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I[Ipu pemreHUn HENTPOHHO-HU3NUECKUX 33aAay C rPYOOI TPOCTPAHCTBEHHON
CETKON, KaKUMW, B YaCTHOCTY, ABAAIOTCA pacyeTst PY BP (vanpumep, BH-800 n
BH-1200) c Aueitkoi B BULLe Te€KCATrOHAILHOW IIPAMOYTOILHOW ITPU3MBL, MOfie-
JMpYIoLIne TEIUI0BLIAENAOLIMe COOPKU PEAKTOPa, ITpobieMa TPOCTPAHCTBEHHO
anmpoKCUMaluK B S, -TIPUONMKEHUM CTAHOBUTCA BECbMA aKTYaJlbHOM.

Cpenu KOHEUHO-Pa3HOCTHHIX CXEM JJ1l YpaBHEHUA IlepeHoca HEMTPOHOB U TaM-
Ma-KBaHTOB Hanbosee LIMPOKOe MMPUMEHEHWUE HALIU «B3BElIEHHbIE AJIMA3HbIE»
(WDD) cxembl. OHU 3bdEKTUBHBL C TOYKU 3p€HUA MPOCTOTHL Peanu3auuu u
BBIYUCAUTENbHBIX 3aTpaT. 0aHAKO B 3a7layax, 0003HAYEHHBIX BbILIE, ITPOSABIA-
10TCA UX HeLoCTaTku. AnMasHan cxema (DD), umes BTOPOM ITOPALOK AIIIPOKCU-
Mauuu (Hawnyvuvii ajis 4aHHOTO CEMENCTBA CXeM), He 0071aflaeT CBOWCTBAMMU
TIOJI0KUTEILHOCTU Y MOHOTOHHOCTU. B CUi1y 3TOT0 06CTOATENLCTB, B PELIEHUN
3a4acTyl0 IPUCYTCTBYIOT OTPULATENIbHEIE 3HAYEHUA WK Hedhuandeckue oCcuml-
nsuuu. Ularosasn cxema (St), nuireHHas HeLOCTATKOB aIMA3HOW CXeMbl, 0611a-
LAET NWUUIb TIEPBLIM MTOPALKOM TOYHOCTU. B CBA3W ¢ MOTPe6HOCTHIO B BLICOKO-
TOYHbIX PacyeTax ee UCII0Jb30BaHUe BUAUTCA He3PPEeKTUBHLIM.

CywecTBy10T aiTOPUTMbL KOPPEKLIUM OTPULLATENILHBIX 3HAUEHW, @ TaKKe afjal-
TUBHbIE (AWDD) cxeMbl, HallelleHHbIE KaK Ha YMeHblIeHNe YPOBHA OCLWUIALNA,
TaK U Ha MTONYYeHNe TI0JI0XUTENbHOTO peureHua. OLHAKO 3TW aNiTOPUTMLL He-
TaTUBHO CKA3LIBAKTCA Ha MOPAAKE alllPOKCUMALIUY, U B TAKUX CIy4asnX TOBO-
PAT 0 CXeMax IIepBOro — BTOPOTO MOPALKA TOYHOCTU. K TOMY e Ana afanTws-
HbIX CXeM CYLleCTBYET Npobema BbI60pA [TapaMeTPOB CXEMbL.

OueBUZHBLIM BLIXOZOM U3 CUTYAL UK C TIOBLILIEHUEM KauyecTBa U TOUHOCTU pac-
yeTa ABAeTCA U3Menbuenune ceTkn. B cnyuae PY BP npocTpatcTBeHHasn ceTka
TIpefCTaBnAeT co60i HAbOP MPAMBIX IPU3M C TIPABWILHLIM LIECTUYTOLHUKOM
B OCHOBaHUMU (B TaKoM ciyvae roBopart o HEX-Z-reomerpun). IloaTomy rekca-
TOHAJIbHbIE AYeWKU MOXHO pa3buTh Ha pomboBuaHbie (Tpu pomba Ha OAUH
LIECTUYTONbHUK; 12 pOMOOB Ha OAMH LIECTUYTONBHUK W T.7.). [nA monyyeH-
HOW CeTKU U3 POMOOB WUCITO/Ib3YETCA aIMa3HasA cXeMa. B cuny MeHbliero, mo
CPaBHEHWIO C UCXOAHLIM, pa3Mepa AYeKU HeLOCTATKU CXEMBI ITPOABATLCA He
6yzmyT. TakxKe MOXeT OBITh UCTIONIb30BAHA TPEYTOJIbHAS CETKa.

