithium-!ead breeder in the previous section, the 6Ll(n,u)+ reaction rate
increase with the [ithium=6 enrichment because more neutrons are absorbed in
the lithium-6 with a Q value of 4.8 MeV instead of about 7 to 8 MeV from
neutron capture in the stee! structure. As a result, a low lithium-6
enrichment should be used to increase the blanket energy multiplication. For
both breeder materials, an increase in the reflector zone thickness increases
the blanket energy multiplication and the TBR. So, it is always desirable to
have the reflector zone tnickness in the range of 30 to 40 cm to improve the
blanket performance. For blankets with a reflector zone thicknesses less than
30 cm, an increase of the breeding zone thickness improves the blanket energy
myltiplication factor and the TBR. As the reflector zone thickness exceeds
the range of 30 to 40 cm, the blanket energy multiplication slowly decreases

with the increase of the breeding zone thickness as shown in Figs. 7 and 8.

Similar results for the carbon reflector with a natural lithium-lead
breeder were obtained. For the same blanket, the use of the carbon reflector

results in less blanket energy multiplication and higher TBR relative to the
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stee! reflector. The blanket energy multiplication increases to a saturation
value as the breeding zone thickness increases for any reflector zone
thickness. This observation Is different from the steel reflector cases. In
tact, the carbon reflector increases the neutron absorption rate in (ithium=-6
and reduces the rneutron !eakage from the blanket. This causes an Increase in
the TBR and the blanket energy multiplication. In the case of the steel
reflector, lithium-6 has tc compete on the available neutrons with the parasi-
tic absorption in the steel. In this case, the use of a high Ilithium-6
enr ichment increases the TBR but reduces the blanket energy multiplication as

explained before.

Figure 9 shows the blanket energy multiplication for the natural liquid
Jithium breeder as a function of the breeding zone thickness for different
reflector zone thicknesses. The results are similar to the lithium-lead

breeder with a steel reflector,

1t.2 Shield Energy Deposition

The energy generated in the shield system is lost because it js not
sultable for power generation. This loss should be minimized to Improve the
reactor economics by adjusting the blanket dimenstons and/or compositions.
The plant efficlency drops by about 1% for every 3% of the total energy
generated in the shield. Figures 10, 11 and 12 give the energy fraction of
the total energy generated in the shield for the same range of the blanket

3

parameters discussed in the previous two sections.

!n order to reduce the energy generation in the shield to tess than 3%
for the bfianket with the lithium-iead breeder and the steel reflector, the
totai blanket thickness should be in the range of 80 to 90 cm thick depending
on the Ilithium-6 enrichnent. The corresponding blanket with the natural
lithium requires about 90 cm total blanket thickness. The use of 90%
lithium=-6 enrichment reduces the blanket thickness to about 80 cm. This shows
that the use of the 90% ljithium-6 enrichment instead of the natural abundance
reduces the total blanket thickness only by 10 cm. However, this reduction in
thickness is accompanied by more than a 6% reduction in the blanket energy
multipiication factor. The corresponding dimensions for the same blanket with
the carbon reflector are 60 to 70 cm. These dimensions indicate that the use

of carbon reflector results in a 20 cm reduction in the blanket thickness.
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Agalin, a blanket with the carbon reflector has a higher TBR and lower bilanket

energy muitiplication than the same blanket with the steel reflector. For the
ftquid tithium blanket, 60 cm btanket thickness is required. This dimension
is equivalent to the |ithium-lead blanket with a carbor raflector.

1.4 Optimum Design Parameters for the Liquid Metal Blanket Concepts

From a reactor design point of view, the blanket parameters should be de-
tfined to a) satisfy the tritium breeding, therma! hydraulic, and mechanical
requirements; b) achieve the highest possible energy multiplication; ¢} reduce
the energy deposition in the shield to less than 3% of the total energy
produced; and d) use low cost and natural materials to reduce the reactor
capital cost. A 1.2 TBR based on a one-dimensional analysis is used as the

basic criterion; the potential for a higher TBR is also considered.

