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Civilization & Power Consumption

~ 500 000 years ago : “Chinese Prometheus”
Copper (5 ky BC) = Bronze (3ky BC) = Iron (1 ky BC)

Organic Fuel Consumption
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Earth's population, billions of people

1000 2000 3000
Time, years AD

From the book: lan Hore Lacy,“Nuclear Energy in the 21st Century”, Elsevier Publ., 2006.



Dynamics of the global consumption of energy resources

CURRENT USE (2012
Source EJly %
Qil 170 33.2
Coal 139 27.2
Gas 109 21.3
Biomass 51 9.96
Uranium 30 5.86
Hydro 12 2.34
wind 0.72 0.14
Geotherm  0.23 0.045
Solar 0.04 0.007
Ocean 0.002 0.0004
Total: 512 100%
Fossil 448 87.5
Renewable 64 125

GTons of "Coal"

1880 1920 $960 2000 2040 1EJ (ExaJ) = 108] = 2.78-101 kW-h
ears

www.elsevier.com/locate/energy - “Energy”, 2012



Explored Earth reserves of Uranium
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Nuclear plants are provided with Uranium-235 only until 2035!




Forecast world demand for Uranium up to 2100

250
240 kt/year

N
o
o

115 kt/year

150

Thermal Reactors Fast Reactors

100

kTons of Uranium per year
a1
o

ol 50 kt/year

O | | | | | | | | | | | | | | | | | | |

2005 2015 2025 2035 2045 2055 2065 2075 2085 2095



Nuclear Power Problems

Atomic Bomb House, Hiroshima

 Closed fuel cycle (fuel reproduction)
 Ecological problems (nuclear waste utilization)
 Nonproliferation of fissile materials (nuclear terrorism)



Nuclear chain reaction (Leo Szilard and Enrico Fermi, 1939)
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Total «nuclear burning» of lgU ~ 5 tons of coal

NPP W =500 MW 315kg/dU ~ 7 000 tons of coal per day



Nuclear fuel reproduction 7N

1‘ T, = 6.75 days

233|) — 5 234 — s 235 —s 236 —s 237

T T, =27 days

233pg Th-U fuel cycle
1‘ T, =22.2 min
232Th — 233Th 241Am 243AmM
TT% = 14,3 years TT% =4.98 hours

239py —> 240py —=> 2Alpy —> 242py —> 243py

T T, =235days
239Np
T T, = 23.5 min

U-Pu fuel cycle

238U —_—> 239U



Lev Feoktistov (USSR, 1988):

Nuclear Burning Wave _

L.P. Feoktistov. Preprint IAE-4605/4, 1988.
L.P. Feoktistov. Sov. Phys. Doklady, 34 (1989) 1071.
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Concept & Analytical approach

238U (n,y) — 2%%U (B) — #**Np (B) — 2*°Pu (n,fission) ...
on o' Ty 2.35 days
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Goldin & Anistratov (USSR, 1992). Nuclear Burning Wave Deterministic approach

V. Goldin, D. Anistratov. Preprint IMM RAS # 43, 1992. U-Pu fuel cycle 1d non-stationary problem
Edward Teller (USA, 1997):. Traveling Wave Reactor Monte Carlo simulation
_E.Teller. Preprint UCRL-JC-129547, LLNL,1997. Th-U fuel cycle
Hiroshi Sekimoto (Japan, 2001): CANDLE Deterministic approach

H.Sekimoto et al., Nucl. Sci. Eng., 139 (2001) 306.  U-Pu fuel cycle, Stationary problem: x=z+ Vt




V. Goldin, D. Anistratov (IAM, Moscow) 1992 : Non-stationary problem !
V. Goldin, D. Anistratov,. Preprint IAM AS USSR, # 43, 1992; Mathematical Modelling, 7 (1995) 12.

