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Abstract

The instability problems of the two-phase flow in a steam generator, an evaporator and a
nuclear reactor are very important to the engineers concerned, since the unstable flows in a
heated channel are related with the limited value of normal operation and the vibrations of the
fuel rod assemblies and their support structures., We try to approach these problems again bec-

ause the two-phase flow can not be perfectly explained in spite of various experiments and many
investigations.

The dynamics of two-phase flow in a heated channel is provided with the partial differential
equation derived from momentum, thermal energy, continuity, and state equations, but it can
be represented as an ordinary differential equation linearized by Lagrangian form under assump-
tions that the two-phase flow is homogeneous and of thermal equilibrium, The transfer function
for the two-phase flow in a heated channel of a nuclear reactor can be obtained by combining
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the transfer functions of the ' two-phase flow in a heated channel and of a nulcear reactor
dynamics with the one-delayed neutron group which is affected with the variations of both fuel
temperature and moderator density.

The system stability and transient behaviors are analysed by utilizing the rontrol theories such
as Hurwitz stability criterion, Nyquist stability criterion, and time domain technique, and then
some useful results yielded by the numerical calculations and the digital simulations are confirmed
through the other experimental results. The measures to prevent the two-phase flow instabilities
are investigated by examining the effects of parameter adjustments,

The analysis results are summed up as follows.

1. The two-phase flow instability in the heated channel can be predicted as well as preven-

ted by examining the theoretical equations and adjusting the system parameters.

9. The dynamics of a nuclear reactor decreases the relative stability of the two-phase flow.
The two-phase flow instability in a region of the reactor core may be occurred due to the
concentration variation of Xe-135 and Sm-149.

-3, The stability of the two-phase flow in a nuclear reactor is not only affected by the neutron
dynamics in the reactor core but also governed by the channel load and damping factor.
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Awl BEIFES L Freon-1181 739l = 27«46 A o} zto] o] MAMAA ACCS ffkol Wik
ne HEELS BENES H3, MR madAE A)CY kel RS 2E KB B
] T 74 #E &) (Pressure-Drop Oscillation)e] vhelde=l, JRE)S] JERiEC] AAA Wi JHo) SEERE
o] 7al = HEE RS (Density-wave Oscillation) s} IEJJHEH iR BANA FasA 2. 13-
4 s 7755 Freon-11¢ FIASH BRUNA KA THE RERDS EHE Aoz ol Sd o
g REHL Aol

for=-2 = (C/A) V" (39)

2.4 BEFE oMol 248 REHEAD BIERHE

EFEN Y 2Mme wEhe (32)Re 4 F1E Q4 4 vk HETRAA FlAd e HE
o1} sk Ao] Hurwitzgelefholoh 2 #8i/k REsts] $1ar LERAHEIES DR Hik
FHERS FEER AL WDRE WRA = Aot

(32)5%9 R (40X 2.

Fi(s) =K,S"+K,S*+K,S* + K;S* + K, S' + K;S* + K S+ K

=2 Ki§11=0 (40)
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f 1050
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Fig.4 4P- (r'n/\curves when freon-11 is used as coolant. ”
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(1 K,>0, Ki>0

KiKiKi K, 0 0
Ky K, K, K, 0 0
0 K, K, K; K; 0 “n

Ky K, K, K, 0

0 K K, K; K,
0 K, K, K, K,

0 0 K K K; K,
2 i=12-,7.

Nyquist ZEH#-2 NyquistiilEl e =2v]& Aol HH LGS Aoksted R REES
& T A wel FlAS L et o] BEE FAT 2K wElk AN e gl e
O Aelmh = REFERE F4oinl 2o 28 BTHEMA kot BEES Hiisn
E RUBE d& F dd.