For the lithium-lead btanket concept, the steel reflector produces a
higher blanket energy multiplication factor than carbon. The blanket energy
multiplication factor shows a continuous decrease as the lithium=6 enrichment
increase. Thus, It is desirable to have the lowest possible 1ithium=6 enrich=
ment subject to achieving adequate tritlum breeding. In fact, the 1.2 TBR is
achievabie with a 30% 1ithium=6 enrichment as shown in Figs. 4 and 5. Figure
7 shows thet the blanket energy multiplication saturates at about 40 cm
reflector zone thickness. At this reflector thickness, the energy deposition
in the shield is about 3%. This blanket contiguration (40 cm breeder and 40
cm reflector) has the potential to achieve a 1.5 TBR if the Ilithium~6
enrichment is increased to 90% as shown in Fig. 5. Also, @ 10 cm increase in
the breeding zone thickness changes the TBR from 1.2 to 1.35 for the same
lithium-6 enrichment. However, for both cases the blanket energy mul-
tiplication decreases as the |ithium-6 enrichment or the breeding zone thick-
ness increases. Also, the increase of the l|ithium-lead concentration in the
refiector zone increases the TBR and reduces the blanket energy multiplication
factor. Table 3 gives the main parameters for this blanket based on the above
analyses.

A similar eanalysis was performed to define the lithium blanket parame-
ters, Figure & shows that a 40 cm breeder zone *'.ickness is required to
achieve a 1.2 TBR, a !5% correction factor for 7Li(n;n‘,u)+ is included to

account for the change in the Iithium-7 nuclear data. From a blanket energy
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TABLE 3

RECOMMENDED DESIGN PARAMETERS FOR LITHIUM=LEAD AND LITHIUM BLANKETS

Lithium-Lead Blanket

First Wall Zone (50% 17L1-83Pb, 50% ferritic steel) thickness, cm
Breeding Zone (92.5% 17L.1-83Pb, 7.5% ferritic steel) thickness, cm
Reflector Zone (20% 17Li-83Pb, 80% territic steel) thickness, cm

Lithium-6 Enrichment, %

Blanket Energy Multiplication Factor

Tetal Energy Multiplication Factor

Energy Generated in the Blanket Per Fusion Neutron, MeV

Total Energy Generated in the Reactor Per Fusion Neutron, MeV

Tritium Breeding Ratio
Lithium Blanket

First Wall Zone (50% Li, 50% ferritlc steel) thickness, cm
Breeding Zone (92.5% Li, 7.5% ferritic steel) thickness, cm
Reflector Zone (10% Li, 90% ferritic steel) thlickness, cm
Lithium=6 Enrichment

Blanket Energy Multiplication Factor

Total Energy Multiplication Factor

Energy Generated in the Blanket Per Fusion Neutron, MeV

Total Energy Generated in the Reaéfor Per Fusion Neutron, MeV
Tritium Breeding Ratio (1.28 Based on ENDF/B-1V)

1.00
39.00
30.00
Natural

1.30

1.37
18.32
19.24

1.21
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multiplication point of view, a reflector zone thickness exceeding 30 cm I[s
required. The energy deposition in the shield is about 3% of the tota! energy
deposition for the 30 cm reflector zone thickness as shown in Fig. 12, The
parameters for the lithium blanket is also given In Table 3. The blanket has
a potential to achieve a 1.4 TBR by increasing the breeder zone thickness to
about 60 cm.

Itl. Impact of Reactor Design Choices on the Pertormance Parameters

A study was performed to quantify the impact on the reactor performance
parameters of the impurity control system (limiter or divertor), the material
choice for the limiter, the elimination of friiium breeding capability from
the inboard section of tokamak reactors, and the coolant choice for the non-
breeding inboard blanket. A self-cooled l|iquid metal (!ithium and 1ithium-
lead) blankets were considered with a steel (PCA type) structure. Helium or
water was the coolant for the non-breeding blanket. Two |imiter blade deslgns
were used to assess the sensitivity of the blanket performance. The blanket
parameters, the 'geometrical models, and the results from these studies are

presented.

