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Thermal-hydraulics and Post-shutdown
Cooling of a CO2-Cooled, Gas Turbine
Fast Reactor

Yasushi Okano, P. Hejzlar, N. E. Todreas &
M. J. Driscoll

Nuclear Engineering Department, MIT
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Characteristics of MFGR-GT

Previously designed GCFRs*
MFGR-GT
GBR-4 AGR-base
Thermal Power (MWth) 600 3,430 1,750
Thermal Efficiency (%) ~45 (Brayton) 35 (Rankine) | 36 (Rankine)
Coolant / Pressure (bar) | CO2/190 (Supercritical) He /90 CO2/41
Outlet Temperature (C/[K]) 550 [823] 560 [833] 525 [798]
Density (kg/m?) 120 ~ 150 5~8 25~45
Fuel Fissile U(Pu)Zr / U(Pu)O: MOX MOX
Assembly Matrix / Pin bundle Pin bundle Pin bundle
Safety System Passive Basis Full-Active Full-Active
Specific Power (kW/kgHM) ~4 ** ~80 ~43

e Moderate temperature range / High coolant density
e Large heat capacity of Matrix & Reflector
e Based on Passive Safety System

* Reference : C. P. Gratton, Nucl. Energy, 20, 4, pp.287-295 (1981)
** Starting Point (2001 ANS Annual, Wisconsin) for Iterative Uprating.

Matrix Fuel Core

Core Matrix Fuel Unit-Cell

Outer Reflector
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Pin Fuel Core

Core Pin Bundle Unit-Cell

i

Soli Pin

Objectives

* Identify steady-state design envelope
Within reasonable design constraints,
To maximize Specific Power for Fuel Cycle Economy.

e Evaluate post-shutdown decay heat removal
By Natural Convection (Passive basis system),
Based on quasi steady-state model.
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Steady-state Thermal Design

e Assumed Parameters

Core Height & Diameter 3m&3m
Core Pressure 19 MPa

Core Inlet/Outlet Temperature 681 K/823 K
Axial / Radial Peaking Factors 1.33/1.5

e Variable Parameters

Thermal-hydraulic Diameter 0.5-3.0cm
Coolant Volume Fraction in Core < 25 % (Matrix)
ca. 50 % (Pin)
Thermal Power > 600 MWth
Constraints

¢ Pressure Drop in coolant channel
Set by effect on Thermodynamic efficiency of Power Cycle,

AP/P<15% => AP <0.283 MPa

* Peak Temperature at steady-state condition

Limit of Cladding/Fuel/Reflector Material
In this study, preliminary limits as,

Tcladding < 923 K (for PE16 limit at 948 K)

Ttuel < 1,273 K (Matrix, for UPuZr melts at 1,603 K)
2,573 K (Pin, for UO:z S.S. condition)
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Thermal Design Envelope (600Mwth core)

Geometry/Materials:
2000 . Core Height/Dia. 3m/3m

[ Fuel/Matrix UZr/Zr = !(’——-*"——‘\
— Coolant Vol% Variabie [ 8 i ! 5 5
= Operating Conditions: t 9, : -
Power 600MWth [ a3 l : w
@ Inlet Temp. 408C ‘ ot -
5 Outlet Temp.550C - s
+— Pressure ~ 19MPa 1 s, -
o Power Density Variabl% iog! T : "
D 1500 Lo t“mqmugLuw ...... 1 T L
5 : 1 ;‘ 3’5 1 f - &
—_ : - '
. e 5‘.__3: * Fuel Constraint (1,273K)
s — g ol :
3 REIE
a- ] =
= : Lol &
S 1000 oo L AR TR VO R -
= 5 EX ink (923K)
- .
o
= VF=0.5 0.2 :
5 E { VEch=0.144
- —— Cladding , {  Dch=1.135cm
= -— Fuel! g 1 Q" fuel=34.0MW/m®
< 500 | , ! §.P.=8.5kW/kghM
1000 10¢ 10° 10° 107

Pressure Drop in Core (Pa)

* Margin as affected by Coolant Vol. Fraction (limit = 25%)

Thermal Design Envelope (Coolant Vol. 25% core)

Ggomtay[M§§7Bjalsé /2
ore Height/Dia. 3m/3m
2000  Flel/Matrix UZr/zr
Coolant Vol% 25%
Operating Conditions:
Power Variable
Inlet Temp. 408C
Outlet Temp.550C
Pressure  19MPa
Power Density Variable

1500 | orveveeeeeneeniensdcicnins \“5 ......... ;

chh=0.5,1.0,1.5,3.0c;]

—
N
-~
w
x

1000 e ; ............. S—

Qcr=1, 040MWth

Cladding ) Fuel Peak Temperature (K)

1
]
N [ ]
y ol
—— Cladding N1 Dch=1.13cm
-— Fuel: 21 Q" fuel=69. 2MW/m?
500 ; L St 5.p.=17.4kN/kgtM

1000 10* 10° 108 10
Pressure Drop in Core (Pa)

* Maximum Specific Power = 17.4 kW/kgHM

__8_
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Decay Heat Removal under LOCA

o (Closed Natural Circulation Loop System
Simplified Unit-cell, quasi-steady-state model is used,
Taking accounts of Heat transfer change with Flow regime,
With Specified boundary conditions.