RBTEX (33)9] M+ whst 2ol ®gh s

(2) Hi= >0

S O O O o o

o O o o

¢

6j:(t) =$ ()35 (0) + j0¢<t~r>35x,-(t>df (42)
olwf & HJj& vh&3t o] Fofxlc).
t

87: () = Dg()8j:(0) + jODqS(t»«r)Bﬁx.-(t)dr (43)

A Rl A REBEY ™ EY ~ (State Transition Matrix), ¢(#)=k K& 4 globd e ekt
fiE 47 & 4 3lvh. Seriesfjiko] vt Resolvent Matrixjfio] kst o] wlE” 2% ks nw
eh&3k 2

$(t) =L {[SI—A]~) = —2dioint [SI—A]

det[SI—A]
- _adjoint[SI—A] _ adjoint[ST—A]
Fq(s)
;()Kis”_'
___eAt=§;;‘ﬂ (_‘z't_)k_
(9511(5) G12(2) o0 P (8D
= ¢.zx(t) Sb.zz(t) ¢21§t) (44)

bult) () - uid)
A Rl & g vbsk o] REEBNED 2L EZ@EHS SRR et —Foes
wrEs 22, FKiie]l RETHD o] lEd2E REF o EY~(Stable Matrix)7} 5 o] opsbe] i,
weF o] Wl EY 2 § EHelE BHAS AT dobd FLEsA Db =g ¢ii(t)e] sinet £
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coswt®] TES W& E 2 MY JEHS EHE-$-=(Oscillatory Mode)7b i B fREUARE 1824
o #ERS-= (Excursive Mode)7t & A& & 5 vk

£ 3 & WESHEI AlFaol4

3.1 —hEfEsaEol cHE 2485 BEEE

x

BRD NAE S EHE WY 2ol el Al B RS AWs g mussEe
& mEME ALY EHS BA 9%, Si EEEHS GRS AN KE 5 BLAA S5
& BBS A% Ao 2E Quandte] ROl HAST 0.0077x 1.07x27 2719 WAES FEA
I AY GIEEEA AT SERIEE oldl MAVEY AR stkw-128kw, EAHIE 5°~155°F,
BEJ) 6000sia~16000sia Abslol A FE kol A s geh. F-18 9 WREES WHRIEES o8 g (30
B)stot (33)Rkel At T ARE HRETMS WHT Aok WEFEMEREE Az BR
ERe —Eeh} M BEt FEFE AL KRS 2MKE BUEL FEEoD BRARE
A i BEREe] delvii, 2N el —i B BiEstd BIERECIAS RS
G 2N B HES BBL U400 G5 Aoz AARd. 2y ok oldl H
@ EfR doldv WA el AR ST WAHKE MR IA ek

Table 1. Experimental and Calculated Flow Oscillation Data

Experimental Values®’ Calculated Values
(Author) (Quandt)
Pressure(P) zr(;loeignzub © Initial flow Heat flux Frequency  Result Deflgg(i)r;g Frequency Frequency
U s Kglemilcps. b
600 36 2.7 0.514 2.9 DO 0. 0320 4.7 3.1
800 55 0.81 0.27— 1.2 0 0.01766 3.3 1.6
0.341
807 55 1.00 0.307— 1.3 (0] 0.0144 3.3 1.7
0.355
800 55 1.95 0.481— 2.0 (0] —0.00198 3.25 2.4
0.502
800 55 2.91 0.670 2.9 DO —0.0138 3.2 3.2
800 68 3.62 0.962 1.4 DO —0.0541 2.27 3.7
1200 61 1.00 0.390 1.6 DO 0. 0256 1.61 1.8
1200 61 1.40 0.470 2.0 DO 0.0211 1.55 2.1
1200 61 1.96 0.620 — DO 0.0226 1.87 2.5

Note : O : Oscillation occurred first,
DO : Oscillation and burnout ocurred simultaneously.

9] Quandtd) FHEERLE REHESHERCR B kilgds] o4 Fe FEEY And BESL =L 2
o7 A=,
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3.2 BABEFE WolMel 248 BRI

FETme T giikS BET 2MHMY KEtkd Wl A HESE Az Aol at Rtk
=2 Lahey 9 Zivi®] HEEHRE B 228 o2 BHE 27 50 w214 g4 E B
Kol Al BEFNHERT ARl d REE 4P B Aozm, it FHEY BHERES HEhsy
T T dE WEI HoA ok4lE 2ol gtk zEY K HFHEREE HEMQL WA S WHy
Rob A —ZEtEr Whel Y SUF ¥ Eid HES =< F Ao 449 BEHEI A
Felol Aol AR BWTEHIMS Lk ofl s 2.