Jpyroii moaxop B pelreHnn 0603HaueHHO Po6IeMbl — pa3paboTKa METOL0B
MOBLILIEHHOTO MOPALKA TOUHOCTU 6e3 YBeNUYEHUS UNC/la PaCYeTHLIX TOYEK.
OgHUM U3 TaKUX METOJOB ABJAETCA HOMAIbHLIN. B 0CHOBe 11060r0 HOZANbHO-
IO MEeTOJA JIEXXUT pa3jloxeHue HeU3BeCTHOW PYHKUMUN BHYTPU HOZA (371eMeH-
TApPHOTO 06bEMA C HEN3MEHHBIMU CBONCTBAMU) IO 6A3UCHBIM QYHKLMAM C TTOC-
NIeLYI0MUM BEIYUCIIEHUEM MOMEHTOB Pa3l0XKeHUA.

B panHxomn craTbe peyb MOMAET O HOZANLHOM SN—MeTop,e B HEX-Z-reomeTpun.

KnioueBble c/10Ba: peakTop Ha ObICTPbIX HENTPOHAX, HENTPOHHO-M3MYECKMiA pacyeT,
HOZANbHBbII METOA, Sy-NPUOANKEHUE, TEKCAaroHabHAsA reoOMeTpHs.

© B.II. BepesHes, 2015
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HOAAJIbHbIH S,-METOA

PaccmoTpuM cTauMOHapHBbI NPOLLECC NePEHOCa HEMTPOHOB, OMMUCHIBAEMbIV IMHENHBIM
ypaBHeHuem bonbumaHa. llocne guckpetusauum no yraoBoi U SHEPreTMYecKon nepemeH-
HOM umeem

Q, Ve, (x.y.2)+ Z°(x.y.2) 0,7 (x,y.2) =

g
= Z[ng'”g +I?— vng'JZWm 0, (x,¥.2),
g eff m

(1)

rne ©n7(x,y,z) — NNOTHOCTb NOTOKA HEATPOHOB B TOYKe (X,V,Z) B HanpaBneHun Q, 8
rpynne g; X2 (X,y,Z) — NONHOE MAaKPOCKOMMYECKOE CeYeHe B3auMOaencTBus; X9 29
— MaKpOCKOMMYECKOE CeYeHne paccesHus U3 rpynnsl g’ B rpynny g; X9 — CNekTp HelTpo-
HOB feneHus; Kegr— 3PheKTUBHbINA KOIDDULMEHT PAa3MHOXKEHUS HEATPOHOB; VEI — unc-
N0 HENTPOHOB [lefIeHnsA, BO3HUKLIMX NPU OLHOM aKTe fileNleHun; W, — BeC YyrNoBOI KBaj-
paTypsbl. [lanee WHAEKCHl g U M, N0 BO3MOXHOCTU, Oyaem onycKaTb.

PaccMoTpuM pacyeTHyto iYeiKy C «pa3MepoM nop Kntou» Ax 1 BbICOTOI Az, Kak n306pa-
JKEHO Ha puc. 1, KoTopas Moaenupyet ofiHy 13 BbICOTHbIX YyacTeit TBC akTusHoi 30HbI PY BP:

D ={[—%%}x[—yb(xm(X)]X[Zkue-lzsz]}'

Puc. 1. PacueTHas ayeitka B HEX-Z-reomeTpuu

Bbi6epem ans onpeaeneHHoCTH yrnoBoe Hanpasnenue Q> 0. NHTerpupoBaHue ypas-
HeHus (1) No nepeMeHHbIM ¥ U Z B Npefenax syeiku NpuBOAUT K OAHOMEPHOMY YPaBHEHMIO

£ 4o ()P (x)+ 23, () () = v, (1)2(x) L (3) @)

OTHOCUTENbHO 0HOMEepHOro noToka P(x):

®(x)

1 Zks1/2 ¥ (%)

=—— | dz 0, (x,y,z)dy.
ZJ/b(X)AZ I ( )

k Zk-1/2 _Yb(x)

