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Podsumowanie prac za ostatnie 3 lata
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The Nuclear Fuel Cycle

Fuel rods
R 4 -
2
Used fuel
L

http://www.world -nuclear.org/info/NucleaiFuetCycle/Introduction/NucleaFuet

CycleOverview/
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Material balance in the nuclear fuel cycle

Mining Anything from 20,000 to 400,0G0nnesof uranium ore

Milling 230tonnesof uranium oxide concentrate (which contains 1i®&nesof uranium)
Conversion 288tonnesuranium hexafluoride, UF6 (with 198)

Enrichment 35tonnesenriched UF6 (containing 24 t enricheddHalance is 'tails'

Fuel fabrication 27tonnesUO2 (with 24 t enriched U)

Sssgggn 8760 million kWh (8.76WH of electricity at full output, hence 22t8nnesof natural U peTWh
Used fuel 27 tonnescontaining 240 kgransuranicgmainly plutonium), 23 t uranium (0.8%235), 1100 kg

fission products.

The above figure may be regarded as typical for the annual operation of aM@@Onuclear power reactor such as many operating today

t2ylFR nnn NBF1G2Ns g6 yt+ 1T 6ASOAS F uT (G2Y KkKNBI
= 1x10%/rok/19.1g/cm*F pdEmikiNR | F 3rpkn n Y

201601-18 S. Kilim NCBJ
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http:/iwww.world -nuclear.org/info/NucleatFuetCycle/Introduction/NucleafFuet
CycleOverview/
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Used fuel from light water reactors (at normal US bupmlevels) contains approximately:

£95.6% uranium, over 98.5% of which 288 (the remainder consists of: trace amounts ef U
232 and WU233; less than 0.02%-2B84; 0.51.0% W235; around 0.5% 4336; and around
0.001% P37 ¢ which accounts for nearly all of the activity)

A .9% stable fission products
£.9% plutonium

Q¥
»)
PUL
Z

http://www.world -nuclear.org/info/NucleatFuelCycle/Nuclear

Wastes/Radioactiv®VasteManagement/

R.3%caesium& strontium (fission products
2
= Total for fuel
£K.1% iodine and technetium (fission products) B A S
products
£.1% other londived fission products 1,000,000 1 — Actinides and actinide
o daughters
. .. .. . . 100,000 - ¢ - .
£.1% minor actinides (americium, curium, neptuniun fg e e s e
T
.2 1,000 A
:é 100 4
=
s 10
i 7, AN
0.1 T T =t v v \-
01 1 10 100 1,000 10,000 100,000 1,000,000

Time (years)

201601-18 S. Kilim NCBJ
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KFidQa UKS LINROTfSY
el —ENDF/BiUII:li HP—Z57(H, GINP—238 e Np_237 fiSSIOn and neutron Captu@S
dependence on energy
and actinides accumulation chains
Cm-242 Cm-244 Cm-245
«, 163d V\ B-827% a, 18.1a »| . 8500a
‘ L %% | Am-242
i Am 241 16.2hr EC.17.3%
; Am-242ms | Am-243 | | Am-244
w 1C141a IR P 730a Pl B 10.1hr
- \
Pu-238 | Pu-239 .| Pu-240 Pu-241 Pu-242 Pu-243
""" > L —> B-, 14.35a ”| -, 4.956hr
ny 30%
Np-237 Np-238
B, 2.1d

Samuel E. Bays; Reactor Physics Characterization of Transmutation
Targeting Options in a Sodium Fast Reactor; INL/CON-07-12439

Neutron capture produces another actinide. {287 fission is in fact the only way to get rid of its long lived activity.
High energy neutrons needed to make fission prevail over capture.