Pressure z
0 1-10atm ad
;,_ v
= 2 F
;‘E - O
g |z
5 = |8
E:‘ é Core =
* Assumed Parameters
Core Height & Diameter 3m&3m
Axial / Radial Peaking Factor 1.33/1.5

Thermal-hydraulic Dia. (Matrix/Pin)  1.13/1.00 (cm)
Coolant Volume Fraction (Matrix/Pin) 25 /50 (%)
Lower Plenum Temperature 573 K (300 °C)

e Variable Parameters

System Reference Pressure 1-10 atm
Decay Heat Power Ratio™ (Matrix/Pin) 2 /3 (%)
Coolant Medium CO:2/He / Air

* at the time of cladding temp. reaching the constraint under adia batic presupposition.

__9.._
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Constraints

e Peak Temperature in Post-shutdown condition
Limit of Cladding/Fuel/Reflector Material
In this study, preliminary limits as,

Tcladding < 1,583 K (for PE16 melting point)

Truel < 1,603 K (Matrix, for UPuZr melting point)
3,073 K (Pin, for UO2 melting point)

Peak Clad Temperature vs. CV Pressure

2500 : . Geometry/Materials:
: \\5 Fuel/Matrix UZr/Zr
: Coolant Vol% 25.0%
N Post-shutdown Conditions:
: Decay Heat 1,040MWth x 2%
2000

s e iy Secific Power 17.4kW/kgHM—
: : Ve :

1500

1000

. | :
Geometry/Materials:
Fuel/Matrix UZr/Zr
Coolant Vol% 25.0%
: : Post-shutdown Conditions:
500 SR . ................ . ...... Decay I'_{eat 600thh X 2%..._
: : Specific Power 9.6kW/kgHM

Peak Clad Temperature (K)

. | ; | ;
0 2 4 6 8 10

Reference Pressure (atm)
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Removal Decay Heat Power Density
Matrix Fuel Core

Geometry/Materials:

108 . Fuel/Matrix UZr/Zr 5
Coolant Vol% 25% ' 350%
Limiting Condition: :
& Clad Surface Temp. 1,310C
& Core Inlet Temp. 300C E o
S~
= . Operatmg Conditions: o
+— 10" } Specific Power 8. 4kW/kgHM 35% =
= Power Density Ordinate ! =
.: el
- . 1 .
@ L [/ LI S PR 3.5% Lo
= % 2
- % a-
D
1.3 — =3 =2
E 10?7 __,, .F .......... S 1.1*2_2%)2 .35% ::;g
§.27}2 — - — | —f e — e —— —
- s =2
s 4 H -
2 .’ | I =
- 10 ::'!i?:':;::'“'*:':;::J:;:5'J'“:‘:;::':;::':;::':;::‘ 0% S
5 18 Bl =t 026% -
g :
= | |
1000 v Vo1 .0035%
1 3.7 7.4 1012.5 100

Reference Pressure (atm)

Removal Decay Heat Power Density
Solid Pin Fuel Core

ety Mt 1 i6-pi
] ue olid-Pin
10 Coolant Vol% 50% ! 350%
Limiting Condition:
= Clad Surface Temp. 1, 3100
\’?g‘ Core Inlet Temp. 300C : -
=5 Ogerat}ng gond'nt}?ngkw/k HM o
+r= 10" | Specitic Power g ~=
=2 Power Density Ordinate 3K i
- s
+ 8 § o
< R 3.5% 3
23 gt
(=]
— 2.15 - 6% 8=
e T T f:.’ [:I L T T agy = ©
=S 132 F . -l 8- =1 O,
P=3 0 _A—]-r- ...... oot e TSl n. T s s e s e 3 0 <
a o »° : .40% ' 2o
=2 P =
st % " t | l - s
4 B <o
25160 Le“He. | . __-l_;_l__- e ] [l
= ' b 056% £o
:m 104 beoeeeriieiee |l~" ......... - 035%\/0
] : <
3] 1 | ] ©
@ :
= | i
1 U “l
1000 V V__ 1V .0035%

Reference Pressure (atm)
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Best-to-Data Core Thermal Design