Maker and Type FACOM U-300
Main Memory 64 K Bytes
Auxilliary Memory 2.5M Bytes

WEhel W 25l0l W WREE A FTMY REtkel e AL Be FLE s} ﬁa’%&m
BARFETIHE BHT 25T B ANHEE 3ok A= 2%e BFEe 2 + g

2464 & & QE whsh o] FETRMY BEHEC] FEwsd 2 M o9 o k% wo}
B 2ol FRER A=z AL o HTE Ao AAAAEL F HAX FAE @ o XED
ATTHERES 1A TR stk 24N SRl olWd BEL VALAE & GolA B
< HEERS BT BIEHES EBRA B 224 v =9 BENE FFEN Y 2 M 2
oo BES tlAnE @EL oY REMS AT B 3714 ASE HIZ ST oY S
RS EWE RHIEE 2 B Case AL EFEO MHEA S 2N TR R
2 B>0 9 A$olx, Case B: FLET M2 B<O 9 7A-pols, Case C: REz FEESY

R 5 B=04 Aotk %2t BEEAE FEFMEBWR)A A3 dolsmvels, .38
Quandt®] % ¥l =8 Eakel A FHED dlolH o]tk

o1% vl ol HEL A vlol sl =M WEEES A Flol Aol @Al

Table 2 Parameters of a BWR. 22,29

T.=0.014 (sec) K,=9.5—13.5 (sec)~? T,=12.2 (sec)
T,=150—3.0 (sec) K,=10.55 (mr2) T;=100—5.0 (sec)
T,=2.0—-0.1 (sec) K,=4.16 (kwesec)~! K;=0.0143 (T /kwesec)
4=0.083 (sec™) B=0.00855 I=1.2x10"* (sec)
Ao=—T7x10"% Arr=—2,6%10"" (t-Y)

Table 3 Parameters of the heated channel

S —
A=0.0059-0.00635 (o)  B=0.0180.03 (if)  C=0.076-0.0665 (i)
D=0.009-0.032  (kg/cmi-T)  E=226.67—492.9(XE5 ) F =0.0079—0. 0087

G =0.3975—0.19 (sec/m) H=0.0135—0.0116 (T J =0.0145—0. 0146 (m?/kg)

— O} 4l —
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(1) Hurwitzfigff 9 Nyquistiffalell #@t %M 2 REEH
MEiel (DX Hurwitz f751Rel %2, %-39 35S RAG F 1 32 Hslngd ofel o z
o] Case Aol A& AR AL 24T LEN BAMFANE Fiwal et Case B 2 Case -
dl A= KAK A E Riegsich

Hi Case A Case B Case C
H;  0.1126572E 02 0.1126572E 02 0.6701546 E 02 0.1081212E 02
H, 0.2318535E 03 —0.5010371E 02 —0.1972520 E 05 0.3521393E 00
H; 0.1450961 E 06 —0.9657678E 06 —0.6990968E 08 —0.1929907E 06
Hy  0.4434604E 09 —0.5681328E 10 —0.2914351E 12 —0.3193149E 09
H; 0.1262352E 12 —0.3155374E 13 —0.8500640E 14 —0.4766818E 11
H; 0.6153597E 12 —0.3016371E 14 —0.3067208E 15 —0.1206667TE 12
H;  0.5415178E 10 ~0.5244090E 12 —0.2611020F 13 —0.5438848E 09
(41KW) (81KW) (21KW) (21KW)
Hurwitzfefb-& ol B 161 ool A9 LElma-g #1518 4 9& 2 ojw g2 i s}
AL A & fdel vk ey NyquistifBle S REis) eEs [k o < oA
FERSIe}. 100 SRR ] A SE s e dte] 28 & Nyquistifffls 23] = o] o]ed2o] uwle
A 43 Nyquist ZEEMFE c}-83k zke] 7heksiel.
Z=R+P (45)