201601-18

S. Kilim NCBJ



Isotope

Np-237
Pu238
Pu239
Pu240
Pu241
Pu242
Am241

Am242m

Am-243
Cm242
Cm243
Cm244

T1/2

2.144*10%y
87.7y
24110y
6563y
14.35y
3.733*10y
432.2y
141y
7370y
162.8d
29.1ly
18.1y

thermal

spectrum

3
I
63
1
75
1
1
75
1
1
/8
4

Transmutation probabilities (%)

fast spectrum

27
70
85
55
87
53
21
94
23
10
94
33

http://www.world -nuclear.org/info/NucleatuelCycle/FueRecycling/Processing

of-UsedNuclearFuel/
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Generation IV International Foru(®IFYyeactors

neutron
spectrum

Gascooled
fast
fast reactors
Leadcooled
fast reactors

fast
fast reactors
Molten salt
reactor -
Advanced
High
temperature
reactors
Sodiunt
cooledfast fast

fast

thermal

reactors
Supercritical
water-cooled
reactors
Very high
temperature
gas reactors

thermal

* high = 715 MPa

thermal or fast

coolant

helium

lead or PkBi

fluoride salts

fluoride salts

sodium

water

helium

+ = with some k235 or P#239
** 'hattery' model with long cassette core life (2D yr) or replaceable reactor module.

201601-18

temperature

()

850

480570

700-800

750-1000

500550

510625

900-1000

> size(s)

high

low

low

low

very high

high

U-238 + closed, on site 1200
closed 20-180*
U-238 + e ione;I 300-1200
g 600-1000
UF in salt closed 1000
UG, particles open 10001500
in prism
50-150
U-238 & MOX closed 6001500
uo, open (thermal) 300-700
closed (fast) 1000-1500
uG,
prismor open 250-300
pebbles

S. Kilim NCBJ

electricity
& hydrogen

electricity
& hydrogen

electricity
& hydrogen

hydrogen

electricity

electricity

hydrogen
& electricity

http://iwww.world -nuclear.org/info/Nucleai-uetCycle/PoweiReactors/Generation

IV-NuclearReactors/
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Np -237 fission product yield for fast reactor neutrons

6,00 -
_. 500 -
)
= 400 4
o
= 3,00 |
§
a2
[Ty
1,00 |
0,00 | i 111
58 E ETPZEEE YUEEEE &
82 g 5ELERR582%988 8
mg g-' 233 "'Eﬁ‘-n-n-c -
~ — o~
- = e e
Fission product
(2.117d )
98445 27.8%

1028.54 20.38%
871 1025.87 9.65%

923,98 2.869%

882.63 0.873%

(ny) (238 a7
> 53 Np

1 962,77 0.702% / 238
> Pu
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Basic gamma lines identifiéa Np-237sample

b - -
529.87 133l FP 20.87h 4,45 87

Zr-97->97Nb FP 16.744h 5,38 98,23
667.71 Tel32->k132** FP 3.26d 4,39 98,7
743.36 Zr-97 FP 16.744h 5,35 93,6
772.6 Te132>F132** FP 3.26d 4,39 75,6
1131.51 [-135 FP 6.57h 4,16 22.6
1260.41 1-135 FP 6.57h 4,16 28,7

I
923.98 Np-238 CcP 2.117d N/A 2,869
962.77 Np-238 cP 2.117d N/A 0,702
984.45 Np-238 CcP 2.117d N/A 27,8
1025.87 Np-238 CcP 2.117d N/A 9,65
1028.54 Np-238 CP 2.117d N/A 20,38

FP¢ fission product. CE neutron capture product.

*Line 657.94keVstems in fact from Ni®7 beta decay ¢f, = 72.1 min), but its quantity is modified by@# decay rate (i, =
16.744h) [3,4]. Therefore 27 decay constant (16.744h) approximates the line 657.94 activity decreasing.

**Lines 667.71 and 772.keVstem from 132 (T, = 2.295h) but their activities are modified by-T82 decay rate (J, = 3.26d)
[3,4]. Therefore Td32 decay constant (3.26d) approximates the lines activity decreasing.

201601-18 S. Kilim NCBJ 13



Processes in NP37 sample during irradiatiogdecay chains

46402d
b'g@56729<ev54% o b.%s49751 g
S Nbye TR s Mo

Fissiora 95595 257r Yo Y5 ol sts.