Matrix Core Pin Core
& Core Power (MWth) 600/ 1,040 600/ 1,270
g Core Size: H /D (m/m) 3/3 Seed 2 + Gas Plenum 1/ 3
03]
© Coolant Volume Fraction 0.144/0.25 0.50 / 0.50
Cladding Surface
5 Temperature X 923/ 923 923/923
g | Steady Fuel Peak
-g State Temperature X) 1,117/ 1,057 1,323 /1,590
o Pressure Drop in
%o _ ;(:ir.e (Népi)f 0.283 /0.283 0.0672/0.283
e adding Surface
g Post- Temperature (K) 1,310/1,310 1,310/ 1,310
© | LocA o f;ee:afsjf(m ca.1,315 / ca.1,320 cal,325 / ca.1,590
Average Core Power
Steady | Donetey (MWt 28.3/49.0 42.4/89.8
8 =| State Specific Power
g g (kW/kgHM) 84/17.4 11.5/24.4
5 § Required
ki 5 Post- |  Containment 3.7/7.0 3.0/6.9
A Pressure (atm) .
LOCA -
Grace Period (min) 13/6.4 2.7/1.1

CO2 vs. He 1n Natural Convection Cooling

10 T

1000

Peak Temperature (K)

i

Geometry/Materials:
Fuel/Matrix UZr/Zr
Coolant Vol% 25% :

Post-shutdown Conditions:
Decay:Heat 600MWth x 1.3

Specific Power 8.4kW/kgHM

100 L
0 2

4
Reference Pressure (atm)

§ 8

10

*Under natural convection,

Mass Flow Rate of coolant,

Not Heat Transfer coefficient,

is dominant for peak temperature.

eMass Flow Rate increases with

' Buoyancy Force, namely Density

Change across core.

*Density difference at the same T,P
CO2:He: Air~44:4:29
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Conclusions

* Steady-state full-power thermal-hydraulic design of Supercritical
COz2-cooled MFGR-GT is acceptable at Specific Power of;
17.4 kw/kg for Matrix, and 24.4 kw/kg for Solid-pin fuel cores,

e 600 MWth cores satisfy criterion, if pressure in containment vessel
is kept above 3.7 atm for Matrix & 3.0 atm for Solid-pin cores,
as to High power cores ca. 7 atm is required.

¢ (COz2is a better cooling medium than He, under natural convection
conditions due to its high density, which enhances the possibility for
passive safety in a fast reactor with economically viable power

density cores.

Future Work

¢ Cladding/Fuel/Reflector material selection,
Neutronics, Materials (corrosion, radiation, creep, etc).

¢ Core Geometry & Temperature Optimization,
Lower core height for reducing AP u. S.S & post-shutdown.
Lower core inlet temperature for reducing AP.

* Decay heat removal system design,
based on passive auxiliary cooling loops,
Cooling scheme during Refueling.

* Entire sequence of accident scenarios,
LOCA, LOFA, sensibility of heat exchanger efficiency.
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l Nuclear Systems Safety Course, Part 2
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Design Basis
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Prof. Neil E. Todreas
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Degraded Core/
Accident Management .

Regulatory Strategy
! é n 21
Review of Reactor Safery | BWR Transient Experience Human Error Reduction PWR Materials Issues Severe Accident Phenomena
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3 . 3 13 8 5 |
BWR Design Safety Issues in oF o / . 23 Accident Management
Emphasizing Trgm ients Advanced BWRs g Error BWR Materials Issues C Stmlcag":f
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GE Nuclear Energy GE Nuclear Energy Performance Improvement Int! MIT, Nuclear Engineering Fauske and Associates, Inc.
11:45-1:00 LUNCH LUNCH LUNCH LUNCH LUNCH
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Safety and Economy Risk Management Safety Engineering Advanced Reactors Waste Management
Evolution of Risk Goals 3 Planning for Reliability % Graded Quality Assurance WC"'"’""C"“’ Challenges of “ Decommissioning
\ 8 Advanced Reactors
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Future Resources Associates Exelon Nuclear STP Nuclear Operating Co. Entergy Nuclear, Inc. MIT, Nuciear Engineering
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27 32 . 37 ] 0 ) W)
: Risk Management Current Issues in Safety Passive Safery in Advanced Radioactive Waste I
Effect of Deregulation on Safety Theory and Practice Systems BWRs adioactive Waste Issues
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Z15313 1 DR, RICHARD MESERVE DR. MARK PETRI MR.PHIL McCULLOUGH |  DR. THOMAS KRESS Have a Safe Trip
Chairman, USNRC Argonne National Lab. INPO ACRS Back
3:15-4:15 PANEL DISCUSSION PANEL DISCUSSION PANEL DISCUSSION PANEL DISCUSSION
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