%,i e
ELSEVIER

Contents lists available at ScienceDirect
Engineering

journal homepage: www.elsevier.com/locate/eng

Engineering

Research
Clean Energy—Article

BTk MESEIRITRITEIR

Nicholas W. Touran, John Gilleland*, Graham T. Malmgren, Charles Whitmer, William H. Gates III

TerraPower, LLC, Bellevue, WA 98005, USA

ARTICLE INFO HE

Article history:

JeREAZ S NI HE R Jy e AR e AL T ATEERORLAE. AL RCTHRT I, BN AR B

Received 16 March 2017
Revised 7 July 2017

Accepted 12 July 2017
Available online 3 August 2017

ES i3t
L

(35

il

e ik S Vi HE
AT RN HE

HECRRA A L Sl B AT S AN F I B, JT R Se ERZ S RLHERT T SR AL O OB FE R AR v . — MR I
s B HE A AHE BN A ASEL G480 (5 . . B SANELSIT R TR, AT AR AR &
REMEVCTE TARRIRE DAL . FEX R RS, SMOCHPEREfR bR (AN IR IRRHE B, Bovh Skl
WOIRZS NS IR B . P R W RO SE) AT LB 5 B rH i N B Chn 2R s BB T (1
JEREE. RESHH BKAE—E, RERENRIT—8t. WRG4dGeaEfilERR 25, it
% A AT BTN R B SR A R G AT BURE 0, TR, TSR Pl A e,
TE IR T % o TerraPower 2 7 R T — @A T -, AT Iy 22 v “ m s B HERR IS O R 407
(ARMD) , FHEVKILRN AT H AT 1IELEIF R 1 TerraPower 1798 S5 o HE W 14 & HoAth G 357 14 R U5 7 o 11
W TAES . ARMI RGMEH AT CA R BA I RS TR, UGS 2 5
ST SRR B . I RGN T 2 F BTSRRI G S AT TS
VETH T 5 #0542 B Z SRR 3E4T T XS LA NG AR . AR SCLRIR T S B N HEHE S TR %
T T H R TerraPower 2 ] (4R P 92 BRI 0

© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and

Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1.5

PRSI LU AT TR TAESR g — AN BRI
REFUSEIR A, FEIXAN SR E o AR ARRES AT LAY IT R N
BN . BARE. BRI RS. BT SRR
PR 2%, WA IR m, BB wT R4
SAZ AT SR U — B AR N . Sbr b, BUAML T
HHE AR A FR AR, KATE19454, NKEH
— BN — T 55 5 /2 9 Edward Tellerf {7 - ik
AT R0 T — ZFU A 53 77 2 A5 o] 1]

B — PR A% S N HE ST AR HE 50 3R AT 1 4 b 7 ik T
e ZJaARA, AT a6 R 5 1A BT H AR P 5

* Corresponding author.
E-mail address: johng@terrapower.com

IR A0, FHAE B i AN s R HEHE S % 1T TAE I
*hFE. 19494F, KnollJi 1 HE SLI6 =5 78 MEAZ I N HE Bt
JRH— G 1IBM 6041 5H ML, 25—k 17 4 807
e, XSS — R T AR G ) @[ 2], BEE T
HHUAR S HORGRE K, LA 195 TAEAEIBM 704 E44 A )
FortranZw 215 5 W HIL, ARG T DL RN LAR %
FHEEAINE R BUE . RN, fEREROR IR & R
PRI Je (A% B0 e AR AE R AT RE, T AT 3 R I A%
i PR [N ME AR, A SN HERADL I SC B N o SR
N4 H, B R BHER TS — O YRR, E
K FH 0 FH HE 28R S AR TR A SRR} B2 RS TER 1) & Dy 2R 1l 5
et 15 5K 5E il o

2095-8099/© 2017 THE AUTHORS. Published by Elsevier LTD on behalf of the Chinese Academy of Engineering and Higher Education Press Limited Company.
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

: Engineering 2017, 3(4): 518-526

: Nicholas W. Touran, John Gilleland, Graham T. Malmgren, Charles Whitmer, William H. Gates Ill. Computational Tools for the Integrated Design of
Advanced Nuclear Reactors. Engineering, http://dx.doi.org/10.1016/].ENG.2017.04.016



