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Abstract

The instability problems of the two-phase flow in a steam generator, an evaporator and &
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 ascemblies 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
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 control 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,

2. 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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6j:(¢) = Adj.(t) + Box.(t) (33)
o] 7] ol A
\ o 1 0 0 0 0 © ? .0 |
0o 0 1 0 0 0 O 0 |
! o 6 0 1 0 0 © | -0 O
A:‘1 o 0o o o 1 0 0, B= 0 |
o 0o o0 0 0 1 0 | 0 |
1 ©o o 0 0 0 0 0 9 0 0 00 0 0
|

_K. -K, -K, -K, -K, =K, =K, K, K, K, K, Ko Ky K
8x:(£) = [84pex(t) Okexs(t) Ghi(t) 0p:(t) 0 0 017
(33)5%9 WL &3k o]l FejAlet
87:(t) = Daji(t) (34)
& 7 of] A D=[D, D, D, D, O 0 01"
{H D=[0C,C CiCyC; CJT
D,=[0 Eb, Eb, Eb; Eby 0 017
D,=[0, (a..EHb,— DC;), (erEHb,—DC)
(awEHb, — DC.), (AnEHb,— DC,), = DC:, = DC*
D, =0, (¢t JHb,~ FC), (a-JHb,~FC,),
(0o JHB, — FC), (. JHb—FC.), =FC,, FC.7T
0=0000000]
o WhiE AT ~Wmer WEH L Aol oha [ e b oy el sbAl Bt B FS

o) BB HRAE A% F Aok

9.3 —RMEMME UolMo] 2T REMED RENRA

(00) Ko MR S mEy £ ks BB iF E3) Qe e Basy |
SAvsr Aeleh, (200,88 Mtk HRKES ShEsh el FeiAlrh
AS +BS+C=0 (35)
ek 9 47EA S AUIE, AAED] FelR - W iipEe] Gy (iR i pole) = e
kel el et %AH T (20)K-E Laplaceiissifiatmd A Ayl AT RREIEE o &g
ob, e B REWS HurwitzfEffel o sted charst 7o) Zheks| o)Al
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1. A>0, B>0, C>0
bep 3 2AOl WRAGE AN MR HEL. RN RoETe GOREE Yo I
A RRS WRHHEE WA S REE A w0 BEA A T slelol ¢ A
oV BRE AR RS AR Bl A8 EARTES, G Br AnKEmEY o G

GHIR BRI AT I

PHEHO (R IR TEZ @85 REGKRE FnskA, il Cx ik
TRBEE dEblE (AR, (GOBR, (300)RKeH 8= upsh o] ypge A pyiEol ®hnsk
R AHdCe 3N ES FE A B AR 5] Wel E 2o A9 g JHRA "
o weF Bl A9 3¢ /AW 9o Hurwitzfifh & WRA7A Zalme me FAREN = o
A FRES AR BEBIEHOZ S8 So] HEERENA 42 A= BARRY —mol .

Bkl ¢ (0B)R-& el st Aot 2829 gos AP-(j5e) WSz % o

B 28 AN ¢ 4 g
(36)

ji
4P = jOBo‘.») dj;
22 BBl sl o] F MEEL Rt AL

e IRB) o Tol &5 %o, A Freon

ap
b o Aol E B ASuc 48 Aelgh” 292
;E 9 QAR BY ztol oAV EY L 7 QB
5 e fgol A5 A8 e AL Mool Festn mher
WHel o] fimel Eelsbd 2MME Fuws A
o BHIES A4S EEAS HMEESS B Y 7
T N Hol % EHETE Fhsel n mEEsS &
/ N SR $hom dji(t)/dt=0 ol B2 o] Bhe (37)5k 5t
/ : o] FolAth. QA el A= Qo] QBHRl A
/ T R STHel 3y SHE FREY FHASE E
i //,/ o WHREE (Steady state)o] EE 4 glon wely W
i e Bl 9 4 g

. i sit) . ()
Fig.2 Pressure drop vs. volumetric AP(t)=J0 B(j:) d]s(t)=J0 C(A) dA(t) +4P.xe(2)

flux curve at steady state,

i (8)
=J‘; C-Tao dji(t) + APexe(t) (37
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C ESiEH, 28 3B el B0, B'—4AC<C0Y 17

el 2 bt grahekAl =v
i (38)
- - . T 777,. 7—' ;fz*‘t}:?[ssun( DROP —‘1 i - - ;ES:LSVE’:'L NoRLLLun g
il e o | e e i
(xefem?) — ]

- 5UPPLY SYSTEM CHARACTERISTIC GG TEM S ARACTE FISTL

(nY/n2sec)

S |

1

(n ¥m 2eec)