B ypaBHeHuu (2) L(x) — yTeuka HEMTPOHOB, UMeloLas pafnanbHyio L(x) n akcuanbHyio
L,(x) coctaBnsiowme [1]:

L(X) = Lr(X) +yb(X) LZ(X)I
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Muq)qu (X)_qu)w (X)

_ 3 ,
L0, (0w, (x)
NE]

Lo(x) = E[Dze (x) = P~ (X)]/ Az

C yyeTom rpaHunyHoro ycnosus O(-Ax/2) = @;*¥ umeem pelweHue pas ypasHeHus (2):

Yy (X)Q(X)=%exp{—%(%_FXJ}(DMX+
x x 3
-i—Mi J. [yb(t)a(t)_L(t)]eXp{—%(X—t)}dt. (3)

X —Ax/2 X

Wcnonb3yem pasnoxeHue NoTOKa HEUTPOHOB M UCTOYHMKA MO GA3MUCHBIM NOANHOMAM:

®(x)= i‘bfhf (%), Q(x)=20"h(x).
=0 Ax/2 (4)

h(x)= {1,x,x2 —%} I Yy (X)h (x)h; (x)dx =8,D,".

—Ax/2

MopacTaHoBKa (4) B (3) N03BONAET MNONYYUTH BbIPAXKEHUS JJ1i MOMEHTOB Pa3/oXeHus, a
nopcTaHoBKa x = Ax/2 B (3) — BblpaxeHue ans notoka o, Ha BbIXOAALLE FPaHU.

AHanornyHbiM 06pa3oM nonyyaloTcs BbipaxeHus ans dyHkuuii ®(u) n @(v), rae nepe-
MEHHbIe U U V COOTBETCTBYIOT OCAM KOOPAMHAT, U306 paXKeHHbIM Ha puc. 1.

Mpu NoBOpOTE CMCTEMbI KOOPAWHAT HA Yro/ O ypaBHEHME NepeHoca B HOBbIX KOOPAMHA-
Tax (xy/,Z) CBOAMTCA K BULY

0 0 0
— e —+E—+2 Xy, z)=Q(x",y',z),
Lo D en oty ) -0,y )
T.€. K ypaBHeHuio (1) C HOBbIMM HaNPaBAAOLWMMU KOCUHYCAMK

W =Wcosa+msina,

N’ =-usino+1m cos .

Takum 06pa3oMm, 4OCTaTOYHO NpoBecTH 3ameHy (W, M) — (U, M’) B BbipaxkeHusx (3) u
(4) pna oy =m/3 o, = 21/3.
[ina nepemeHHO Z uMeeM
¢ d
——P(z)+2,D(z)=Q(2)-L(z),
=L 0(2)120(2)=0(2)-L(2) 6
Ax/2 ()

ﬁ J. dx I 0% (x,y.2)dy,

—Ax/2 —y,(x)

> w[®.(2)-2, (7)],

3Ax a={x,uv}

O(z)=

L(2)
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©(2)=3@/f(2). Qz)=2.0'f(2), (6)

F@={ras L) 1 £ 2)8 (2)d-5,07.

Zk-1/2

B ntore nonyyaem cuctemy MHENHbIX YpaBHEHWUIN A1 NOTOKA HENTPOHOB HA BbIXO-
AALWMNX FPaHAX

I I
D, =a,D," +Zb0j“Lj°‘ +Co" 0, +Z ¢, Q" a={xuyv,z}, (7)

j=0 j=1

B KOTOPO#t ag®, bo® Coi® — HOpaNnbHbIe KO3 ULUEHTHI N y4TEHO PAaBEHCTBO
OO(X = Qcpl

rae Qcp — cpeaHee 3Ha4YeHMe UCTOYHNUKA HEMTPOHOB B PACHETHOM AYeiiKe.
PeweHue 3Toi cuctembl

~ ~ ~ -~ ~ T
_ X u v z
q)out - ((Dautf(bou:fq)ouz'q)our) .