Composition: U-Pu fuel - 40 %, Na—-25% Fe—-35%

1d one-group approaximation
J Zone 1 Zone 2 (U-Pu fuel cycle)
i Fuel: Fuel:
Pu-10% %y - 100 % |
—> 28y _90 % oC i~i |, i
N i 8—t'=—ﬂqC.+ﬂ| (viZ¢) @
> i i
0 XB L X cm CI (X,t = O) = COI (X)
100 0, 00 > = _
v ot 5X( ax)+2aq)_(1_ﬂ)(vfzf)q):Z|Ziﬂlcl IB:Z,IB|(Vfo)|/Vfo

D(X)=1/35,(x)  Z.(¥0)=2 aN'(x)  vZ =2 vioiN'(x)  f=2 A

®(0)— 2D(O)8(D(X) _2] CD(L)+2D(L)8(D(X) _0 ()dqzx(x) D”()dqux(x)

ex
x=0

x=L

D' (x) = D" (X) O(x,t=0)=0 0<x<L 0<t<T



Nuclear burning wave in FR
S. Fomin et al., Annals of Nuclear Energy, 32 (2005) 1435-1456.
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(a) scalar neutron flux (x10'® cm™s™); (b) power density (kW cm™):

(b) (c) concentration of “**Pu (x10% cm™);  (d) depth of fuel burn-up (%)
for t, =1, t, =80, t, =100, t, =140 and t, =170days. (0<x <300 cm):
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2D Non-Stationary Theory of Nuclear Burning Wave
S. Fomin, Yu. Mel’'nik, V. Pilipenko, N. Shul’'ga, A. Fomin (1st IC “Global 2009”, Paris, paper 9456)
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Together with Fuel Burn-up Equations and Equations of Nuclear Kinetics
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Reactor variant: R=117 cm, L =500 cm (Lj;= 71.17 cm), 1,4=950 days

1017 cm2 ¢! t= 0 months
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2009: NBW reactor with mixed Th-U-Pu fuel cycle

Example: Metallic fuel 232Th (62%) + 238U (48%) volume fraction = 55%,

fuel porosity p = 0.65; Coolant (Pb-Bi eutectic) vol. frac. = 30%,
Constr. materials (Fe) vol. frac. = 15%; R =390 cm
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Fuel burn-up for Th-U-Pu cycle

Fuel t= 0Odays
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Main features of NBW reactor with mixed Th-U-Pu fuel cycle

Reactor composition (vol. frac.):
Fuel = 55% (F, =62%, p = 0.20), Coolant = 30%, CM = 15%, R = 215 cm

negative feedback on reactivity - intrinsic safety

long-term (decades) operation without refueling and external control

possibility of 23°Th and 228U utilization as a fuel

fuel burn-up depth for both 238U and 23?Th = 50%

neutron flux in active zone = 2-10%° n/em?3s

neutron fluence during the whole reactor campaign = 3:10%* n/ecm?

- energy production density in active zone = 200 W/cm?3

- total power at the steady-state regime = 1.2 GW
- wave velocity at the steady-state regime = 2 cm/year

- possibility of nuclear waste burn out (expected)



Stability of the NBW Regime
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Perturbation of integral neutron flux F;., (x10%? cm/s) caused by an external neutron source
via time t (days). The source with intensity Q= 2x10M (cm™ s1) starts at t, = 3650 days,
lasts during 1 hour and is situated at 160 <z <170 cm



Negative Reactivity Feedback: Stability of the NBW Regime

T = 2.5 days

Evolution of the volume-averaged neutron flux F_, (x10'° cm? ¢1) and concentrations N, (x10'7 cm3)
of the main fissile and intermediate nuclides in the fuel of mixed ThUPu cycle with time t (days) at the
initial stage of the neutron flux perturbation t, = 3650 days. The averaged nuclide concentrations: Ny,
is for 22°Np, Np, = N, - 53.1-107cm3, N, =N, - Npuigo_flor 2%Pu - N, =N, - N,jgfor23U.



Negative Reactivity Feedback: Stability of the NBW Regime
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Variation of the reactivity p (dollars) with time t (days)
along the variation of the volume-averaged neutron flux F_, (x101°> cm2c?)



Startup problem of the NBW Reactor

Neutron flux @, b-lday!
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Smooth Startup of the NBW Reactor
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| believe that we will tame the Feoktistov wave !
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... and Nuclear Burning Wave reactor will becomes
a “Prometheus of the 34 Millennium”’!
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