I11.1 Computational Models

Two self-cooled liquid metal blankets with different breeder materials
were used for this study. The breeder materiais are natural liquid lithium
and |lithium-lead (|7Li-83Pb) with a 90% lithium-6 enrichment. The PCA steel
alloy is the structure and the reflector material. Table 4 gives the blanket
parameters for the inboard and the outboard sections of the reactor. Two
limiter blade designs were used in the analysis. The first blade design has a
copper structure material, a water coolant, and a carbon tile, which was
judged unsatisfactory for 1liquid metal blanket concepts. The second blade
uses the liquid metal coolant of the blanket with a vanadium (V-15Cr-5Ti
alloy) structure and a beryllium tile. Table 4 also gives the dimensions and
the compositions for the two blades. The divertor design uses only a liquid
metal coolant as shown in Table 4.

Several geometrical models were developed for this study based on the
STARFIRE design.?210 The first geometrical model assumes a tritium breeding
blanket for the outboard and the inboard sections of the reactor without an

impurity control system as shown in Fig. 13-a. The second geometrical model
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TABLE 4

DESIGN PARAMETERS OF DIFFERENT REACTOR COMPONENTS

Component

Parameters

(Thickness—-Composition®)

Breeding Blanket

First wall

Breeder Zone
inboard
OQutboard

Reflector Zone
inboard
Qutboard

Nonbreeding Blanket

shield
Inboard/Outboard

Water Cooled Limiter

Coolant

Structural material
Tile material
Blade width

Blade thickness
Duct width

Blade composition

40 cm
60 cm

20 cm
30 ¢cm

60 cm

Hp0

Copper

Carbon

72 cm
4 cm
57 cm

50%

7.5%
7.5%

30%
90%

90%

90%

PCA, 50% liquid metail®

PCA, 92.5% liquid metal®
PCA, 92.5% liquid metal®

PCA, 10% liquid metal®
PCA, 10% liquid metal®

PCA, 104 coolant®

Fe1422 stee! alloy, 10% coolant

1.25 cmd - 100% C
2.50 cm -

0.25 cm -

50% H,0, 50% Cu
100% C



TABLE 4 (cont'd)
DESIGN PARAMETERS OF DIFFERENT REACTOR COMPONENTS

Component Parameters

(Thickness-Composition?)

Ligquid Metal Cooled Limiter

Coolant Liquid Metal®
Structural material ¥-15Cr-5Ti alloy
Tile material Bery! lium

Blade width 72 cm

Blade thickness 6 cm

Duct width 57 cm

Blade composition 0.10 cmd - 100% Be

0.15 cm - 100% V-15Cr-5Ti alloy

0.50 em - 80% coolant, 20% V-15Cr-5T1 alloy
.50 cm -~ 100% V-15Cr=-5Ti alloy

0.50 ¢m ~ 80% coolant, 20% V-15Cr-5Ti alloy
0.15 em - 1008 V-15Cr-5Ti alloy

0.20 cm - 100% Be

Divertor

Coolant Liquid Mefalp

Structurail material V=15Cr-5Ti alloy

Tite material Bery! | ium

Blade thickness 3.5 cm

Blade composition® 1.0 cmd -100% bery!!ium

2.5 cm - 58% coolant, 42% V-15Cr-5Ti alloy

a

bVo!ume percent.
Natural !ithium or 17Li-83Pb with 90% 1ithium-6 enrichment.

CH50 or helium.
Surface facing the plasma.
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is similar to the first except a non-breeding blanket is used for the inboard
section as shown in Fig. 13-b. A bottom limiter was added for both models to
study the Impact on the reactor performance as shown in Figs. 13-c and 13-d.
The details of the limiter geometry are shown in Fig. 13-e. Also, a single
null divertor was used Instead of the limiter as shown in Fig. 13-f. In
aasitlon, two one-dimensional models were developed to compare the one- and
three-dimensional results for the cases with a tritium breeding capability for

both blanket sections and without an impurity control system.

