Korean Nuclear Societ

— A Jeju, Korea, May 0

A point dynamic model

for stability analysis of the PGSFR

SAg Y

% Ot R X240
-/ KAERI .Ko_reior: Enerlg;y—l'\‘els;;hﬁi:tz



Presentation outline

. Introduction

Il. Model development

=  Point-kinetics coupled w/ T-H feedbacks

= Transfer functions & characteristic equation
[11. Stability analysis results

» PGSFR w/ and w/o reactivity feedbacks

» Impact of the sodium density coefficient,
Initial core power, and fuel bowing

V. Concluding remarks



Introduction

€ Instability and safety of fast power reactors:
= Power oscillations occurring in a reactor during

power operation can make it become unstable.

» Standard practice has been to design reactors with
only negative reactivity coefficients.
— Limitation on reactor design which may require
additional trade-off studies on the design features.
— Absence of positive reactivity coefficients does not

itself ensure stability. In fact, a single negative

reactivity coefficient which is delayed because of a
coolant transport effect may result in instability at
some powet.

Partial core meltdown

accident of EBR-I in 1955



Introduction (cont’d)

Pl‘OtOtVDe Gel'l-l\l SOdllIlll—COOled FaSt ReaCtOI' (PGSFR] :.: PGSFR (KAERI, Korea)
Designer Korea Atomic Energy Research Institute (KAERI)
Reactor type Sodium-cooled Fast Reactor [SFR)
Thermal/electric capacity 392 MwWth/150 MWe
Coolant Sodium
Primary circulation Pool
System pressure ~1 bar
System temperature 390-545 °C
Metal fuel U-Zr (initial core] — U-TRU-Zr (reload core)
Fuel cycle ~10 months
Emergency safety Hybrid (passive and active)
systems
Residual heat removal Hybrid (passive and active)
skl Schematic view of PGSFR
Design life 60 years

® PGSFR’s mission is to test and demonstrate the performance of the TRU
containing metal fuel for commercial SFRs and the TRU transmutation capability

of a burner as a part of an advance fuel cycle system.



Introduction (cont’d)

® Necessity of stability analysis:

= To provide designers the conditions under which the reactor may become unstable.
» ensure the stability and safety of the reactor during power operation.

® THIS WORK:
» Point dynamic model for stability analysis of PGSFR:

- Consider inherent reactivity feedbacks such as the Doppler, fuel bowing, axial and
radial thermal expansion, and sodium density effects.

- Consider the relation between core outlet and inlet coolant temperatures via IHXSs.
- Account for power oscillations caused by small perturbations of either external
reactivity, core inlet coolant temperature, or primary coolant mass flow rate.
» Frequency domain approach is applied:
— Linearized point kinetics and lumped heat transfer model are coupled.
— Reactor transfer functions are derived for evaluating the stability of PGSFR.
- Impact of sodium density coefficient, initial core power, and fuel bowing is examined.
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Introduction (cont’d)
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Configuration of heat transport system in PGSFR



Point dynamic model - small perturbations

¢ Linearized point Kinetics: fuel | ff. (pcm/K)
D uel Doppler coeff. (pcm/K

dé6P P B ] Tz axial expansion coeff. (pcm/K)
—=—"5p——6p+zaj6cj - -
dt A A - - Reactor kinetics M sodium density coeff. (pcm/K)
ddc; = ﬁap — A:6C; rg [ sub-assembly / grid plate radial
dt A 7= Twin  €Xpansion coeff. (pcm/K)

—

6p =8Py +Tpb6Tr + 18T+ (rpy + 1R)STy + T 1inOT pin } Reactivity change

¢ Lumped heat transfer model in fuel, cladding, and coolant:

df{? = b186P + b,8Ty + b36T, } Change in fuel temperature
doT _ .
T byS8Tp + bs8T + bgbTyy } Change in cladding temperature
doT,, _
2t~ P70Tc + bgdTy + bodT mour + b100T min + b116Wiy } Change in coolant temperature
déT yin i .
0T mout = b1z —7— + 130T yin + b146Wy Relation between core outlet and inlet coolant
temperatures via IHX