{8 Z: 5= (Loop) fligmtie]l A FER H(pole) #
R: Nyqunst Birel (—1,0.0) 8% st e s mligss &
PR R ) A RRaESE R (Pole) B
Rhek 2Nt ZEste | A Z=0 o]olok vt = NyquistifiElol A LEEE A9 il
ANA BB 25k (~1,0.0)8 Aole] Fige FREES Jehjoz o =
REEE o4 & 4 oo}
BFHEW e 2 MR —Gsmis 291 2% st 2o Zolxrt.
Gor(s) =ty E-G+Gys(s) -Gr(s)

%
J
fu
e
X,
i}

(E-G-C®r+S) - {% bl.sts—i)}
i ¥ (46)
(AS*+BS+C)- {SZ C.-S“""}

i=0

(48)Rell #-2 R %39 wWlolelE AT F Nyquist HEE 2= 29-6A 9 1% -6Bg}t 7
o.

LW -6A% Case Aol 4 2 i EAMNAE R=0, P=0, Z=0 ojel A REFY HARNA L
R=2, P=0, Z=2+0=2 % S¥EY #£4PmEd 219 ALET HBE fFEste e RigEs) 2},
¥ AEIE BALTFE (-1,0.00402 B Wojxne waEs BATE & 4 k. ol
T2 AREL dol= o FIFY Mhz Ke AYL 44 EEY <= oo
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Im
im
B<o.
%
A
A\ pN 3 0
3
Re f/ 3’
3
»
f/ O
B:=o.
Stable (20 kw]
Critical (555 kw) _
Unstable (100kw) -1.j0) 0 \_/ Re

Fig.6A Nyquist plot of the two-phase flow Fig.6B Nyquist plot of the two-phase flow system
system in the case of B)0.0. in the case of B=0 and B<0.0.

2% 6BY Case B @ Case Coll A& &fiel RIfglel Nyquist ZEMMES WRAZ & Q222
QA RzzsEaheh. ol BIFMES shiTo mpatiel olshel 2N REHA Tl EE %#E
3 4 des Bk

(2) BTETEIHe 3t Al olA

Nyquist{gfElell ¢ sted A& 2 Mg EUEREA o 3k A
e FUHeR pEsERe R H Wi A EUR
#ghs AAE HEYE + A+t

2% -7A3 29 7BE 4 71A 9] BEERS AhELel 2 ARl Fol RS A A7 BKIE
FEppe] o ste] Aol A X ez sE ME Biffgel RSE(Mode)E Zovt IRIE
wlo] FAEE AL vz & 4 gvh o]k sfl] Az EdduE A REEBNES L
BhaL gl7] =l
ol A syt whel zro] Case Aol Ax AR Aom %Esht Case Bl A& 2ifiifie 27 B
#ete 2 AeEsteh.

2982 Case Aol A g HATWES BEAZDS < BEELS 19 Aee A%} AAR
2 M E FREMNA L EEMIENE A4 A o= @a;zgq:ﬂ JRTFhEol A Xe—135 =& Sm—149
o sl WEIEe 288 WS —EstuelE —i fRe oA A s BAR AMA ZHF
Wi RaEdd $5 98 ks, AME FolR oldd FREY BHL ASAA AE &
+ e

s

A8 ¢ 47k gek e BT
Q2 4 Qo] 2 UMK A

s

\-J
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BA4E BRUEER

4.1 2#E5ke] RE(LHR

WAENY 2MEHE RELSE HEe HETEL SR gov ol & st Flike PID
e REIEA REHEER gt AHE AEske T HmEL FHE BRI 9
=2 8 "o b wElA KEd AR LEke MEsE d8 Rk #EAST RES o
St 1 BEHES BRRs WEHES Betd FZe naA ivh. LBLE BETES sl
2A 2M8kMd & BREE ETEMAE BEl T, 9 To8 BESHS NyquistifElel o3t %
ZHEE T Bokeh

Im

im

Re

=150
=150

k Hé)O]‘q
t
R
s =50
~ T,-L5
~___T+=10
Ts=8

Fig.9A Nyquist plot of the two-phase flow Fig.9B Nyquist plot of the two-phase flow
system showing the effects of time system showing the effects of B
constant adjustment of a BWR, parameter adjustment in a BWR,