M20TH 2L TOFARTIO04FEAR, s S HERL AL R A A2 15 1Bk
KABKETA, REOSAR L HABADL & Pk N7 (R ) B ), (09
BT AREG RRMERE. BREST UL 1355
XK AR B A PRSI IR, IR 3 30 T2 iy E A
ML, RstE IR MDIGE. REHLT, ®
TN 2= G — Sebrife e 1 TS, RT3
(IR EE A 2500 75 V2 A BREEAS R e 1 oAt i) /. ILAE 1)
IR Z Ak T 2 A ReAb 3 — 2k 85 B 4 A ) B
HH P R K YA IO HE IR B g 22 1K 75 0 D, R 2
2 IS HE AR 1) AR 22 TR AR AR S0 SRR DG v v kG B2 1Y)
PERE R, XA K, BFFEN G AT DUOR R B
TR RES kAT 5. BAE, 9 T A
W e, DnsEERME, AR ECE IR, B TR
EHEHOITRAGEHRE .. Z2WHESHIER ., BRXME
FRIERIEAE A R B Tl Ak .

20064, TerraPowerA W] JF 45 i I 4T 3% = B HE
(TWR) IiHIJFRATRFEE . KBS IZ 68, HriH)
2 SEHE A — FRE (R DU ARG BNV 4L )8 IR ) s
HE, A — 5 BRI FE AR REMIE R R 3R A5 58 2
MNHERE )] (HARZ A JRFME D b I 2 BRIk
AR R e AR AN AL ) T A 7 g Ak
R3] EfRE (HETHME) BTN MARA B
UEBA T TWR AT AT, BEEHLAWIRE, B
AT T R R 5 BRI FH T SRR [RIRE R A ) S
MNHEE T TAE. 20094E6H, TerraPowera w1 4HiE4T 56
B REHE AR R G H D TT R TAE, B BIAE TR % A
P& T B 3 I R G D RN OV HE BT T HRAR
BG B PH BA RT O B B R A T R WIIEL
AN BAIEAS b2 N TT AR, N AR B T A5 A 20 4
PSR Ve 2 R Ak s S HE BT A A Rk
. MEEHEZRAIEIR SRR KRE, FEIERER

N~—~

Reactor

Assembly

567

TE VR Ure] 2 S8 ) P B R A R B R g, dE i 3R
BRI R R T R AR LA G, &
A PBA I REAS B RER AT LB AT A KRG T pE . TR
BT B, 6 SRR A AR T S, M AR AR R
IS 72 B TH B 22 G SO TN B, 5 I AR iR B A5 T e #8 v] LA LG
iR A ST E . AT DAR AN e BV . A R
iy G A BUR I S TAE . XA RS d TerraPower
N T BERS R — AN RS 0 I BALEAS B (A 8] Py
SERUS AT TAE.

2. 451

o IR S HE F AR A 1 1R 5 R HE B0, 55 R A O
g3 SO HEREIRYFNE I HEARASEE . S B HEASE A 47 5
S HE ) A R B S B AE R AE N BOIRAESTS, A3 L
far gkt MOEMER . DR FRE S — 8. B AR
HEEHL 43 D) A7 5 4T FH AN S T S S MEAR AR, EAT & R A B
SRR TAE . IXMH [F)X RS589 7] LGS & SR HER
YVEREAR AN AT T H, RN BRI AR A & AN . H
Tz R s TR FREA M HSIEE 2, M
TR NHMEIZAT A G50 1 T AR M SR B A,
PIX R — PR R BEAR I S5 o B PSR Bl S s )
RNHEF I Z 5% GXENAE TR A FEER
20 @ KRG T M mARE S ok AT B i
(WPython ),

2.1, [ B AR Y

Tt 2% S N HE AR 1 A G o ) s B HERR R S — N
BRGL4], PEARGERT LUk Y P 1T i A% B 1 HE HE
AN E D BT RBIHEX R H— R Y
B R, AR BBl — EE4 FR A block i) T R G A B

Blocks Components Material

1. SR HEE B LRGN A RS HER A .

"7 1991 4F Guido van Rossum FFR 10— G B (ORI 2



568

F M block N d1 — 28 R AF CifiokRb . B e g
HFD M. FEANEME ST UER:, Y EA
SEHREE . R SE IR . O N HE B 1 R G 5L
I8 BT 55 W0 SOl il e OB R 432 RS S B AR TR
AR SRS T o TXAN S S HERE AR [ b AL 0T e 20 s B
MR D RGN M EN T EMERERAG ERE
BMER, P s 20l it R G AL 3 S #A R BR T
JEOR (R 4 R AU ) P 3 T A2 R A i A AT AR T A
HDEAETTR