Point dynamic model - Laplace transform

 Laplace images:
séP(s) = —6p(s) - ESP(S) + Z Ajbci(s)
sécj(s) = ﬁ] 8P(s) Ajéci(s)
op(s) = 5Pex(s) +1p8Tr(s) + 28T c(s) + (ry + rr)6Ty(S) + TyindT min(s)
SaTF(S) = b16P(S) + bzaTF(S) + b38Tc(S)
S6Tc(S) = b46TF(S) + b56Tc(S) + b66TM(S)
$6T y(s) = b78T ¢(s) + bgbT y(s) + bgdT pou:(S) + b190T pin(s) + b116W y(s)

OT mout(s) = (b128 + b13)8T ppin(s) + b146W y(s) where Y(s) = Laplace image of the quantity Y(t)
— Expressing 6Ty (S) in terms of 6Ty, (s) and oWy, (s) yields:

S6T y(s) = b76T¢(s) + bgbT y(s) + (bys + b165)0T pyin(s) + b176W y(s)

— Express the Laplace images of the fuel, cladding, and coolant temperatures in terms of the images of
the power, core inlet coolant temperature, and primary coolant mass flow rate:

0T r(s) = A1(5)6P(s) + Az(5)6T pin(s) + Az(s)OW y(s)
0T ¢ (s) = A4(5)6P(s) + As(5)6T pin(s) + Ae(s)OW y(S)
0T y(s) = A7(s)6P(s) + Ag(5)8T pin(s) + Ag(s)OW y(s)

Substitute into the image of the
reactivity change



Point dynamic model - reactivity change

*» Laplace image of total reactivity change:

0p(s) = 8pex(s) +rpA1(s)6P(s) +17A44(s)6P(s) + (ry + rg)A;(s)6P(s)
+ [rpAz(s) + 1rz45(s) + (ry + 1R)Ag(S) + T'yinl 6T yin(s)
+ [rpA3z(s) + 1744(s) + (ry + TR)Ag(S)|OW y(s)
= 6pex(s) + 8pr(s) + 8pc(s) + 8py(s) + 8py(s) + 8py(s)
— Image of total reactivity change is contributed from the following six terms:
(1) external reactivity perturbation (e.g. control rods): p.,(s)

(2) feedback from fuel temperature: 6pp(s) =rpA1(s)6P(s)

(3) feedback from cladding temperature: 8pc(s) = rzA4(s)6P(s)

(4) feedback from coolant temperature: 6py(s) = (ry + rrp)A-(s)6P(s)

(5) inlet coolant temperature perturbation: é8p,(s) = [rpAy(s) + rzA5(s) + (ry + rr)Ag(s) + Tyinl 6T yin(s)
(6) coolant mass flow rate perturbation: 6p,,(s) = [rpAsz(s) + rzA4(s) + (ry + rp)Aq(s)]6W i (s)

% Equation for the image of reactivity change can be rewritten as:

;Pc(gs)) = 6Pex(S) + K, (8)6T pyin(s) + K, ()W (s) + Hp(s)6P(s) + H;(s)6P(s) + Hy(s)6P(s)
0

) 5 Spm(s)
where  Hp(s) = 5?((3 =1pA(s); Hc(s) = 516((:)) =1744(s); Hy(s) = ;)1:1(5 = (ry +rr)A7(s)
3pu(s)

K,(s) = Ton(s) rpAy(s) + 17A5(s) + (ry + rg)Ag(s) + Tpin

Ky (s) = S22 = 1 A3(s) +1746(5) + (ry + TR) Ao (S)
Wy (s)



Point dynamic model - transfer functions

s We will consider one perturbation at a time, assuming other

1
- - - 1
perturbations equal to zero, to find the following transfer S0l ! NS CLANTS 716
functions (the system is linear, thus superposition of 7 I}
perturbations can be used). ) 4 ) Ko(s) [ 5205,

| O0H(S) Hi(s)

<

— The external-reactivity-to-power transfer function is
obtained by assuming that 6T y;;, = W, = 0.

