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ABSTRACT

In APEX fusion reactor model, the first solid wall has been replaced with fast

flowing thin liquid wall layer. Liquid wall has a large potential to enhance the
vision of fusion. Because, liquid wall usage can increase life time of the structure
to that of the reactor by decreasing failures on the structural materials, and also
allows high neutron wall load (>10 MW/m?) (1), (2), (3), (10). In this study,
design and calculations of APEX were carried out as 3-D torus by using MCNP-
4B computer code. Molten salt Flibe (F, Li, Be) was taken as liquid wall. In liquid
first wall concept, it has been seen that the usage of Flibe is advantageous.
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APEX FUZYON REAKTOR MODELININ

MONTE CARLO YONTEMi KULLANARAK TASARLANMASI

OZET

APEX fiizyon reaktér modelinde, plazma ile yiizlesen ilk kati duvarin yerini
hizli akan ince sivi duvar tabakasi almistir. Sivi duvar, bir enerji kaynag: olarak
fiizyonun vizyonunu muazzam bir sekilde gelistirme yetenegine sahiptir. Ciinkii,
sivi duvar kullanimi; yapisal malzeme hasarlarin1 azaltarak bu malzemelerin
omriinii reaktér 6mrii seviyesine getirmekte, ayrica yiiksek nétron duvar yiikiine
(>10 MW/m?) imkan saglamaktadir (1), (2), (3), (10). Bu ¢alismada, APEX’in
tasarim ve hesaplamalart MCNP-4B bilgisayar kodu kullanilarak torus seklinde ii¢
boyutlu olarak gergeklestirilmistir. Sivi duvar olarak Flibe (F, Li, Be) erimis tuzu
kullanilmigtir. Sivi ilk duvar yaklasiminda, Flibe sivisinin kullaniminin avantajl
oldugu goriilmisgtiir.

Anahtar Kelimeler: APEX, Sivi ilk Duvar, Fiizyon Teknolojisi, MCNP

1. INTRODUCTION

1. GIiRiS

Geleneksel fiizyon reaktorlerinde, plazma etrafindaki
yapisal malzemeler i¢in hasar mekanizmalari;

- yiiksek enerjili flizyon nétronlart ile ¢arpigma sonucunda
yapisal malzeme igerisindeki atomlarin yerlerinin
degismesi ve

- (n,p), (n,a0), (n,d) ve (n,t) niikleer reaksiyonlari sonucu
yapisal malzeme icerisinde gaz iretimidir. Hidrojen
izotoplar yiiksek igletme sicakliklarinda yapisal malzeme
icerisinden disariya yayilabilir, ancak o parcaciklart metal
icerisinde kalir ve Helyum gaz kiirelerini iiretir.

Plazma ile yiizlesen ilk duvar, plazmada agiga ¢ikan
yiiksek enerjili ndtron, gama 1sm1 ve yikli parcacik

In conventional fusion reactors, the
mechanisms for structural materials are as follows;

damage

- Dislocation of atoms in the structural material resulting
from collision with high energy fusion neutrons

- Gas generation in the structural material arising from
(n,p), (n,a), (n,d) ve (n,t) nuclear reactions. Hydrogen
isotopes can diffuse from the structural material to outside
at high operating temperatures, but o particles are detained
in the metal and generate Helium gas bubbles.

The first wall facing with the plasma will be exposed to
high energy neutron, gamma ray and charged particle
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akilara maruz kalacaktir. Bu ilk duvar, yapisal malzeme
(kat1) olmasi durumunda; en ¢ok hasar bu bdlgede
olusacak ve duvarin dmrii birkag yil ile sinirlanacaktir.