Fig.3A Locus of excursion with compressible

Fig. 3B Locus of operating points in oscillatory
volume

mode

E e} el BoRtel vk fihtel FhEskAl s\ SURFHREe 2 M 39X Fo
A HHIEET Freon-1181 7 Sl = 1€ -dofl 4} 9} 2o} (RS A ol A ACY fEfke] WA H
e E el EULnEiel s an, g Sl A A)Ce it wRETE LAY B
ﬁﬁ%TW?‘Eéﬂ)(PreSSUI‘G"DYOP Oscillation)e] vhebvke, JEBIS] RiGe] AR Fifde] JE#kiE
o] ol %00 (Density-wave Oscillation) s WUEET RS ) TiSal A Te4stA =k, 29 -
4 9} 2.2 -5% Freon-11% FHS FEN A B HHET

iE=r FEEESS U Ao o] 5ol o
g Lyl el v

n 1 .
for= g =g (€AY (39)

2.4 EFR HolMeol 25850 REMLED BIERE

BUr-gi o 2Hbe] etk (32)E A ¥1E & F ok TSN FiRste Hik
Weo7bA s gr Ale] HurwitzZgfgfkel b, 2 Mt REsty] % LEXMEES (320 Ktk
SRR flrEr wb e ADRE WRAZ)E Aol

(82)R 9] #itk LR (40) =k 2t
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7
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Fig. 4 AP-{mYcurves when freon-11 is used as coolant.”
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(n K.>0, Ki>>0

KiK., K. K, 0 0

K, K, K, K, 0 0

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

\ (41)

(2) Hi= 0 >0
0 0 K K, K; K,

0 0 K, K, K, K,

0

0 0 K, K, K; K,
H1 i=1,2,-,17.

o O o o o o

Nyquist fﬁiiﬁ}m"}:—.": NyquistiG@ S =22+ o] AR MPEMHE et Al REEE
¢ 4 deld wol FMAL gleh. o MW FMY 2400 KEH AR i @A AAd
R Aolth E REHFERE BEHR 2ok DR EFHEM st WIS ST
=g EURE A& F Ak

me AR (33)9 #e o3k el .

t
87:(t) = B(2)85:(0) +j0¢(t—r)mx.~(t)dr (42)
ol s HiHe Bhesh Rl Fejalwh.
t
8ji(t) = D()8ji(0) + jouqs(t—r)Bax.-(t)dr (43)

9] sRell 4 YHEERB Y 2 (State Transition Matrix), $(0)%t KT & debd R REtkst
g22 47 @& 4 9lrh. Seriesfjikol } Resolvent Matrixikell fk3te]®t o] WEY2Z kel xe
&3t 2

$(t) =L {[SI—-A]"'} = adjoint [SI—A]

det[SI—A]
- adjoint[SI—-A] _ adjoint[SI—A]
Fi(s)
;oK’.sﬂ-n
e (ADY
k=0 .

@) $u() - $u)
=| ¢u(®) $u(®) - ¢n§t> (44)
) () - $ul®)
9 RolA & 4 Y& vis} Fo] REEBANE=JLE HEHERHKS i ERA et —BHLR
peEn e, Ffol RELHD o] HEYLE KET ) =Y (Stable Matrix)7t =] o] o3} 3%,
nhek o] M2 29 ¢ ERGE BEES AAL R FEEsl Ak =Y gu(n)el sinat FE
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Cos wfs] i qgmeksl 2 e PRS- juBi®$-=(Oscillatory Mode)zb s} 3 e gk gl vl

o ol mes-E (Excursive Mode)7h 5l A& & 4 gl

o

£ 3% HEstREI AlFHd

3.1 —x{EHEN s 24872 B{EFE

dhE s AT W] 2 fitiedl
L3 ({52 wA wx, 53 ogsk EVTE AT R B s A
2= Quandt®] g%t ol fig&stvh. 0.097/ > 107 x 27" 2718 iy
STl VPG LiREECE obul MIEVTE AN 32kw-128kw, G ANL 57~1557F,
by 600psia~1600psia Abolel A Tiio] A& s glet. -1 & Si%3iE o FHIEIT 2 Hel el 2 (30
Bitsb (38)5%el fuAskel FHETEE £ RS BRSSOl R Aelvh. HUIEHIIM e AR R jie o
wongl sl MR sl BrEshE RS WIRY 2Mifi: HUUELLS) RTHie = M AINE
Al A —i MmEEH Gl delvkx, 24 rhelle —E BEHE Hicste BRI A SiEeel
g 2 IS JERNO] MR BES X700 A8 Aoz A4k zeiv oA ol
& et dlolel g AU Fol WA @ty HHAE fEde dA a+h

l

Table 1, Experimental and Calculated Flow Oscillation Data

Experimental Values® Calculated Values

( \uthor) (Quandt)