B maHHOM cyyae MoxeT GbITb NPUMEHeH Hanbonee NPOCTOil aANrOPUTM KOPPEKLLUM OTPU-
LaTeNbHbIX 3HAYEH Ui

¢)0th = maX(O, &)auta )’

NOCKONbKY ANA BLIYNCNEHWNA NOTOKOB Ha BLIXOAALLNX FPAHAX He UCnonb3yeTcs 6anaHc-
HOe ypaBHeHue, 1 6anaHc HeliTPOHOB OyaeT cO6MI0feH Ha 3Tane BbIYMCNEHUA CPEHErO
notoka ®¢, B pacyeTHoOi s4enKe:

2

2 “_p @)y 5
a2 (CDM @, )+—=—(D

m

|U~“ IZ - cDinz ) + th)cp = acp * (8)

ou.

MomeHTbI Pa3noxXeHns OgHOMEPHbIX NOTOKOB BbIYUCNAKTCA COrNaCHO BblpaXeHUAM

I I
®F =a°D. %+ Zbﬁ"f_j" +6;0°Q,, +Zc&."0j“, (9)
=0 =

a={x,u,v,_z}, i=1 ..1.

HyJ'IEBbIe MOMEHTbI Pa3N10XXeHUA BbIYNCIATD HE TpE6yETCﬂ, NOCKOJIbKY OHUM CcoBNnapatT Co
CpeaHNUM 3Ha4YE€EHUEM NOTOKA B Avenke:

Dy = Do

PACYET 2D- U 3D-MOAEJ/IX PEAKTOPA KNK-II

[ins TectupoBaHus BoibpaHa Mmogens peaktopa KNK-II (mogens N24 u3 [2]). 310 ye-
ThIPEXTpynnoBas YCNOBHO-KPUTUYECKAsA 3afaya. [JBymepHas Moaenb, COOTBETCTBYIOLLAS
LEHTPaNIbHOMY BbICOTHOMY CJ1010 aKTUBHOI 30HbI, U306paxeHa Ha puc. 2. 06wee konu-
yecTBo cbOpOK paBHO 169. Pa3mep «nop knoy» coctasnset 12.99 cm.

[lns nBymepHoil 3aaun npoBefeHbl ABe cepuu pacyetos (Tabn. 1), COOTBETCTBYIO-
wux Hanuuuio (CR_in) n otcytctBuio (CR_out) ctepxkHeit CY3 B akTMBHOI 30He. TOYHOCTb
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CX0ANUMOCTH MO Ko cocTaBnana 1075, B kauecTBe 3TaNOHHOrO pe3ysbTaTa BbibpaH pac-
yeT no nporpamme TWOHEX-96A [3].

12.99 cm

Test zone

Control rod follower (CR_out case)
Control rod (CR_in case)

Driver without moderator
Driver with moderator
Reflector without moderator
Reflector with moderator

KNK-I reflector

2000000

Sodium / stel zone

VAR
"/

{

Puc. 2. KapTorpamma mopenu aktuBHoi 30Hbl peaktopa KNK-II [2]

. Tabnuua 1
Pesynbtatbl pacueta Kq.s ANA ABYMEpPHOU MOJENHN
PacyeTHbIN ko CR_in CR_out

(4ncno pacyeTHbIX TOYEK) Ko AKIK % Kot AKIK %

MOCUM (90804) [3] 1.00931 -0.01 1.30866 -0.06

SPANDOM (169) [4] 1.01055 0.1 1.30833 -0.09

AnmasHas cxema (169) 0.99691 -1.25 1.30620 -0.25

HoganeHas cxema (169) 1.01009 0.07 1.30998 0.04

TWOHEX-96A (16224) 1.00941 - 1.30945 -

Pe3ynbTaTbl N0 HOJANILHOMY METOLY HAXOAATCA B XOPOLIEM COFlacum C pe3ysibTaTami,
MONYYEHHBIMW MO APYrUM NPOrpamMmam.

TakxKe NpoBefieHbl pacyeThbl A TPEXMEPHOI MOAENH, KOTOPas UMeeT 50 BbICOTHBIX CJ10-
eB. B 3tom cnyyae pobasnsietcs coctosiHue (CR_half), B KOTOPOM CTEPXKHM YAaCTUYHO NOTPY-
KEHbl B aKTUBHYIO 30HY. B KayecTBe 3TaNoOHHOro BbIOPAH pacyeT Ha ocHose MeToAa MoHTe-
Kapno u nporpammel GMVP [2].