APEX c¢alismalarinda, plazmayla yiizlesen geleneksel
ilk kati duvarin yerini hizli akan bir ince sivi duvar
tabakas1 almustir. Serbest ilk sivi duvar kavrami yenilikei
bir yaklasimdir. Ilk sivi duvar ¢ok hizli olup yiikli
parcaciklart hapseder, hemen arkasinda biraz daha yavas
akan kalin sivi duvarda (manto) agiga c¢ikan enerjiyi
hapseder ve 1stya g¢evirir. Sivi duvar, bir enerji kaynagi
olarak flizyonun vizyonunu muazzam bir sekilde
gelistirme yetenegine sahiptir. Geleneksel kati ilk duvar
kavrami ile karsilastirildiginda; sivi duvar su Onemli
avantajlara sahiptir: (4)(14)(15)

- Yenilenebilen duvar o6zelligi ile,
yogunluguna (>2 MW/m?) imkan saglar,

- Dabha iyi trityum tiretim potansiyeli vardir,
- Notronik acgidan, yapisal malzemelerdeki radyasyon
hasari ve aktivasyonu dnemli dlgiide azaltir,

- Reaktor kab1 igerisindeki malzemelerin  bakimi
kolaylasir,

- Reaktorde malzemelerle ilgili problemleri azaltir,

- Hem maliyet hem de zaman agisindan ARGE
gereksinimini azaltir,

- Yiiksek termodinamik verim (>%40) saglar.

2. APEX FUZYON REAKTOR MODELI{

APEX Modelinde, Sekil 1’de goriildiigii gibi, ilk kat1
duvarin yerini hizla akan ince bir sivi duvar tabakasi
almaktadir. Sekilde, farkli bolgeler igin °C cinsinden
sicakliklar gosterilmistir. Sivi girisinde sicaklik ortalama
500 °C civarinda olurken sivi ¢ikisinda ve sivi yiizey
sicakligt ortalama 600 °C civarlarinda olmaktadir.

yiiksek  gii¢

APEX caligmalari esnasinda, sivi duvar diisiincesi bazi
ortak Ozellikler yaninda olduk¢a farkli noktalar1 ve
degerleri iceren kavramlar da gelistirmistir. Tablo—1" de
gorildiigi  izere, bu kavramlar; sivinin  kalinligy,
kullanilan sivi ¢esidi ve sivi akisimi kontrol etmede
kullanilan tutma kuvveti g¢esidine gore siniflandirilabilir.

(13)

Enerji tastyict sivi, yeterli Trityum temin edebilmek
icin Lityum igeren bir ortam olmalidir. Pratiksel olarak
adaylar; Lityum veya Sn-Li sivi metalleri ile Flibe (F, Li,
Be) erimis tuzudur. Lityum ve Flibe sivilari, uzun yillar
geleneksel kavramlar igin dikkate alinmistir. Sn-Li,
plazma ylizeyinde akan sivi igin 6nemli bir avantaj olan;
yiiksek sicakliklardaki oldukga diisiik buhar basinci
ozelliginden dolay1 APEX c¢aligmalarina dahil edilmistir.
Plazmanin kararligi, enerji tastyict sivinin  elektriksel
iletkenligine bagli olarak degismektedir. Sivi metal
akislarinda, manyetik-hidrodinamik (MHD) c¢ekmelerin
iistesinden gelmek icin elektrik izolatorlerin kullanilmasi
gerekebilir. Flibe icin ise, MHD etkileri oldukca
onemsizdir. (3)(15)

G.U. J. Sci., 18(2):201-210 (2005)/ Basar SARER* Aybaba HANCERLIOGULLARI, Nurettin SAVRUK

fluxes that originate from the plasma. In case this first wall
is structural material (solid), the highest damage will occur
at this region and the lifetime of the wall will be limited
with a few years.

In the APEX studies, the conventional first solid wall
facing with the plasma is replaced with fast flowing thin
liquid wall layer. Free-surface first liquid wall concept is a
revolutionary concept. The first liquid wall flows very fast
and detains charged particles, and followed by the thick
liquid wall (blanket) which flows slowly and absorbs
generated energy and converts it to heat. Liquid wall has a
capability to enhance tremendously the vision of the
fusion as an energy source. Comparing with the
conventional solid first wall concept, liquid wall has
following advantages; (4)(14)(15)

- with the renewable wall characteristic, allows high
power density (>2 MW/m?),

- has improved tritium breeding potential,

- Neutronically, reduces radiation damage and activation
dramatically in structural material,

- Easiers maintainability of in-vessel components,

- Reduces problems related with reactor material.

- Reduces R&D requirements concerning both cost and
time scale,

- provides high thermodynamic efficiency (>40%).