R AR 1 CAPD W] LAy F P A N G2 4 fit
SR AR, DUEAR SR S a] LA ) 484> S W HE AR
Mo AT B A BEALIZE 3 R S HE AR RIS AR B
BOFEME, BT ARSI (v 505505 B 224k
O E I AR R, —RRE IR AT LS

BN TGRS 1] BORTRLE TR I, X R
P S S HE VTR R L, MR ot — R AR AL
B R K. AEE. FE. SRE B
OB, mRaRAESE. DME, BT e & il id 3L
— XIS AT AR R R, DA R T AR A A
R YERI T o S5, SIS0 A a7 B e P AR
DAAE TSN P AR A AR b A RE T 55 s N o AL
I RE E BRI BT RE PRAG &5 SR AT BE i 5
DAL 2 1 B RF i B B AR KI B 534k, 5
YRk e 22 18] (R 2% 056 A% W DASR A% 2 3 B 34k
ALK T BE, MG R B 4 Th R RS g
2K

B R E Ty (G RS LIRS A P LD N B U (P S PN o
e 0 N HE FER AR 11 2R G T LK s S AR A e e e A
FI R JUAR IR (RZIMRD . et ds vl B sk AT B ST
fEECHE, WHBR T TPl RIRER T RENE. WX 2pr
AN, HR R A I X I S A R AT O LA
MBI AE# TAE, %45 m T LURE 3D Ay T 75 45 e
FIAE RO T DER R AL T AR R Can T s g B 20 H

B 2. SR FH v 2 S N S AR 11 AR e R DA RCBE T AR RHR B b,
FHT R R RE R 0 R B A BRSO, X T B B A AR 5 2 R AN ]
BRI B % I ST HE M A A B

I 8] 3 FR D . A I LR KF T R FH 3D IR Sk AR
BT (1977 925

2.2, FE I HERE

P2 CVHEARHE ol — S PR RO R R G R, AT L
YERF— A~ BRI SOSLHEARRRY o B v 4 S N T AR
IR DL AL A S TP A R AT A A ke ) e A M T
PP N AR T 75 0 TR VAL o 2 1 HERRAE A ] R A8
A &) CUndEAS TARIF AR . DT a6 s f8 3 el
JE 45 SR FNEEAS AR S SR D 2 18 R RE 8 A P IR
I NURE f2 P BEAR PR R E /) (kK R S T E
i A A FIRE Z RIRR R, HEAIRZHE Y
I R 1 S0 B A b 4 RO

filtn, e O HERR BT (813D AT RALEAZ FE IR AR
BT oA kG R e b, Bl Al ST (1 07
el o HA Y PEAHUSAE A EOR B IS DL T 5 TR
B AR EAE o X 4 R AR M T U L AT
Fov FOLHE. EETIG, DR RIS
FR A A AR T g T S R R R HE R ] AR
Gt B v JE OB E T 2R ST

3. YPIEEIR

K2 S B HEHE RS 2 R AR K R B AR, 22 1]
AR E T5 TH R 2 IE B 2 AR . FFaRA3X107 s
7 SBURRAE, I HAEBE)S 13X 107 sHRE I H
AN AN By S LRI BRI (IR
RIEAXTFRI, o FER MR MBS i, IF HLBF
Js B S HEME RSB oAb e, 0P IRHE B A —E Bk AH
A0 11 N B RS HR v 1 A 0750 R ke 2 B AN [ (1 e
SRIG o LRI ZU TR A I R, DK S HE HE A 5 1Y
PR R ROt — M RHE, 2 AR
B S VNN R (ST

3.1

SO R A% SN S i Ll R AR o AU R
DA E TR S ) oA SR ATt A, PR
AR B R PR A2 A HAER RV gk, 2
AREE) W . RLARFI SR T g A ORI ERRLFE
SRR, HOH A BAE R S SR SR E AR R R
KEIRER om0 S B HE AR 11 3R 40X w] DL ARE 1Y) s )3
YR RARRIEN), (H2ZH T TerraPower A\ 1) 2 £i%



Neutronics

Thermal/
hydraulics

o
|

Inputs

Reactor model

!

!

prd

.

\\

Visualization

Database

=

3. % S S HERLRY 3847 (145 T HERR I BE I

THESE R 7, b s g B O R G
ANEARIS IE BT ZR S, DAE S B 07 [ 5K S8 = (ANL)
1) Fa 5 e e 7 S N HE P EE ECHE A4, BFEMC? 5],
DIF3D/VARIANT [6]MIREBUS [7], #i4l7E el ik
(1) 22 Tl B A 3 AL 0 QR BN R X e SR BT
DG AT R B R A DL, RO HE AR 1
o AR R 2 e R A AT A5 R BAT R TR B ) 2 T
1% .