8P(s) PyG(s)

8Pex(s) 1= PoG($)[Hp(s) + He(s) + Hy(s)]
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— The core-inlet-coolant-temperature-to-power transfer

function is obtained by assuming that §p,, = W = 0. Block diagram of the reactor dynamics
6P(s)
L(s) = T (s) K (s)H(s)
Min(S) Judge the reactor stability
— The coolant-mass-flow-rate-to-power transfer function based on the poles of H(s),
Is obtained by assuming that 6p,., = 6Ty, = O. L(s), and M(s) i.e.. roots of
_ OP(s) g P
M(s) = SW(s) K., (s)H(s) the characteristic equation:
¢ The poles of H(s), L(s), and M(s) are found to be the same. 1—PyG(s)[Hp(s) + Ho(s) + Hy(s)] =0

Thus, stability property is independent of forcing functions.
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PGSFR U-Core (Initial Core) Configuration

€ Initial uranium-loaded & final TRU-loaded cores:

— PGSFR will be initially loaded and operated with uranium fuel owing to the insufficiency of TRU fuel
irradiation databases; As the practical performance of the TRU fuel is demonstrated, the initial
uranium-loaded core will be gradually changed into the final TRU-loaded core.

O Outer core F.A.

60

Eq. Diameter = 158 cm

QG Power, MWth 392.6
@ secondary conroirod 3 Coolant temperature, °C (inlet/outlet) 390 /545
s Fuel form U-10%Zr
e Cladding/Reflector material HT9M
ss | Enrichment, wt.% 19.53
Cycle length(EFPD), day 290
Active core height, cm 90
Fuel pin diameter, cm 0.74
Number of fuel pins per assembly 217
Heavy metal loading, MT 7.33
Ave. power density, W/cm?® 218.3
Burnup reactivity swing, pcm 2235
E6. Diameter =253 om - Peak fast neutron fluence, x10?® #/cm? 2.88

Radial layout of U-Core
1



PGSFR U-Core - lumped kinetics and T-H data

BOEC/EOEC kinetics data

B 0.000197/ 0.001103/ 0.001086/ 0.002605/ 0.001245/  0.000514/
0.000190 0.001069 0.001048 0.002511 0.001208 0.000496
4 0.01337 0.03239 0.12105 0.30783 0.86964 2.91800
S =0.00675/ 0.00652 A =0.0995/ 0.0994 A =3.30429 E-07/ 3.44076 E-07 sec

BOEC/EOEC reactivity coefficients , pcm/K

'p Iz gy TR F'Min
-1269.5 T-1.19834/ -0.21876/ -0.21200/ -0.65654/ -1.10490/
-1198.0 T-1.18282 -0.22633 -0.19700 -0.68027 -1.14459

Assuming fuel temp. raised to ~900 °C gives rp = -0.36597/ -0.38381

Steady state T-H data

m. (U-10%Zr), kg 7330 m¢ (HT9M), kg 1804 m,, (Na), kg 1803.5
Cpr» JIkg/K 500 Cpc» Jkg/K 750 Cpm» Jkg/K 1269.5
hee, WIK 1.14 E1l hew» WK 1.14 E8 W,y » kg/sec 1991.2
Thino» °C 390 Thouto » °C 545 my , kg 2784.8

hy , W/K 2334524 Tyino» °C 545 Tyouto » °C 390
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Zero power transfer function

_ 8P(s) _ 1 => One-group approx. gives: . o _ 1
G(s) Pyép(s) </1 N 26 ﬂ]. ) (s) R (/1 N S:;)l)
I=1s + 4;

6
where 1 12&
i B4

% One-group and six-group approx. show the same behavior of the zero power TF.
— As the frequency approaches zero, the magnitude becomes infinite.

» PGSFR wi/o reactivity feedbacks is intrinsically unstable.

100

Bode Diagram
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Bode diagram of the zero power TF
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Roots of characteristic equation

The necessary and sufficient condition for the closed-loop system (system w/ feedbacks)
to be stable to small perturbations is that:
— all the roots of the characteristic equation have negative real parts.