2. APEX FUSION REACTOR MODEL

In APEX model, as shown in Figure 1, the first solid
wall is replaced with fast flowing thin liquid wall layer. In
the figure, the temperatures in °C are given for various
regions. At the liquid exit and liquid surface the
temperature is about 600 °C whereas it is 500 °C at the
liquid inlet.

The liquid wall idea evolved during the APEX study
into a number of concepts that have some common
features but also have widely different issues and merits.
These concepts can be classified (as shown in Table 1)
according to: thickness of the liquid, type of liquid used,
and the type of restraining force used to control the liquid
flow (13).

The working liquid must be lithium- containing
medium in order to provide adequate tritium. The only
such practical candidates are the liquid metals lithium and
Sn-Li, and the molten salt Flibe (F, Li, Be). Lithium and
Flibe were considered for traditional concepts for many
years. Sn-Li was introduced into APEX because it has
very low vapor pressure at elevated temperature, which is
an important advantage in a plasma-facing flowing liquid.
The plasma stability differs based on the electrical
conductivity of the working liquid. Flowing liquid metals
may require the use of electrical insulators to overcome
the MHD drag, while for Flibe free surface flows, MHD
effects caused by the interaction with the mean flow are
less significant. (3)(15)
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Cizelge 1. APEX Sivi Duvar Alternatifleri

Table 1. APEX Liquid Wall Alternatives
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Plazmayla direkt olarak yiizlesen ve bir kati “sirt
duvar’in ontindeki sivi duvar igin se¢ilen kalinlik, bazi
ortak noktalara sahip fakat yegane avantaj ve gelismeler
iceren farkli kavramlar ortaya ¢ikarmaktadir. Hem ince
hem de kalin duvar, yiiksek yiizey 1s1 akismi ortadan
kaldirmaya elveriglidir. ince ve kalin sivi duvarlar
arasindaki birincil fark; nétronlarin arka duvara ulasmadan
once sivi igindeki girme derinliginin siddetidir. Ince siv1
duvar kavramu erisilmesi kolaydir; fakat “kalin” sivi duvar
kavrami sivi arkasindaki yapisal malzemede radyasyon
hasarini ve aktivasyonu 6nemli oranda azaltir. (2)(7)(8)

3. MCNP-4 KODU iLE APEX’IN MODELLENMESIi

Giinlimiizde endiistriyel problemlerin  dogasindaki
karmasiklik maalesef pek ¢ok analitik ¢6ziimii olanak dig1
birakmaktadir. Problemlerin yapisi degisen teknolojiyle
birlikte karmasik hale gelmekte ve biitiinlesik sistemlerin
sayisi hizla artmaktadir. (6)(10)(11)

Analitik yaklasimlarin aksine simiilasyon modelleri,
karmagik problemlerin modellenmesi ve ¢oziimiinde daha
basarili olurlar. Degigkenler arasindaki etkilesimi
simiilasyon modellerinde gozlemek daha kolaydir. Ancak,
yogun bilgisayar kullanimi gerekir. Gergek sistemden
toplanan bilgiler, bilgisayarda gelistirilen modellere
uygulanarak  birtakim  sayisal sonuglara  ulagsmak
hedeflenir. Bunlarin degerlendirilmesi ve yorumlanmasi
yapilarak sistem performans Olgiitlerine ait birtakim
tahminlerde bulunulur. Simiilasyon modelleri aracilig: ile
en kotii durum senaryolar da incelenebilir.(6)

Simiilasyon tekniginin Monte-Carlo teknigi olarak
adlandirilmast Von Neumann ve Ulam tarafindan yapilmis
olup ilk uygulamalarini Nétron yayilimi problemlerinde
gerceklestirmiglerdir.  Monte-Carlo  teknigi, 06zel bir
denemede ya da bir simiilasyon g¢alismasinda bir ya da
daha cok olasilik dagilimindan rasgele sayilar segme
teknigidir. Yontem daha sonra, ¢oklu integral
degerlendirme problemleri gibi olduk¢a karmasik
istatistiksel olmayan problemlerin ¢dziimiine kolaylikla
adapte edilmistir. Baz1 yazarlar, yontemin sadece varyans
azaltma tekniklerinin 6rnekleme islemlerinde kullanilmasi
seklinde siniflandirilmasini 6nermislerdir. Buna ragmen,
yontemin  bugiinkii  kullanimi,  genellikle  olasilik
dagilimlarindan rasgele degerlerin se¢imi seklindedir.(10)