The three-dimensional Monte-Carlo code MORSE’ was used to perform the
transport calculations with a Py approximation for the scattering cross
sections, except for the two one-dimensicnu! geometrical models. The one-
dimensional discrete ordinates code ANISN® was used with P3Sg approxi-
mations. Again, the 67-coupled group cross-section data library (46 neutron

and 21 gamma) used in the parametric studies was employed for the Monte-Carlo

calcuiations.

[11.2 Tritium Breeding and Energy Deposition Changes

The reactor geometrical models without an impurity control system and
with a tritium breeding capability in the Inboard section were used to calcu-
late the blanket performance parameters. The results from the ANISN calcula-
tions show that the poloidal and the toroidal geometrical models predict very
closely the TBR and the blanket energy depositicn (BED) values as shown In
Table 5. However, the poloidal model does not account for the smaller inboard
blanket thickness which causes a small increase in the TBR and decrease in the
BED of about 1% in both parameters. This is due to the increase in the neu-
tron absorption rate in the stee! shield which deposits more energy relative
to the neutron capture in the Iithium-6, as mentioned before. The main
difference in the resul+s.from both models is in the prediction of the shield
energy deposition (SEDR) as shown in Table 5. For the reactor wunder
consideration, the poloidal model underestimates the SED by a factor of two
reiative to the toroidal mode! (the expected value). A MORSE calculation for
the first geometrical model! shown in Fig. 13-a was performed to compare with
the one-dimensional calculations. The results given in Table 5 show that the
MORSE results are in good agreement with the one-dimensional toroidal results
calcutated by ANISN. For example, the relative difference in the TBR is about

0.7% which is less than the statistical error in the Monte-Carlo calculations.
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TABLE

5

BLANKET PERFORMANCE PARAMETERS FROM THE DIFFERENT GEOMETRICAL MODELS WITH A

Lithium Breeder

Geometrical mode!

Transport code

SLi(n,a)T reaction rate per DTn
7Litn,n"a)T reaction rate per DTn
Tritium breeding ratio?

Blanket energy deposition, MeV/DTn
Shield energy deposition, MeV/DTn

Lithium=Lead Breeder

Geometrical model

Transport code

8Litn,a)T reaction rate per DTn
7Litn,n")T reaction rate per DTn
Tritium breeding ratio?®

Blanket energy deposition, MeV/DTn

FULL TRITIUM BREEDING BLANKET AND WITHOUT AN IMPURITY CONTROL SYSTEM
1-D poioidal 1-D toroidal 3-D
AN SN ANI SN MORSE
0.906 0.909 0.880
a 0.470 0.463 0.479
1.376 1.372 1.359
18.79 18.95 18.78
0.28 0.44 0.40
1-D poloidal 1-D toroidai 3-D
ANISN ANISN MORSE
1.648 1.632 1.606
a 0.003 0.003 0.003
1.651 1.635 1.609
17.48 17.67 17.07
0.20 0.39 0.30

Shield energy deposition, MeV/DTn

8The 7Li(n,n‘a)T reaction rates are reduced by 15% to account for the change

in the 7Li cross sections.
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In al!l of the Monte Carlo calculations, the fractional standard deviations are
less than 1.5% and 3% for the TBR and the energy deposition, respectively.
Several MORSE calculations were performed to study the change in the TBR
and the energy deposition due to different design options selected for the
inboard blanket and impurity control system. The results in Table 6 address
the impact of the copper limiter (carbon tile, copper structure, and water
coolant) and the different inboard blanket options on the TBR and the energy
deposition for the lithium and the lithium-lead blankets. These results show’
that the use of the copper limiter reduces the TBR by about 4% and 5% for the
lithium and the lithium-lead blankets, respectively. This conclusion is
consistent with the previous analysis for a Liy,0 blanket performed for
FED/INTOR.11 Also, the BED is reduced and the SED is increased significantly

as shown in Table 6.