)C)

472.1m g

SoBE g

416,97h o}
b %74336keV93% O

T7r vy BS. LNy Th

Fissionys %555 -
FissionYs %5 %755- i,

. 42.295 ]
567.718keVI% O

43.204d 30 .
b 32816keVBEHO = b @75 6keV756% O

Fissiora8- “2Tevs VAbh 95 08Ys- (122 1, 1 pkal'sls. 2xe

~

Fissiony#%- i,

Qash g b %?.26131 X g
- el BV 13Cs

b &
Fissions- s | WA 7Y
46.57h 0
b B 26040%eV289% g b E%Q.lh 8
139 15 AP R AN 135K el VFSTARY,. 135Cs
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I flg A- Irler ? real real
md @, 0, (1-¢ 1- e’ tive

| - AZQ 1:real ., R tirr . R o
f2g mf €| g tlive |,C2(1_ e'/ZtreaI )e'/2t+ +Cl(1- e /treal )e' /1t+J
_9
C, _Z(l e’ )
= 5foer)
/1

N .S
= ’;\ L _fission rate (nurher of fissions per gram of sample) based on activtthe 2-nd

f2g
isotope in @cay chain

Ay, Ay -gamma peak area
;. 9, - Fission product 1 and 2 yield, [%)]
/,,1, -fission productecay constant, [§
t,, .1, .1, -irradiation, cooling and measurement time, [s]
m - samplemass [g]
f -integral nunber of beam protons

e, - detector efficiency.

I, - gamma lineintensity, [%]
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Mn54

Co57
Co60

Y88

Snl113

Bal33

Cs137
Cel39

Eu152

Th228

Am241
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281 yI Ol
N RO I

116

123

107

210
225

54.6

114
153

54.3

40.5

110

312.3d

271.79d
5.2714y

106.65d
115.09d

10.51y

30.07y
137.640d

13.537y

1.931y

4322y

834.848
122.0614
136.4743
1173.237
1332.501
898.042
1836.063
391.690
53.161
80.9971
223.234
276.398
302.853
356.017
383.851
661.657
165.864
121.7817
244.6975
411.1163
443.965
778.9040
964.079
1112.074
1408.006
84.373
238.632
240.986
277.371
300.087
510.77
583.187
727.33
785.37
860.557
1620.5
2614.511
59.5412

Yy AS 1
1FtA0NF O8

99.976
85.60
10.68
99.9736
99.9856
93.7
99.2
64
2.199
34.06
0.450
7.164
18.33
62.05
8.94
85.1
80
28.58
7.583
2.234
2.821
12.942
14.605
13.644
21.005
1.22
43.3
4.10
6.1
3.28
22.6
84.5
6.58
1.102
12.42
1.49
99
35.9
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Vd
n

u

QVING,Y

e(E)

St 40040
B C':nive l g

0,0012

0,001
0,0008
0,0006
0,0004

0,0002

EpA - effektivnost spektrometra

-0,0002

K205room216 canberra detector efficiency

.
o
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S
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+ Exper
1000 2000 3000 4000

Eg [keV]
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Np-237 fission rate and capture rate example results