Calismada kullanilan APEX fiizyon reaktorii, Monte-
Carlo teknigini kullanan MCNP-4 bilgisayar programi
kullanilarak, torus seklinde {i¢ boyutlu olarak
tasarlanmustir (14)(15)(16). APEX reaktorii i¢in boyutlar,
APEX caligmalar1 kapsaminda gergeklestirilen ARIES-RS
reaktér modelinden alimmistir. Bu modelde torusun
yarigapt 552 cm, kiigiik yarigapt ilk sivi duvarmn ig
yiizeyinden 143 cm dir. Torusun yiiksekligi, ilk siv1 duvar
merkezinden 250 cm olarak alinmistir. Calismada
kullanilan reaktériin malzemeleri Tablo 2°de, yarigap ve et
kalinliklar1 ise Sekil 2’de tek boyutlu olarak ayrintili bir
sekilde gosterilmektedir.
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The thickness selected for the liquid wall layer flow
directly facing the plasma and in front of a solid “backing
wall” leads to different concepts that have some common
issues but many unique advantages and challenges. Both
thin and thick liquid walls can adequately remove high
surface heat flux. A primary difference between thin and
thick liquid walls is the magnitude of attenuation of
neutrons in the liquid before they reach the backing wall.
The “thin” liquid wall concept is easier to attain, but
“thick” liquid wall concepts greatly reduce radiation
damage and activation of the structure behind the liquid.

@)(7)(®)
3. DESIGN FOR APEX BY MCNP-4 CODE

Nowadays, the complexity in the nature of the
industrial problems unfortunately makes analytical
solution impossible. The nature of problems becomes
complicated and the number of integrated systems
increases very fast with the technological developments.

(6)(10)(11)

On contrary to the analytical approaches, simulation
models are more successful in modeling and solution of
complicated problems. It is ecasier to follow the
interactions between the variables in simulation designs.
But, it requires too much computer usage. It is aimed to
get numerical results by applying the data collected from
the reel system to the model developed on the computer.
By evaluating and interpreting the results, some estimates
are done for system performance criterions. By using
simulation models the worst condition scenarios can also
be investigated. (6)

Calling the simulation technique as Monte-Carlo
technique was done by Von Neumann and Ulam, and first
applications was carried out in neutron diffusion
problems. Monte-Carlo technique is randomly number
selection technique from one or more probabilistic
distribution in a special trial or simulation study. The
method was then adopted easily for solution of much more
complicated and non-statistical problems such as integro-
differantial evaluation problems. Some authors suggested
classification of the method for using only for sampling
works of variance reduction techniques. However, the
usage of the method nowadays is generally in selection of
values randomly from the probabilistic distributions.(10)

APEX fusion reactor used in the study was designed by
using  MCNP-4 computer code, using Monte-Carlo
technique, as 3-D torus (14)(15)(16). The dimensions for
the APEX reactor has been taken from the ARIES-RS
reactor design which was made in the framework of
APEX studies. In this model, the radius of torus is 552 cm
and minor radius starting from inner surface of first wall is
143 cm. The height of torus starting from center of first
wall is 250 cm. The reactor materials used in the study are
given in Table 2, and radius and thicknesses in one
dimension are shown in detail in Figure 2.
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Table 2. Materials Used In The Design of The APEX Fusion Reactor