For both blankets, the inboard blanket was changed and the reactor
performance parameters are calculated as shown in Table 6. The PCA/HZO
inboard bhlanket with the copper |Imiter produces the largest impact on the
TBR, the losses are 17% and 24% for the |1thium and the lithium-iead blanket
concepts, respectively, relative to the full breeding case without the
limiter. Comparing both liquid blankets, the lithium-lead blanket has a
softer neutron spectrum which makes this blanket concept sensitive to changes
in the plasma chamber. For the PCA/H0 inboard blanket with the lithium-lead
outboard blanket the loss in the TBR is proportional to the loss in the
surface area available for the tritium breeding. The BED is increased by
about 6% which results from the exothermic absorption ot the low energy
neutrons in the steel structure and less leakage to the shield. The
corresponding impact for the helium coolant instead of water in the inboard
blanket is less because the neutron spectrum is harder. For example, the TBR
ot the He cooled inboard blanket is 1.30 compared to 1.23 for water coolant.
Also, the heilum coolant generates 3% less energy in the blanket and 40% more

energy in the shield relative to the water coolant.

The same observations about the impact ot the inboard blanket coolant are
valid for the lJitnium blanket. However, the BED decreases when the !imiter
and non-breeding blanket are employed for the impurity control system and the

inboard section, respectively. This is the contrary to the results of the



lithium=lead blanket concept. The increase In neutron streaming through the
limiter duct is causing this loss in the BED because of the harder neutron
spectrum. The PCA/HQO inboard blanket increases the BED by 0.5 MeV per DTn

and reduces SED by 30% relative to the tithium inboard blanket because of the

neutron slowing down process.

The etftect of the limiter design is analyzed for both blankets as shown
in Table 7. For the lithium blanket, the use of the vanadium 1limiter
(beryllium tile, V-15Cr-5Ti structure, lithium coolant) acts as a neutron
muitipl!ier region which cause an increase in the TBR and the BED. In addi-
tion, the vanadium alloy has a low neutron capture cross section relative to
the copper which also improves the neutron economy. For the lithium-lead
blanket, the effect of the I|imiter on the blanket performance is different
because it is a therma! blanket. The low absorption cross section of the
vanadium structure relative to the copper causes an increase in the TBR.
However, from the energy multiplication point of view, copper produces a

higher BED as shown in Table 7.

The limiter and the divertor impurity control options with vanadium
etructure were considered to compare their effect on the reactor performance
parameters, Table 8 gives the performance parameters for each Impurity
control option with different inboard blankets for both liquid blankets. The
results show that the divertor option has a small advantage over the
limiter. The TBR is about the same for both options. However, the BED is
higher with the divertor because the neutron absorption rate in the vanadium
structure is lower. This means more neutrons are absorbed in the steel
structure which results in more energy due to the difference in the Q values
of both materials. The reactor with a divertor produces about 4% more energy

than the limiter case.

IV. Tritium Breeding Benchmark Calculations for Liquid Lithium Blankets

Tritium breeding benchmark calculations were performed by using different
transport codes and data libraries. ANTSN® and MCNP'12 transport codes were
employed. ANISN is o one-dimensioral, multi-group, neutron/photon transport
code wusing the discrete ordinates method and the Legendre expansion
approximation for the scattering cross sections. MCNP is a three-dimensional,
continuous energy, neutron/photon transport code using the Monte Carlo

method. Four nuclear data !ibraries based on ENDF/B version IV and V were
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TABLE 6
IMPACT OF THE INBOARD BLANKET DESIGNS AND THE LIMITER OPTIQONS
ON THE REACTOR PERFORMANCE PARAMETERS