Np-237 fission rate - Ed = 2 GeV Np-237 fission rate - Ed = 4 GeV Np-237 fission rate - Ed = 8 GeV
. & 52987 4+ 529.87
* 52987 = ! B 74336 = B 74336
B B
W 74336 '-:w A 113151 '-:w A 113151
T 15 i
Lot g « X126081 | b e ________ w 126041
126041 m L g ------ - - —avg+d m 9 X [ —
667,71 & 10 3 X ® ‘ A €
’ 2 I p 4 avg 2 B __.
o 7726 5§ = z— I— ——————————— o —avad c aveg
= 8- o
55 7 = - - —avg-
8 erst | 805 ¥ 667.71 a avg-d
; - 95455 &=
£ 0.20 5 2 ~ 7726 hy A 667.71
- - d i oM
010 e %00 - . w w ‘ + 657.04 o ' ‘ 7126
000 av I 200 400 600 800 954 55 2 500 1000 + 657.94
0 200 400 600 800 __ _qugsd o . o :
Cooling time [1000s] Cooling time [1000s] Cooling time [10005] 95455
Np-237 rer. -Ed =2 GeV - -
p-237 capturerate - Ed = 2 Ge Np-237 capture rate - Ed = 4 GeV Np-237 capturerate - Ed = 8 GeV
E 35 4 92398 3,50
T = X 2 *
by B30 = = =avg+sd 1 3,00 - = E B ¢ 92398
= s 92398 oo 5
g m 962,77 =] 25 X avg g 250 B 962.77
c ! [ P i -. - -\‘/ ----------- (1]
.§ A 984,45 2 2,0 N NN W - - —avgsd 9 — 2,00 A 98445
o o - - [
$ 102587 c s @ P 150 - > 1025.87
] [ 102854 @ 96277 PN
8 g 81,0 g8 100 K 102854
s = = = avg+sd % 984.45 o = i
w® avg = 05 s 050 - = —avg+d
£ c =
5] = = —avg-sd = 0,0 + T T T 1 + 102587 rm.. 0,00 T T — VG
o : : : : ] o
s o 0 200 400 600 800 iy 0 200 400 60 800 1028.54 = 0 >0 1000 == —avgd
& R =z R
Cooling time [1000s] 2 Cooling time [1000s] Cooling time [1000s]
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Np-237 fission and capture dependence on deuteron energy

Np-237 fission and capture rate

1,20 - - 1,80
= - 1,60 o
- ] ’ Z
K 1,00 + - 1,40 g"
S 0,80 - - 1,20 8
S (=]
pu - 1,00 &
= 0,60 - =
g + - 080 &  #Fission
[} B
= 0,40 - - 0,60 g
c = M Capture
2 ? - 0,40 2
2 020 - &
= - 0,20 O
0,00 . . . . 0,00
2 a4 6 8 10
Deuteron energy [GeV]
Beam . Standard Standard Standard  Standard
deuteron Fission rate . . Capture rate . .
energy [10%G ] de\QaEIOP deviation [10%G ] devlatllorlw deviation
Beluol 0, "0 d” 0,
(GeV] [10°g d] (%] [10%g"d"] (%]
2 0.363 0.12 33.04 0.699 0.0837 12.69
4 0.509 0.164 32.26 133 0.171 12.88
8 0.76 0.306 40.3 1.43 0.196 13.67
201601-18 S. Kilim NCBJ
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Np-237 fission/absorption ratio dependence on deuteron energy

Fission/Absorption
0,45 -
0,40 -
5035 - + +
20,30 - +
2025 -
<0,20 -
,§ 0,15 - M Fission/Absorption
Z 0,10 -
0,05 -

0,00 T T T T 1
0 2 4 6 8 10

Deuteron energy [GeV]

Beam deuteror Fission to absorptiol Error  Y%Error

energy{GeV] ratio I¢/(1¢+l¢)
2 0.34 0.05 14.05%
4 0.28 0.04 1291%
8 0.35 0.06 16.58%

201601-18 S. Kilim NCBJ 19



Eksperyment 20141-ws 0 YYAMA R | -&41 iINp237

A

AN A

4,00
3,50
3,00
2,50

1g 1]

5 1,50
— 1,00
0,50
0,00

Np.-237(n,g)Np.-238reaction rate
105g

» 2,00

Np-237 capture rate - Ep = 660 MeV

984,45
1 1028,54

200 400 600 800
Cooling time [1000s]

Am-241 capture rate

200 400 600
Cooling time [1000s]

800

= 984
4 1028

201601-18
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Proposed method of actinide sample application as neutron fluency detector

A

Having the average fission and capture cross section vdkpesctral index) we can
evaluate the average neutron flux in the location of the actinide sample using the
measured amount ofissionedand captured actinide isotopes.

Two different equations fofissionedand captured actinide isotopes should give the
same average neutron flux value what is a proof (check, test) for correct measurement.

The number of selected fission products or neutron captured actinide isotdgesn(
the actinide sample of volum¥, can be expressed:

N, =V, f N5t
where
F - average neutron flux in the place of actinide sample loce
[nfcnfA s ]
N i number of actinidaucleiin volume unit [cniT]
S -average microscopic cross section for the reactions (n, f)
2) [barns]
t - irradiation time.



