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Performance Review of Optimal Asymmetric Tapered Cascades for
Production of Enriched Uranium for VVER-1000 X, Power Reactor Fuel

S. L. Mirmohammadi'*, S. J. Safdari', M. H. Mallah!, F. Ezazi!

Nuclear Fuel Cycle Research School, Nuclear Science and Technology Research Institute, Atomic
Energy' Organization, P.O. Box: 11365-8486, Tehran, Iran

Abstract:
This study examines the performance of the optimal asymmetric tapered cascades for providing

different enrichment levels of uranium for the X2 VVER1000 power reactor fuel. It was
developed in this study software "ASTC-PSOA" for optimizing the parameters of the asymmetric
tapered cascade according to the objective function of maximizing the product rate of the cascades
and the enrichment capacity of the gas centrifuges. The restrictions considered for this algorithm
are the enrichment levels of uranium used in the fuel of the power reactors in the first cycle (4.0%,
3.6%, 3.3%, 3.0% 2.4%, 2.2%, 1.3%), and the concentration of the waste flow is lower than 0.3%.
By using asymmetric tapered cascades, it is possible to produce enriched products in a single
arrangement. However, it is inevitable that dilution operations and mixing have to be done with
natural, depleted uranium, or cascade production products. In addition, the asymmetric tapered
cascade has reasonable capability for medium enrichment levels. However, for the largest and
smallest quantities, it requires a lot of dilution or a very high separation work unit.

Keywords: Asymmetric tapered cascades, VVER-1000 X, Power reactor fuel, Particle
Swarm Optimization Algorithm (PSO)
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Item  Enrichment level required (%) Annual UFs Requirement (Kg)

1 4.0 17888
2 3.6 4583
3 33 566

4 3.0 23019
5 24 647

6 2.2 26905
7 1.3 30749
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S Item Equations Number Unknowns Number
3 1 ZnZn—Muyn — Npx, = 8Fzp NN,
= Yn ,1—=¥n My35—M Zn NN,
[} Jn — 238~ Ma23s _
8| 2 |3/ N(Ne = 1)
2 N Zin = TN Vin = 20 Xin = =1,2 N NN
E 3 Zi=1 Zin = Zi=1 Yin = Zi=1xi,n =1 Nc_ ’ Yn c
S
2 4 717, — Nyx, = 8Fzg
L
é 5 ZnZy—Mp—2¥n-2 — Nn41Xn+1 = OFzg NN, Xn NN,
(%2}
o 6 Znzy — MN-2YN-2 = 6Fzp
Total 3NN, Total 3NN,
Item Equations Number Unknowns | Number
1 Zn,—M, — N, = 6F N Zn N
2 M, —0,Z, =0 N My N
% 3 P; — 01cascade1rF =0 1 N, N
E 4 P, — B2cascade2F = 0 1 Bn N
S 5 W-N; =0 1 Bcas1 1
o
E 6 Pp—Mpn_1=0 1 Ocas2 1
§ 7 P,—My=0 1 P, 1
& 8 21 - Nz = 6F P2 1
9 Zn_Mn_z - Nl’l+1 = 8F N w 1
10 Zn — My_, = 6F
Total 3N+5 Total 4N +5
. _ 1 n= NF
* the Kronecker function (8) = {0 n # N
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Item Parameters Sign Value
1 Feed Concentration (%) YR, 0.711
Zassyp, 99.289
. _ M zasyp, 349
2 Molecular Weight (gmol™1) Mooy, 352
3 Separation factor (a) (a) 1.4
4 Minimum Feed Rate of Gas Centrifuges Fsingle (Min) (ghr™1) 5.00
5 Optimum Feed Rate of Gas Centrifuges Fsingle (0pt) (ghr™1) 20.50
6 Maximum Feed Rate of Gas Centrifuges Fsingle (Max) (ghr™1) 25.62
7 Number of Gas Centrifuges (GC) 180
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Tapered Cascade
Item Parameter Sign
1 Feed(ghr—1) F
2 Cascade Cutl Ocas1.
3 Cascade Cut2 Ocasz.
4 Number of stages N
5 Number of Centrifuges in each GCs
Stage tage
6 Feed of Centrifuge (ghr—1) Fsingle
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N Arrangement
Stages
” 1[2[3[4[5]6[7]8]9]10[11]|12[13|14][15] 16 | 17 [ 18 [ 19 [20]21]22
Gas Centrifuges
416 ]10]12]14]14|16|18|14[12]10]10]8[6 [ 6 | 4 | 4 | 4 | 2 2] 2|2
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Fuel
N F(ghr') Ne Ocas1. Ocas2.  Enrichment  yp1(%) yr2(%) xw (%) ﬁ\(N LLJJ//GS
Level (%) gLy
72.00 8 0.038 0.080 4.000 4.130 3.708 0.291 2.10
68.20 9 0.045 0.096 3.600 3.708 3.333 0.260 2.16
57.50 10 0.054 0.113 3.300 3.333 2.990 0.230 1.95
22 57.50 10 0.054 0.113 3.000 3.333 2.990 0.230 1.95
36.50 13 0.085 0.179 2.400 2.400 2.150 0.170 1.38
36.50 13 0.085 0.179 2.200 2.400 2.150 0.170 1.38
36.50 13 0.085 0.179 1.300 2.400 2.150 0.170 1.38
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5 |-T-D —~ = % LLD g 3‘ () 3‘ (=)} o @
£ 352 8 50 _ | o&_ | 82 52 | 885§
J8 8% | 28 22 | 8992| 28T (28| 2552
£g| 25 29 sy |3825 | 088 |[ORE | Loy
o8 ZE 3 Y E538 | e8| c22 | c22|>53283
EsS| T2 | Eg~ | 258 |=58| 892 |88 | e58¢
S8 &5 B E SEad | P28 S23 | S=3| 5254
= S g =3 2350 (@] 2 c 20
sl 3 g = E EZ o5 8O 8 < Sco

Wl & s < 8% 88 | =<5
4.00 | 17888 |4.130| 3.708 - 34.64 | 195426.0

3.60 | 4583 |3.708| 3.333 - 53.85 33436.8

3.30 | 565.73 |3.333| 2.990 1.04 55.43 12987.0

3.00 | 23019 |3.333| 2.990 = 117.25 1755.0 | 340977.6 96.68
240 | 647 |2.400| 2.150 - 25.73 6210.0

2.20 | 26905 |2.400 | 2.150 13.04 183.31 | 36514.8

1.30 | 30749 |2.400| 2.150 82.59 139.83 | 54648.0
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