Lithium Breeder

Inboa-d blanket materials Li/PCA Li/PCA PCA/H,0 PCA/He
Computational mode! 3-D/MORSE 3-D/MORSE  3-D/MORSE  3-D/MORSE
Impurity control option None Cu-limiter Cu~limiter Cu~-!imiter
6Li(n,u)T reaction rate

per DTn 0.880 0.852 0.739 0.781
Litn,n"a)T reaction rate

per DTn? 0.479 0.453 0.389 0.389
Tritium breeding ratio? 1.359 1.305 1.128 1.170
Blanket energy deposition,

MeV/DTn 18.78 18.02 18.53 18.26
Shield energy depositien,

MeV/DTn 0.40 0.51 0.35 0.46

Lithium-Lead Breeder

Inboard blanket materials 17L1-83Pb/ 17L1-83Pb/ PCA/H,0 PCA/He
PCA PCA

Computational model 3-D/MORSE  3-D/MORSE  3~D/MORSE  3-D/MORSE
Impurity control option None Cu limiter Cu limiter Cu limiter
6l.i(n,u)T reaction rate

per DTn 1.606 1.522 1.228 1.294
7Litn,n"a)T reaction rate

per DTn? 0.0G3 0.003 0.002 0.002
Tritium breeding ratio? 1.609 1.525 1.230 1.296
Blanket energy deposition,

MeV/DTn 17.07 16.65 17.71 17.26

Shield energy deposition,
MeV/DTn 0.30 0.43 0.29 0.41

3The Li (n,n"a)T reaction rates are reduced by 15% to account for the change
in the 7Li cross sections.
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TABLE 7

IMPACT OF THE LIM|TER MATERIALS ON THE REACTOR PERFORMANCE PARAMETERS

Lithium Breeder

Inboard blanket materials
Computational model
Limiter structural material
6Li(n,a)T reaction rate
per DTn
7Litn,n"a) reaction
rate per DTn?
Tritium breeding ratio®
Blanket energy deposition,
MeV/DTn
Shield energy deposition,
Mev/DTn

Lithium~Lead Breeder

Inboard blanket materials

Computational model
Limiter structural material
sLi(n,u)T reaction
rate per DTn
7Li(n,n‘u)T reaction
rate per DTn®
Tritlum breeding ratio?
Blanket energy deposition,
MeV/DTn
Shield energy deposition,
MeV/DTn

Li/PCA PCA/He
3-D/MORSE  3~D/MORSE
Copper Copper
0.852 0.781
0.453 0.389
1.305 1.170
18.02 18.26
0.51 0.46
17Li- PCA/He
83Pb/PCA
3-D/MORSE  3~D/MORSE
Copper Copper
1.522 1.296
0.003 0.002
1.525 1.298
16.65 17.26
0.43 0.4

Li/PCA PCA/He
3-D/MORSE  3-D/MORSE
VI5Cr5Ti  VI5Cr5TI
0.891 0.805
0.456 0.397
1.347 1.202
18.23 18.34
0.49 0.39
1700~ PCA/He
83Pb/PCA
3-D/MORSE  3-D/MORSE
VI5CrSTi  VISCrSTi
1.551 1.334
0.003 0.002
1.554 1.336
16.53 17.07
0.41 0.38

3The Li(n,n”"a)T reaction rates are reduced by 15% to account for the change

in the 7Li cross sections.
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TABLE 8

IMPACT OF THE IMPURITY CONTROL OPTION ON THE REACTOR PERFORMANCE PARAMETERS

Lithlum Breader

Inboard blanket materials Li/PCA PCA/He
Computational model 3-D/MORSE  3~D/MORSE
Impurity control option Divertor Divertor
Divertor or timiter

structural material V15Cr5Ti V15CrSTi
8Li(n,a)T reaction rate

per DTn 0.877 0.776
7Li(n,n"a)T reaction

rate per DTn? 0.473 0.401
Tritium breeding ratio® 1.350 1.177
Blanket energy deposition,