* PGSFR is inherently stable at BOEC/EOEC because the real parts of the roots are all negative.

¢ lIts stability is independent of the fuel burnup in the equilibrium cycle.

# CE roots at BOEC # CE roots at EOEC

2

A -1.60E-05, 1.80E-03

-1.50E-05, 1.70E-03

‘E; -115879, 0 -20428, 0 -73,0 .‘E -115879, 0 -20428, 0 -73,0
. . e e 0e s . e . & 0e
qu -140000 -120000 -100000 -80000 -60000 -40000 -20000 ;ED -140000 -120000 -100000 -80000 -60000 -40000 -20000
E E
-1.50E-05,|-1.70E-03 -1.60E-05, -1.80E-03
* *
Real axis o Real axis 0:002
Roots of characteristic equation at BOEC (P, = 1.0) Roots of characteristic equation at EOEC (P, = 1.0)
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Impact of sodium density coefficient

% Under certain circumstances, r,, can be positive and thus the reactor can be unstable.

% As r,, becomes positive and approaches |ry + r, + ry | from the left, the real part of one
root becomes positive and thus the reactor becomes unstable.

— 1y, should be kept somewhat lower than |ry +r, +rg|.

— PGSFR becomes increasingly stable with fuel burnup.

fy Ittt Real parts of the roots at BOEC bttt Real parts of the roots at EQEC
Py=10(rp* 1y # rg =-1.2413) Py=1.0(rp+ 17 # 1z =-1.2904)

-0.212 -1.453 -115879  -20428 -3 15E05 -15E05 01970 -1.4874 -115879  -20428 -3 -16E05 -16E-05
1.238 -0.003 115879 -20428 -73 -T4E-09  -7T4E-09 1.2875 -0.003 115879 -20428 -3 -28E-09 -28E-09
1.239 -0.002 -115879  -20428 -3 27E09  27E09 1.2885 -0.002 -115879  -20428 -73 77E09  77E09
1.240 -0.001 -115879  -20428 -13 13E-08  1.3E-08 1.2895 -0.001 115879  -20428 -3 18E-08  18E-08
1.242 7.3E-04 115879 -20428 -13 -38E-05 38E05 12910  58E-04 115879  -20428 -73 35E05  35E05
1.245 0.004 -115879 20428 -73 -8.7E-05 8.7E05 1.2945 0.004 -115879  -20428 -3 92E05 92E05

Varying r,, at BOEC Varying r,, at EOEC
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Impact of initial power level

* The higher the initial power level, the more unstable the reactor can be.

Fa

-0.212
1.238
1.239
1.242

-0.212
1.238
1.239
1.242

-0.212
1.238
1.239
1.242

-0.212
1.238
1.239
1.242

-0.212
1.238
1.239
1.242

Frztrm¥

-1.453

-0.003

-0.002
7.3 E-04

-1.453

-0.003

-0.002
7.3 E-04

-1.453

-0.003

-0.002
7.3 E-04

-1.453

-0.003

-0.002
7.3 E-04

-1.453

-0.003

-0.002
7.3 E-04

-115879
-115879
-115879
-115879

-115879
-115879
-115879
-115879

-115879
-115879
-115879
-115879

-115879
-115879
-115879
-115879

-115879
-115879
-115879
-115879

Varying initial power level at BOEC

Real parts of the roots at BOEC

P, =0.1
-20428
-20428
-20428
-20428
P, =0.5
-20428
-20428
-20428
-20428
Po=1.0
-20428
-20428
-20428
-20428
Po=1.5
-20428
-20428
-20428
-20428
Po=3.0
-20428
-20428
-20428
-20428

-1.5 E-06
-7.4 E-10
2.7 E-10
-1.2 E-05

-7.4 E-06
-3.7 E-09
1.4 E-09
-2.7 E-05

-1.5 E-05
-7.4 E-09
2.7 E-09
-3.8 E-05

-2.2 E-05
-1.1 E-08
4.1 E-09
-4.7 E-05

-4.4 E-05
-2.2 E-08
8.2 E-09
-6.6 E-05

-1.5 E-06
-7.4 E-10
2.7 E-10
1.2 E-05

-7.4 E-086
-3.7 E-09
1.4 E-09
2.7 E-05

-1.5 E-05
-7.4 E-09
2.7 E-09
3.8 E-05

-2.2 E-05
-1.1 E-O08
4.1 E-09
4.7 E-05

-4.4 E-05
-2.2 E-08
8.2 E-09
6.6 E-05
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Impact of fuel bowing

*» Positive reactivity due to fuel bowing in PGSFR has not yet been determined. But, the
degree of fuel bowing coeff. (rg) at which reactor may become unstable can be predicted.