201601-18

Neutron
energy

[MeV]

0 &
dzi NPy 5 ¢

Ol 08
S

NR |

Fission cross Capture cross
section
1,f) [barn]

0.073
0.142
0.152
0.169
0.183
0.211
0.239
0.268
0.297
0.325
0.348
0.447

S. Kilim NCBJ

section
oYy X0

0.681
0.594
0.579
0.564
0.548
0.533
0.519
0.504
0.491
0.478
0.464
0,411

0.107
0.239
0.262
0.299
0.333
0.395
0.461
0.531
0.605
0.679
0.750
1.087
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Compilation of incineration rate and capture rate of 87
results.

Deuteron beam energy Ed = 2GeV Ed =4 GeV Ed =8 GeV

201601-18

Deuteron fluency 3.02(103 10t

Mass of Np237 sample [g] 0.987

Number of Np237 fissions per gran (1.12 0.393} 10°
sample

Number of neutron captured Np  (2.130. 2713 17°

237 atoms per gram sample

Fission rate per gram sample and (3,72 1,3p 10°
deuteron

Capture rate per gram sample and (7.064 0.897)3 10°
deuteron.

Fission/Capture rate 0.530.195

Fission rate per gram sample, (1,86° 0.650)3 10°

deuteron and its energy
Capture rate per gram sample, ~ 3.53° 0.448)°10°

deuteron and its energy

S. Kilim NCBJ

2.73(108 1012
1.115
(1.69 0.698} 10°

(4.73 0.609)2 10°
(6.20° 2,56F 105
(1.730.2232 104

0.36°0.154
(1.55° 0.639)2 10°

4.33° 0.558) 105

0.91(4): 102
1.115
(1,03 0.543)3 10°

(1.990.272)3 109
(1,13 0.596)3 10%

(2.1 0.299) 10*

0.520.281
1.41° 0.745)3 105

2.73° 0.374)3 105
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Compilation of incineration rate and capture rate of @7 results; cont.

Table6. Compilation of average neutron flux and neutron fluency in the location of the
actinide neptunium 237 in the QUINTA assembly using for evaluation the measured number @
fissions and captures in the samples for three experiments

Average neutron flux using for evaluation the 7.29 10.08 521
number of fissions in the sample [n/éna 67 E mn

Average neutron flux using for evaluation the ~ 7.37 10.09 2.58
number of captures in the sample [n/&ma 6” E mn

Neutron fluency using for evaluation the numbe 1.64 3.63 3.13
of fissions in the sample [n/cthx10'2

Neutron fluency using for evaluation the numbe 1.66 3.39 1.55

of captures in the sample [n/cfhx102

Average neution energivev

201601-18 S. Kilim NCBJ 25



Pomiary przy pomocy-89
1 FyYyFOoenNblI O2RLIDSAI RF 2NR0S A
- przekroje reakcjir(,xn)
- symulacja przebiegu reakcH88(n,3n) Y87

410665d
EC2898.042keV 93.7% ¢ 0

o 0FH- By 1 BB 38888r
337h U 479.8h . 8
Y 1, Do ey onsnd N AT IO o5y
v99)- §
414.74h

o]

#07664 kevV82% 9

27,72 keV 32,6% 9 °
15301 keV30,5% &
ECZ777,35keV 22, 4/
920,72 keV20,8% ¢
85438 keV17,2% g
4314 keV 16,9% g

Lo o S ). seg,

co_éa
—) =) =) =) =) =) —) —) ——n) —) —> — =) = =>

Fudei quarntity
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Y-88 production rate