. Tabnuua 2
Pe3y.ﬂbTaTbI pacyeTa Keff ANA TpexmMepHoOM mopaenu
. CR_out CR_in CR_half
PacyeTHBIN Koa

Kert AK/K % Kerr AK/K % Kest AK/K %
HEXNCD [2] 1.0889 -0.61 0.8748 -0.62 0.9783 -0.57
AnmasHas cxema 1.0911 -04 0.8660 -16 0.9754 -0.87
HopaneHas cxema 1.0992 +0.34 0.8823 +0.24 0.9876 +0.37
GMVP 1.0955 - 0.8802 - —-.9839 -

Kak BuaHo 13 Tabn. 2, HofanbHas cxeMa NpPeBOCXOAMT MO TOYHOCTYU aliMa3Hyto, 0COGEHHO
NpW HaMYNM TETEPOrEHHOCTH.
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PagmanbHoe pacnpefeneHue nons HeTPOHOB, N300paXKEHHOE HA pUC. 3, AEMOHCTPUPY-
€T, YTO HOAANbHAA CXeMa AAeT pelleHne 6e3 oCcuUNNALMii.

4.0E-04 1

== HopanwHas cxema
—i— Anma3Haa cxema

3.0E-04

2.0E-04 +

1.0E-04 1

-3.8E-19 T
0 5 10 15

Puc. 3. PagnansHoe pacnpegenenue nons HeiitpoHos B KNK-II-mogenu

3AK/TIOMEHME

Pa3paboTaH v peann3oBaH HOAANbHbIA Sy-MeTof ANs HENTPOHHO-(DM3NYECKUX pacye-
ToB. [poBefeHHbIi pacyeT 20- n 3D-mopenn KNK-II peaktopa feMOHCTPUPYET NOBbILIEH-
HbI NOPAAOK TOYHOCTU U KAYECTBEHHO NPaBUIbHOE pacnpefeneHne noas HeMTPOHOB Npu
MCNONb30BAHUM HOAANLHOTO Sy-MeToaa.
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NODAL Sy-METHOD FOR HEX-Z-GEOMETRY

Bereznev V.P.
Nuclear Safety Institute of the Russian Academy of Sciences.
52, B.Tulskaya st., Moscow 115191, Russia

ABSTRACT

The problem of spatial approximation for the neutron transport equation becomes
very important in solving neutronics problems with coarse spatial grid, like fuel
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assemblies calculations of fast reactors (for example, BN-800 and BN-1200).

«Weighted diamond» (WDD) schemes are the most widely adopted among the finite
difference schemes for the neutrons and gamma rays transport equation. They are
effective in terms of ease of implementation and computational costs. However, the
problems mentioned above indicate their limitations. Diamond difference scheme (DD)
has a second-order approximation (best for this type of schemes) and does not have
the properties of positive and monotony. For this reason, a negative values or
nonphysical oscillations appear in the solution. Step scheme (St) is monotonic and
positive unlike DD, but is has only first-order accuracy. So it is inefficient for high-
precision calculations.

There are negative correction algorithms and adaptive (AWDD) schemes for reducing
the level of oscillation and obtaining a positive solution. However, these algorithms
have a negative impact on the order of approximation, and in such cases we can obtain
schemes with only 1- 2 accuracy order. In addition to adaptive schemes there is a
problem of choosing the scheme’s parameters.

The obvious way out to improve the quality and accuracy of the calculation is a
refinement of the grid. In the case of fast reactors spatial grid is a set of rectangular
prisms with a regular hexagon at the base (HEX-Z geometry). Therefore hexagonal cells
are divided into rhomboid (3 rhombus for 1 hexagon; 12 rhombus for 1 hexagon, etc.).
Next we can use diamond difference scheme on a grid of rhombuses. Defects will not
occur due to small cell size compared to the initial hexagonal cell. It can also be used
triangular mesh.

Another approach to solving the identified problem is the development of higher
order accuracy methods without the increasing number of calculation points. One of
these methods is the nodal method. The basis of every nodal method is the expansion
of the unknown function in the node (elementary volume with the same properties)
using basic functions with subsequent calculation of expansion moments.

In this article, we will focus on Sy nodal method in HEX-Z-geometry.

Key words: fast reactor, neutronics calculations, nodal method, Sy-approximation,
hexagonal geometry.
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