— reactivity change due to fuel temp. change will be (rg+ rp)dT instead of »,0TF.
% Asrgapproaches |ry +r,+r, + ry |, the reactor becomes unstable.

— 1y should be kept somewhat lower than |rg +r,+ ry, + rg | .

g gtiptrztiyth Real parts of the roots at BOEC B Ipthtrtiyth Real parts of the roots at EOEC
Pp=10 Py=10

0.0 -1.45321 115879 20428 -73  -15E05  -15E05 0.00000 -1.48741 115879 20428 73 16E05  -16E-05
145317 -1.0 E-04 115879 20428 73 -39E08  -39E-08 1.48731 -1.0 E-04 115879 20428 73 -41E-08  -4.1E-08
1.45326 -1.0 E-05 115879 20428 73 -39E08  -39E8 1.48740 -1.0 E-05 115879 20428 .73 -40E-08  -4.0E-08
145327 0.0 115879 20428 73 -16E07  83E08 1.48741 0.0 115879 20428 73 -16E07  B4E-08
1.45427 0.001 115879 20428 73 -45E05  45EL5 1.48841 0.001 115879 20428 73 -4BE05  46E-05
1.45527 0.002 115879 20428 73 64E05  GAE05 1.48941 0.002 115879 20428 73 -B5E05  65E-05

Varying rg at BOEC Varying rg at EOEC
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Positive reactivity coefficients

R/

* Sodium density and fuel bowing coefficients are both positive.

— The reactor will become unstable as r,, > ~0.658/0.682 pcm/K at BOEC/EOEC,
provided that the overall reactivity coefficient is kept at zero.

rs ry rg+rptrztry+rg Real parts of the roots (P, = 1.0)

rg+ry= 124126 at BOEC

1.45326 -0.212 -1.0 E-05 -115879 -20428 -73 -3.9 E-08 -3.9 E-08
0.58326 0.658 -1.0 E-05 -115879 -20428 -73 -4.4 E-11 -4.4 E-11
0.58226 0.659 -1.0 E-05 -115879 -20428 -73 3.8 E-13 3.8 E-13
0.57226 0.669 -1.0 E-05 -115879 -20428 -73 4.4 E-10 4.4 E-10
rg + ry= 1.29040 at EOEC

1.48740 -0.197 -1.0 E-05 -115879 -20428 -73 -4.0 E-08 -4.0 E-08
0.60840 0.682 -1.0 E-05 -115879 -20428 -73 -3.3 E-11 -3.3 E-11
0.60740 0.683 -1.0 E-05 -115879 -20428 -73 1.2 E-11 1.2 E-11
0.59740 0.693 -1.0 E-05 -115879 -20428 -73 4.7 E-10 4.7 E-10

Varying both r, and rg
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Concluding Remarks

® Main findings for U-Core of PGSFR are:
- Stability property is the same for all the considered perturbations.
- UJ-Core is inherently stable & its stability is even more enhanced with fuel burnup.
- |f a positive reactivity coefficient exists, it must be kept somewhat lower than the

magnitude of the overall negative reactivity coefficient.
— The higher the initial core power is, the more unstable the reactor can be.

= |f sodium density and fuel bowing coefficients are both positive, U-Core is stable

under the conditions that (i) overall reactivity coefficient is negative, (ii) sodium
density coefficient must be kept lower than ~0.658/0.682 pcm/K at BOEC/EOEC.

® Further work:

» Consider time lag in the IHXs
= Analyze the final TRU core of PGSFR

19



Thank you !