AE VBT ey 5 S5 N HEBE UL s B RE v, 0 20

HARIREE — RFIMPEREIROL, LK — IR E P —
BRSOl RGEMREHE TR T iz iT 5
THEZIE, A RHE AR YREAL A e
HER), AT R E RN AR ENTERE, B,
PR T & 2 AR B AR i — A H R, A
SCRPEXAE ZHAR I, MR B O R g —
BB A T REBUSHUR[8], AT AAE G & 151
WARMERE,  BETTREAT DU o FHIS AL .

PR E B AR AR 2 ORI, U H R AEAT I

FIVERE S S-SRI VA L L WS N - F A E R
FRIRH-23 5 )5 B S S HEHELS, Sl G E AN e ARl U
BR-23908KL, I HLAERFAR BOR 2 I Th . SRV E RV
Horme, o HRARZ ™R Pk, it KE R T
A BESKOUAR R ER . I T SEHL, = 2 B HE

Fuel
performance

Safety &
transients

O

Core
mechanical

/0

Fuel
management

N\

. X )

569

BB O R G0 N T R 0 B A SRS R B EE T
i, AT RIS A O U LR AR BT 58, AL
BT HFdr N60E ., SLhr b, X
B0 RS 4 H T TerraPower A &) I H 5€ B 8 — A
f£5%5 . HRTHHAT TAE o 75 22078 10 % Fhoak 48 B N
MANTLE R (ZHGE R KA HERE, ZXFEAR
A T AL 2% 2% ST BRI A

G 52 I8 HE S AR

ANFLAR A BRI, A% RERL IS T S N2 HE () 4)

FEAT S5 R0 S S HEHE S A . (EE,  BEARE 24 AR A%
MEAER, &2 — P R B . -
M HAE B R ABE 2 P AR R
M, AR B A S 2 AN SR A E SRS =
RKEZYIERATHN R S5, 192] 7 Evaluated Nuclear
Data File [9]% 848 /2 . 0 11X LU 040 1 BUB PR AN 25 22 1]
B, R N HERE R O RGP @S T AN AHE E E
B (UQ) Mk, MIFEEEGEEFEIESREHSZAE
HL# (OECD/NEA) (1337 (SG33) MK TIESE
AL FE AL IE A 8 FE R [10]. B4R T RATH
SCRR[ 1075 5E X SG33 FEvE I FAT T

F14) N B AR PR

MCNP X5 5 L R AR 1) — AN WA [ 1114 TerraPower

AFEMeHOE 2 JE B TR IGIEAE S, LS Hn FHE
ABEM R GERI T [12]. & I B 5 0 SRR s AT I [E) A

o BRRHE P, BRRHERERE & R a8, I H.



570

K1 K ARMIBIHIE #
Module type

Module name

Framework Reactor model

Material library and thermal expansion
Loose and tight physics coupling
History tracking and summaries
Database storage of results
Multi-objective optimization
Nonlinear regressions
MC’/DIF3D/REBUS"

MCNPX*

Fuel-shuffling design and optimization

Neutronics adapter

Neutronics

Fast equilibrium fuel cycle iteration

Parallelized depletion solver

Microscopic cross-section manager

Fission product models

Fuel cycle economics

Pin-level flux reconstruction

Reactivity effects of distortions

Sensitivity coefficients

Uncertainty quantification

Intrinsic source

Gamma source generation

A-eigenmode expansion perturbation theory
Thermal/hydraulics adapter COBRA" (communicating subchannel)

MONGOOSE" (communicating subchannel)
Thermal/hydraulics Subchan (non-communicating subchannel)
Thermo (simple 1D)

Flow-orificing system

Fuel performance adapter ~ FEAST'

ALCHEMY" (detailed)
Fuel performance CRUCIBLE (simple)
Core mechanical adapter NUBOW*
Core mechanical OXBOW

SASSYS/SAS4A" (plant & transients)
DIF3D-K" (spatial kinetics)
RELAP5*

Transient analysis adapter

Transient analysis Reactivity coefficients
Control rod worth, shutdown margin
Frequency stability margin

Visualization XTVIEW

* Adapter to off-the-shelf third-party code.
" Adapter to in-house TerraPower code.
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