MeV/OTn 18.56 18.93
Shield energy deposition,

MeV/DTn 0.49 0.34

Lithium-Lead Breeder

Inboard blanket materials 17Li-83Pb/ PCA/He
PCA

Computational model 3-D/MORSE  3-D/MORSE

impurity control option Divertor Divertor

Divertor or limiter

structural material V15Cr5T1  V15Cr5Ti
8Li(n,a)T reaction

rate per DTn 1.581 1.317
7Litn,n"a)T reaction

rate per 0Tn? 0.002 0.003
Tritium breeding ratio® 1.583 1.320
Blanket energy deposition,

MeV/DTn 17.13 17.80
Shield energy deposition,

MeV/DTn 0.38 0.36

L1/PCA
3-D/MORSE
Limiter
V15CrSTi

0.891

0.456
1.347

18.23

0.49

1L1=-83Pb/
PCA
3-D/MORSE
Limiter
V15Cr5Ti

1.551

0.003
1.554

16.53

0.41

PCA/He
3-D/MORSE
Limiter
VISCr5Ti

0.805

0.397
1.202

18.34

0.39

PCA/He

3-D/MORSE
Limiter

V15Cr5Ti

1.334

0.002
1.336

17.07

0.38

3The 7Li(n,n“a)T reaction rates are reduced by 15% to account for the change

in the 7Li cross sections.
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used In the calculations. Vitamin-C? and MACKLIB-1V® Iibraries were collapsed
to a 46-neutron groups structure for ENDF/B-IV ANISN calculations. Also, the
Vitamin-£'3 library was collapsed to the same group structure for the ENDF/B-V
ANISN calculations. MCNP employed two continuous energy !ibraries based on

the ENDF/B version |V and V.

A natural liquid Iithium blanket with PCA as a structural and reflector
material was used for the benchmark. The blanket parameter is glven in Table
S as well as the number of intervals for the discrete coordinate
calculations. The ANISN calculations were performed with an Sg symmetrical
angular quadrature set and a Py approximation for the scattering cross
sections. The neutron source distribution is uniform in the ptasma volume and
the energy range of the first neutron group (13.499 to 14.918 MeV) for all the
calculations. The atomic density of each blanket material is given In Table
10, The fractional standard deviation Tn the MCNP results is less than 1.5%

for all these calculations.

The breeding zone thickness was varied from 39 to 79 cm with a 20 ¢m
step. The TBR was calculated for each blanket four times using the
different combinations of the transport codes and the data |ibraries. Table
11 glves the TBR resulits for the three blankets. The relative differences
between the TBR results for each liquid lithium blanket are given in Table
12. For the same data base (ENDF/B-!V or V), the TBRs calculated by MCNP or
ANISN have a good agreement as shown in Table 11. The dlfferences between
MCNP and ANISN results have a maximum value of 1.33%. This maximum difference
is less than the 1.5% statistical error in the MCNP results.

However, the difference between ENDF/B version 1V and V is about 4.6 to
5.6% which is mainly related to the correction in the 1ithium~7 cross sec-
tion. These results lead one to conclude that the uncertainty in the TBR for
this liquid lithium blanket concept is about 1% due to nuclear data process-
ing, multigroup treatment, and numerical errors from the transport codes.

Also, a similar conclusion was found for the lithium-lead blanket with a total

thickness less than 80 cm14.

V. Conclusions

The results of the parametric study are as follows: a) the lithium-lead

blanket achieves a higher TBR with a smaller blanket thickness relative to the
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TABLE 9
BENCHMARK BLANKET PARAMETERS