Cizelge 2. APEX Fiizyon Reaktorii Tasariminda Kullanilan Malzemeler

Reaktoriin Malzeme/ Malzemenin i¢erdigi % lzotop/ Kiitlesel Yogunluk/
Boliimleri/ Material izotoplar/ Isotope % Mass Density
Reactor Zones Isotopes Included In (gr/cm®)
the Material
1. Bolge Vakum/
1* Zone Vacuum
2. ve 3. Bolge S1vi Duvar/ Li-6 0,150400
2" & 3" Zone Liquid Wall Li-7 1,849600 1.98
F 4,000000 ’
Be 1,000000
4. Bolge Celik Duvar/ C 0,001000
4™ Zone Ferritic Steel \% 0,002500
Cr 0,090000 3.03
Fe 0,885800 ?
Ta 0,000700
W 0,020000
5. Bolge Koruyucu/ F 1,600000
5" Zone Shield Li-6 0,060160
Li-7 0,739840
Be 0,400000
%60 F.S. + %40 w 0,012000 3.05
Flibe \% 0,001500 ’
Cr 0,054000
Fe 0,531480
Ta 0,000420
C 0,000600
6. Bolge Bosluk/
6™ Zone Gap
7. ve 9. Bolge SS316LN Fe 0,652818
7" & 9" Zone Cr 0,175079
Mn 0,018009
Si 0,002501
Ni 0,120055 8,01
Mo 0,025212
Nb 0,001910
Co 0,002501
Cu 0,002524
8. Bolge Vakum Vessel/ Ni 0,096044
8™ Zone Vacuum Vessel Mo 0,020009
H 0,400000
(0) 0,200000
%380 Ferritic Fe 0,522255
Steel + %20 H,O Cr 0,140063 5,28
Mn 0,014407
Si 0,002001
Nb 0,001120
Co 0,002001
Cu 0,002019
4. SONUCLAR 4. RESULTS
MCNP-4B  bilgisayar kodu ile gerceklestirilen

APEX’in kesiti Sekil 3 ve 4’ te gosterilmektedir. En icteki
bolge plazma ve bosluktan olugmaktadir. Bunu takiben ilk
sivi duvar, manto, ¢elik duvar, zirh, paslanmaz ¢elik,
vakum vessel ve paslanmaz celik bolgeleri bulunmaktadir

Cross-sectional views of APEX designed by using
MCNP-4B computer code are shown in Figure 3 and 4.
The inner region is consisting of plasma and vacuum.
Following this, first liquid wall, blanket, ferritic steel,
shield, stainless steel and ferritic steel zone take place.
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Figure 3. Cross-Sectional View of APEX Fusion Reactor Model Designed in MCNP-4B
Sekil 3. MCNP-4B’de Olusturulan APEX Fiizyon Reaktdr Modeli I¢in Torusun Kesiti

Modellemenin akabinde, plazma; sivi ilk duvarmn i¢
ylizeyinin homojen bir bi¢imde maruz kaldigi n&tron
kaynagi olarak modellenmis ve Sekil 5’te gosterilen
fizyon noétron spektrumu kullanilarak hesaplamalar

Figure 4. Cross-Sectional View of APEX Fusion Reactor Model Designed in MCNP-4B with Cell and Surface Numbers
From Inner to the Outer

Sekil 4. MCNP-4B’de Olusturulan APEX Fiizyon Reaktér Modelinin Igten Disa Dogru Hiicre ve Yiizeylerinin
Numaralandirilmig Kesitleri

Following modeling, plasma was designed as neutron
source that the inner surface of first liquid wall exposed to
neutrons homogeneously and the calculations were
conducted with the fusion neutron spectrum shown in
Figure 5.
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Figure 5. Neutron Spectrum Used In The Calculations

Sekil 5. Hesaplamalarda Kullanilan Kaynak Noétron Spektrumu

Flibe tuzu igerisindeki Li-6’nin  zenginliginin
degisimine bagli olarak ilk sivi duvar, manto ve zirh
bolgelerinde kaynak notron bagina liretilen toplam trityum
miktarlar1 (TBR) hesaplanmigtir. Tiim Li-6 zenginlikleri
icin TBR degeri, kendi kendine yetebilen bir fiizyon
reaktorii i¢in gerekli olan TBR > 1,05 sartim
saglamaktadir.