29-9A% T/ 8 T, sl B¢ AR A REEY #LE ebidos, EFHES &
sersh RS BEECE 29 24 AR BERe Bostd wEsta, olge] HeiAd oo
= W R} BAS 2HME FREM HE Ao BT F 9T, B 260 ERR
FTHAAY YOS 0 AEMot #iEstel QolvhE BBl nE BT + & ol ol
Laheye] FioessBivsh —i —H@vh 29 .9BE BREUL 245, 3 Wil HY BHEHe
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maERd A BESE AR TREM ® THRE 25
A A3 o]l & HEITILA et

4.2 @EREC RERFRYM Ht TR

BT MR $e 2 REHES 4P-() MmRAA AY Iy A= Hael et
HE ket wEs nE B ERIE A4S FE AR EES fdd TRET 2 MK
s BIEE F A& Al

BEZES Zyldl BEL v BHTaA F9 278 Ael, LEFRSY REART, An 2 Hp
HRHBERESY BE S5 2o B RARM ER EHEY), HHHA An JLH s Kl &
#HE T 2o EERE BRE E A \MAKRGEC dou RS BEd 9t SiRGEtES
Zrshale EprElg et (30B)RE BWAA oA 24 (ADRF} 2] A=

_ b0, (La—2)f p*(Lr—Lu)f K=
B=—"% [L{ iDx T 2Dm T 2}

+F‘(LR——LH)+~-ji°'{ Ln;f + ﬂz(LR—'LH)f + Kk +K1}

-—To~j.-a{ (LHDZo)f + #Z(LR'—‘LH)f Ke }]

2Dxr 2
_ Prefe (La—2)f , p#*(Lr— LH)f Ke
ge [L { 4Dx — 2Dur }+‘U(LR ~Lx)

Lo{ Ll e ey g} - for (B E

L *(Lre—Lu)f n K= }]

2Dur (47)
UDRE oA BHE B)XE A o
_ Prefo+jio [ Lnu, (Le—2A0)f (*Lr—Lu)f A(E_ p(Lr—Lu)
B g []w { * 4Dy + 2Dsr 2 }+—].io
s Il g L] | g )
L e 3y
o Prefegio (LH Zo)f p*(Lr— Ly)f KE
ge |:T { + 2Dur }
”(L;u La) , { wf ¢ (I};I;L”) + Ko+ Ki}
s gl MO Ko

S UDRSE WOHRANA [ IHY el A9 & 78+ Br 49 & ZA =+, &9 M
we} Aol (Ly) e shatwrel tigsl v BARTRG), HHABLANEW@D, WA Ao @), Bmi
TEEsL fERRIE ol 27 7R FIEHE & Bf(To) S-S E5F EHEMFS o st g =t
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A BHE FES e Aol (Lo=ji/Qd] Hstel WA 2o] ()7} Aol At AY Fe
A7 AAES, gk AnWHE G —EsebR EEE Rl A LY M (Te=1/2)% itk
7t EBHE dE Bl BH(T)Y el 9ste Be zhe] mEm Aol

B7b B8 Z& MR 2480t REstE d Bhe 9RE 1A RSt ok & AL 7 R
e BAES BT BSKHY BBEE Lol 1 wEEF Midlme MEE 2719 EY e
ZHA kel 2 M7 REstA B& 29 9Bl A & 4 gl

LH{].‘I' (LHDza)f +. 4 (léRDHfH)f Ke }+p(LR Lu)
Lu-f | #*(Le—Ln)f (Lu—2)
+ Lo * Dt e Ke + Ki) > {2+———~ZD f

p#*(Lr—Lx) + Igg} (49)

2Dnx

Qs Tot (A-13)A3 (IDRNA & 4 Q& ulsh 2o] wige] mMay #®, we =7, EE
EJ), BHHE, EHE 59 o Jitd Tl pEEon o] S i HRE 2AneA o
B2 ogel o] & AHA oz H4sl naA g,

(1) SEE R thy e

Quandt | ol 6l & (36)Rell RAR F EigE S, HEE, BAHNE o] BEY A HEyy
MARE 2922 287e] 29:10A, 2Y-10B, 29 -10Co|c}.