Radius No. of
Zone cm Intervals Composition
Description From To Per Zone Vol. %
Plasma 0 130 5 Vacuum
Scrape-of f 130 150 1 Vacuum
First Wall 150 151 1 50% PCA, 50% Li
Breeding 151 190 39 7.5% PCA, 92.5% Li
Ref lector 19¢ 210 20 90% PCA, 10% Li
Shielding 210 270 50 90% Fel1422, 10% H20
TABLE 10
ATOMIC DENSITY OF THE BENCHMARK BLANKET MATERIALS
Atomic Density,
Material Element Atom/b-cm
H0 H 6.700-2
0 3.350-2
Li gLi 3.450-3
Li 4,255-2
PCA Steel Cr 1.274-2
Ni 1.290-2
Fe 5.499-2
c 1.971-4
Feld22 Alloy C 2.309-3
Cr 1.843-3
Mn 1.219-2
Fe 6.953-2
Ni 1.580-3
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TABLE 11
TRITIUM BREEDING RESULTS CALCULATED WITH DIFFERENT

METHODS AND NUCLEAR DATA LIBRARIES FOR EACH BENCHMARK BLANKET

Blanket Thickness, cm
(First Wali & Breeding Zone Thickness/
Reflector Zone Thickness)

Transport
Data Base Code 40/20 60/20 80/20
ENDF/B-1V ANISN 1.2832 1.4471 1.5333
ENDF/B-1V MCNP 1.2695 1.4338 1.5288
ENDF /B-V ANI{SN 1.2103 1.3735 1.4626

ENDF /B-V MCNP 1.1984 1.3656 1.4434

TABLE 12.
RELATIVE DIFFERENCES BETWEEN THE TRITIUM BREEDING RATI0OS
CALCULATED WITH DIFFERENT METHODS AND NUCLEAR DATA LIBRARIES
FOR EACH BENCHMARK BLANKET

Btanket Thickness, cm
(First Wall & Breeding Zone Thicknesses
Reflector Zone Thickness)

40/20 60/20 80/20

(ANISN = MCNP) x 100/MCNP with ENCF/B-1V 1.08 0.93 0.29
(ANISN - MCNP) x 100/MCNP with ENDF/B-V 0.99 0.58 1.33
(ENDF /B-V - ENDF/B-1V) x 100/MCNP with ENDF/B-V -5.68 -5.09 -4.61

{ENDF/B-V - ENDF/B-1V) x 100/ANISN with ENDF/B-V -5.60 4.76 -5.59
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[ithium blanket; b) the lithium blanket generates more energy per fusion
naeutron relative to the lithium-lead blanket; c) among the possible reflector
materials, the carbon reflector produces the highest TBR; d) the high=Z
reflector materials (Mo, Cu, W, or steel) generate more energy per fusion
neutron and produce smaller TBRs relative to the carbon reflector; e) lithium=-
6 enrichment is required for the lithium-lead blanket fto reduce the total
blanket thickness; and f) the energy deposition per fusion neutron reaches a
saturation as the blanket thickness, the fraction of the high-Z material in
the reflector, or the reflector zone thickness increases (this allows one to

design the blanket for a specific TBR without reducing the energy production)

The tritium breeding benchmark calculations show that the uncertainty in
the TBR for (iquid lithium blankets is about !% due to nuclear data
processing, mu!tigroup ftreatment, and numerical errors from the transport
codes.

The impact of the different reactor design choices on the reactor
performance parameters was studied with three~-dimensional models based on the
STARFIRE reactor model for several ceges. The results from this part of the
study are the following: a) the impurity control system (limiter or divertor)
with a liquid metal coolant (Li or 17L1-83Pb) and vanadium structure have a
negligible effect on the TBR; b) For the same material in the impurity control
system, the !imiter reduces the energy deposition in the blanket by about 3%
relative to the divertor; c) the limiter with water coclant and copper
structural material causes about a 4% drop in the TBR relative to the Iithium-
vanadium limiter; d) For the lithium-lead blankets, the drop in the TBR is 19%
and 15% for steei-water and steel-helium materials for the inboard blanket,
respectively; e) The water-steel inboard blanket produces a 6% increase Th"+ﬂé
energy deposition per fusion neutron relative to the breeding blanket in the
inboard section; and f) The effect ot an inboard blanket on the performance of
the lithium blanket is slightly moderated relative to the iithium~lead
blanket.

»
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