The total tritium production amount per source neutron
(TBR) in first liquid wall, blanket and shield zones was
calculated with respect to the enrichment of Li-6 in the
Flibe. For all Li-6 enrichments, TBR meets the
requirement of TBR > 1,05 which is necessary for self
sufficient fusion reactor.
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Sekil 6’da MNCP ile gerceklestirilen ii¢ boyutlu
hesaplama sonuglar;, APEX ¢alisma grubu tarafindan
ANISN bilgisayar kodu ile gerceklestirilen tek boyutlu
modelleme sonuglar1 ile birlikte gosterilmekte olup
sonuglar birbirine yakindir. Trityum {iretim oran1 (TBR);
dogal Li zenginligi i¢in (%7,56 Li-6 ve %92,44 Li-7)
maksimum olmakta ve Li-6 zenginligi arttik¢a
azalmaktadir. Bunun nedeni; sivi ilk duvarin plazmadan
cikan yiiksek enerjili nétronlara maruz kalmasidir. Li-6
zenginliginin artirilmasi; Li-7 oranmin azaltilmas: ve
dolayisiyla da Li-7(n,n’a)t reaksiyonlari araciligiyla
olusan noétron akismin da azalmasi demektir. Diger
taraftan, sivi ilk duvar yaklagiminda Flibe igerisindeki
dogal Li i¢in TBR degerinin en yiiksek olmasi; geleneksel
kati ilk duvar yaklasimlarinda Flibe kullanimi igin gerekli
olan Li zenginlestirme islemine gereksinimi ortadan
kaldiracagi i¢in 6nemli bir avantajdir.
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In Figure 6, the results of 3-D calculations with MCNP
is shown in comparison with the results of one
dimensional modeling with ANISN code carried out by
APEX working group and results are close to each other.
Tritium production rate (TBR) is maximum for natural Li
enrichment (7,56% Li-6 ve 92,44% Li-7) and decreases
with the increase in Li-6 enrichment. The reason is that the
first liquid wall is exposed to the high energy neutrons
originate from the plasma. Increasing Li-6 enrichment
means decreasing Li-7 enrichment and thus decreasing
neutron flux generated by Li-7(n,n’a)t reactions. On the
other hand, occurrence of maximum TBR value for natural
Lithium in Flibe in first liquid wall approach is an
important advantage because it eliminates enrichment
required in case of Flibe used in conventional solid first
wall approach.
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Figure 6. Tritium Production Rate Per Source Neutron Versus Li-6 Enrichment (5)(6)
Sekil 6. Flibe Igerisindeki Li-6 Zenginligine Bagh Olarak Kaynak Nétron Bagina Trityum Uretim Hizinin Degisimi. (5)(6)

Sekil 7°den goriilecegi lizere; Li-6 zenginligi arttikca,
Li-6’nin ndtron ile reaksiyonundan Li-7’nin nétron ile
reaksiyonuna nazaran daha fazla enerji agiga c¢iktigindan
fiizyon reaktdriinde ndtron reaksiyonlarindan elde edilen
enerji artmaktadir.

Geleneksel kat1 ilk duvar Sekil 5’te gosterilen yiiksek
enerjili ndtron akisina direkt maruz kalmaktadir. Halbuki,
stvi ilk duvar kullanildiginda, yapisal kati malzemenin
maruz kalacagi nétronlarin enerjisi ve akist Sekil 8’den
goriilecegi tlizere olduk¢a diismektedir. Notronlarn
enerjisi, 10 MeV mertebesinden eV diizeyine inmektedir.
Bu sayede, yapisal malzeme hasarlari olduk¢a
azaltilmaktadir.

In Figure 7, it is concluded that energy generated from
the neutron reactions in the fusion reactor is increased
with Li-6 enrichment because more energy is generated in
Li-6 neutron reaction than Li-7 neutron reaction.

Conventional first solid wall is exposed barely to the
high energy neutrons shown in Figure 5. But, when the
first liquid wall is used, the neutron energy and flux that
structural material exposed to it is decreased too much as
shown in Figure 8. The neutron energy is decreased from
10 MeV to eV levels. Hence, structural material damages
are importantly reduced.
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Figure 7. Recovered Energy From Neutron Reactions Per Source Neutron Versus Li-6 Enrichment in Flibe (MeV)
Sekil 7. Flibe Igerisindeki Li-6 Zenginligine Bagl Olarak Notron Reaksiyonlarindan Depolanan Enerji (MeV)
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Figure 8. Neutron Flux for Solid and Liquid First Wall Approaches That The Structural Material Close to the Plasma Exposed To It
Sekil 8. Kat1 ilk duvar ve sivi ilk duvar kavramlari i¢in plazmaya en yakin yapisal malzemenin maruz kalacagi ntron akilari
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