Y-86 production rate
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£ / \ o 1,00 Y-86 R4 S1
% 4,00 7 N = Y-88 R8 S2 < / \4\ V86 RS 51
.y
S 2,00 N s Y-88RI12S 5 050 J
5 Lo \'Qg. B < + Y-86R12S1
§ 0,00 - - - § 0,00 C : .
= 0 2 4 6 S 0 2 4 6
o Axial position (Plate number) @ Axial position (Plate number)
Y-87 production rate
5,00
= A
S 4,00 !
g /\
=, 3,00
. / \ ——Y-87 R4 S2
€ 2,00 —=—Y-87 R8 S2
S 1,00 /o N\ -
8 A s Y-87 R12 S2
§ 0,00 ii/// . \-*- .
= 0 2 4 6
o Axial position (Plate number)
201601-18 S. Kilim NCBJ 27



Co zrobiono ostatnio (20152)
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Dynamic modeling of MSR
Molten Salt Reactor seen by model
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ROd\ Pump
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Point reactor kinetics equations for MSR

o o AV
dP, I+l by +a (T-T,) 6d vy 4 8 hoLy
_ PAE B8 - 280 v O . Dy
" L R T E¢ eﬁ%lgj VRg 68 ] ( 2)
¢ e w
dc, b 5 v, & g
l=_ T PR%*—"%-G il Jj=1..6
G ¢ s
dT 1 & vV, 0
= gb. - hoU(T- T,)-2g
dt LVRdeg R+

P ¢ reactorpower; T ¢ primaryloop fuel temperature T, ¢ Secondarjoop temperature
r -corereactivity, 7,4 G control rod weight, a; ¢ temperaturereactivity coefficient

b, ¢ i-th groupof delayedneutronscontribution to neutronbalance

L -neutrongenerationlife time; V;, ¢ coolantflow/pumpingrate; Vi, ¢ reactorvolume

V, ¢ outer volume G(t) ¢ number of nuclei of i-th group precursor O - heat exchanger
circumferenceL - heatexchangetength; G, ¢ specificheat d ¢ fuel saltdensity



MSRbehavior simulatiorg rod up, pump onthen power load

modification
1,2 - 1000 ] ]
Simulationrun:
: - 800
50,8 - 700 T P - ROdI'b
‘:‘ = 600 E ower
%o,b - so0 % T - Pump on
B S - Loadm2Z @2 @2 @
= 02 200 eesnees Pump - ROd(Q
- 100
00 B 0 - Pump off
0 50 100 150 200
Time [s]
Rectivity components response on load changes 1, 4.,4,J POW-er |Oad mOdIflcatlon byz
p 0 modification.
02 | 0
| | — \ 0,005
ot v \ = R_rod
g 005 e o Note!
2 o \ -0,015 E_ Rcore , ., | . hilg
E 0,05 50 100 150 \ 2\m_0 oo E = Rho_T Corel rod.on eft aXIS wni e Tempand
01 \ o ——R_total " TotaON right. Pump speed and rod
015 \' o position not in scale
02 . L 0,03
0,25 0,035

Conclusiort Reactor power automatically follows power load changes. Fuel
temperature weakly reacts on power load changes.
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MSR reprocessing unit
Extractor scheme

N -

Liquid bismuth

|MFx(s)+nLi(b) - - > nLiF(s) + M(b) |
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Extraction/fluid dynamics laws, assumptions and methods

- Conservation of mass (mass continuity)

2 2

K_@c-v,Eipht,pkS

Mt 74 pX (4

W, -2y aSNBFGAZ2Y 2F Y2YSyldzy o N&ieri2y Qa
uz 2 Stokes equations)

cix,z =Cy\X Z

( )|t:O (x2) - Initial conditions
v, (x - =0

o - Boundary conditions

C ¢ concentration

<(¢ reaction rate

> ¢ viscosity coefficient
D ¢ diffusion coefficient
V¢ fluid flow velocity

Apart from that:

- Extractor geometry unchangeable

- Fluid flow profileg stable, not dependent on substance concentration
- Outer forces ( neglected

- Energy conservation law omitteglextractor fluid temperatures constant

A Central finite difference approximation applied for space part of equations.
A Explicit RK4 method for time part solution then

The extractor model tested with dummy parameters for while.
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Extractor modeling mesh
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Extraction process substances initial concentration distribution
(t=0)

cLlF cMFn
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1D view of Li antliFconcentration dependence onrposition
and time