ZH B A He] v AX W #ipel, YR Aol d GAgel Atome B & AFY AN
o weh dA EY e MY 2 £ 9L wsk Sl BESHE 2 MR 2, Wikkel B
st BESIACT BEST WA AY EHHTY #innc 2HMmA A BEHETY mARke] o
AAA Hel Be &Y &< A7 =}, deba o] kel 4 = Ee] |MmETE T2y EHE
T TS =3, HEE Aol Z(Cycle)nte} &4 BHEHLE oyxe winste] RES IRIE
ol RSt 2MME FLEN Ak, AAY A KEBERT ETH T o] fHiRAlA s
Z& ol g AEg EEt BESA 22 ¢ 4 vk, 2910404 SEERE 0] #instw 2 8§
Tox A3tz Lot AL 2% WA ste] MEFHN BY zte AdlA EY e Zrrt 2¥-10B
AA el Hinshe Q% WAL Tok HolA ) BAHES = 58 v Le8 WA o] 29
HAZRR} 25 o] FAEY WIFRN BY gL o4 49 e ZA ek 231000 A i
o BREE BANE 06 BHH OV Tok At £ 2719 HARE S-S JExA Ao B
HEY Aeol=w prige] 2ol (Lo)7t kst 24 s S A, v 24 % Al ()t
At WiRel Ateme A9 sl Jex grg, = 2y BESH s BB HAR
BAARE 29 dhijEsre]l MBLSHA Deb. 19 BT RE S-S Mathisen®™, Crowley', Yadigaroglu®
o ERMERY o —&E,

(2) HEE RER Mo ke BE
Z¥-1A 3 28 -11B: FHEY Anu Hoed HRERES Bikss st REHREED 3
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Nomenclature

A,B,...,]J : coefficients

A,
Ar
A
B
(o]
D.
D
f

Jo
g

Lo

: cross-sectional flow area of a heated channel
: cross-sectional flow area of a riser part

: 7X7 state matrix

1 7% 7 input matrix

: heat capacity

: hydraulic diameter

1 7X7 output matrix

: Darcy-Weisbach friction factor

: frequency

: gravity acceleration

1 9.8

: mass flux

: enthalpy

: dynamic heat transfer coefficient
thy—hy

: volumetric flux

: 7X1 output vector

: gain

: reactivity

: local friction factor of the inlet restriction
: local friction factor of the exit restriction
: heated length

: (Lg—2) boiling length

: (ji/£2) phase change length

Lr—Lg : riser length

m

l
Py
Py
Q
qll
q/l/
S

t, T

H

ts

: mass flow rate

: neutron life time

. pressure

: heated perimeter

: channel load

: heat flux

: volumetric heat generation rate
: Laplacian operator

: time or time constant

t—Ta

: period of phase change
: volume

. specific volume

B vg—vf

1 7%x1 input vector
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(m*;

(m?)

(kcal/kg- )
(m)

(sec™t)

(m/sec?)

(kg/m?-sec)
(kcal/kg)
(kcal/m?.sec- )
(kcal/kg)

(m®/m?.sec)

(m)

(m)

(m)

(m)
{1bs/min)
(sec)
(kg/cm?)
(m)

(kw)
(kcal/m?-sec)
(kcal/m?)

(sec)
(sec)
(sec)
(m?)
(m*/kg)
(m?/kg)
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N

ac
ave
bey

: arbitrary position of a fluid particle in a heated channel
: void fraction
: reactivity coefficient

: fraction of delayed neutrons

: reciprocal of time ccnstant for less of radiclytic ges {rem the ccre

: liquid length

1 Ac/Ar ratio

: density

O il 1

: reciprecal of heat transfer function time constant

: angular velocity

: characteristic frequency of phase change

Subscripts
. acceleration int : internal
: average 0 : initial or steady state
: bouyancy Q,q :liquid or heat transfer
: boi ing R,r :reactor or riser
: exit 1¢ : single-phase
. saturated liluid or fuel 2¢ : two-phase
: friction {+> :cross-sectional average
. saturated gas 4,8 : variation
: homogeneous or heater s : system

: inlet
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