Inlet sub Damping

Pressure!P. cooling Initial flow Heat flux Frequency Result factor Frequency Frequencx
i’ g LRI bwbe Kefem/ s e
600 36 2.7 0.514 2.9 DO 0.0320 4.7 3.1
800 55 0.81 0.27— 1.2 (6] 0.01766 3.3 1.6
0.341
800 55 1.00 0.207— 1.3 O 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
&00 63 3.62 0.962 1.4 DO —0. 0541 2.27 3.7
1200 61 1.00 0.290 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] FHEEEREY REsrRRez F8 Regsl H e £E Aud HEA 22 A
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3.2 BKBEFEFIR oo eiEie) BERT

FFme T SRS BT 2 MM REtd AstdA s HELE A= Lol Btk
£ Lahey ¥ Zivi®] HERRE BStstd 2%¢ o8 BHE 27 0. A2t dod4: B
Kol e WEMGHERY ATl HES HHA Bt Ao, i Tt RBERe HEBE
¥ 4 ' #E A4 ohE el Yuh zEU K HHERE BE ClAYU Sl mEiks
Rt A —H=z ROV BF © Bl HET =¢¢ F A= A4 HEFHES 4
Treleldel AR BFIEBY (hiEe otuls} et

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

Fifol W 25101 W HRE M RTRY KEHA At At g WEER BEA QT
BEAREFTRe S%T 3% WAt AWNHEEN 2ok dAllz et FFEs & 4 .

2 -4elA 4 e vish o] ETMMY Byl FLEND 2T ol @ ¥E et
o Zo] FREH A2 g7 old g Afdl dedd A o WA o= ¥o ok BED
AT M RS miitke] 2 MKS Hkhol ot BESE v stE & HelA B
T HEERS EAT BEHES B4 B8 234 0. =3 BAKE FEFEAY 2 Mkd =2
thi BB viAnz EELE o) KEHE ST GE 374 ALE fl= ST ol SN
B AMs RHIEE Btz ¥ Case A+ FEFE BH=A 22 28R/ ©E B
2 B>0 o A%olx, Case B AREY MBE BKO ¢ Ao, Case Cx KEH TREY
BR & B=09 A$olsh k-2t BEEAE FEFEEBWR g slels»elH, %-3&
Quandte] & vl =& ERAA RAs FHEZ vlof=ol

o] & vlol B E-& A ol 24 HEFE Aol dd &A= gt

Table 2 Parameters of a BWR, 22,2

T,=0.014 (sec) K,=9.5—13.5 (sec)™? Ty=12.2 (sec)
T,=150—3.0  (sec) K,=10.55 (m-?) T,=100—5.0  (sec)
»=2.0—0.1 (sec) K.=4.16 (kwesec) ! K,=0.0143 (¢ /kw-sec)
2=0.083 (sec™)) B=0.00855 I=1.2x107  (sec)

Are=—7%x10"" a,y=—2.6x107* (c™

Table 3 Parameters of the heated channel

kg-sec? )
cmi-m

kgesec )
cm?em

C=0.076-0.0665 (i)

A =0.0059—0. 00635 ( B =0.018—0.03 ( o

D=0.009—0.032  (kg/cm? ) E=226.67—492.9(1{%'—;e—;:—) 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)
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10 Hurwitzdgfh 9 Nyquist& fZell 230 et % o GEEELAT
ool cal)ake) Hurwitz 4770506 -2, 20039 4 S fOAT F oo e kaue ofelst K
o) Case Aol A fEfgial A 2HHy Gopst @A Fgzgal A e}, Case B 7 Case €
o] A1 4 AT A] I 3'1'\7»‘}:&&5?5’}4»

Hi Case A Case B Ca%e C
Ho 01120572 02 o isesmar on 0.6701546E 02 T 0.1081212F 02
1o 0.0318535E 03 —0.5010371E 02 —0.1972520E 05 0.3521393F 00
H o 0.1450961E 06 —0.9657678 E 06 —0.6990968E 08 ~0.1929907 E 06
H. 0. 4431504F 09 —0.5681328E 10 ~0.2914351E 12 ~0.3193149F 09
Ho 0 1982330F 12 —0.3155374E 12 —0.8500640 F 11 —0. 4766818 E 11
o BIT35OTE 12 ~0.3016271E 14 —0. 3067208 £ 15 —0.1206667E 12
1 0 3415178E 16 — 05244000 F 12 —0.2611029E 13 ~0.5438R48 E 00
4IKW) (81KW) (21KW) (91KW)

Mursicze/e ol Rt Bef oAl el Gl S A 4 e & el A2 e 7

8k Nyquist sk et S R & 5 Aol Al
ul

ol 4] SB i % sl 2vlis Nyquistiyf =
- cpg st grel Zbubsti.
(45)
1 Z: = (Loop) ol A R ZcsEdr B (pale) Tt
R : Nyquist #55e) (—1,0.0/) 08 Rl i o= Elfgehas
ol A AR gr Hi(Pole)t
mheb 20 14l Z=0 ojefo} &rh. = wiEte Al Flil]

Seish (—1,0.00) 0 Abol 8l i FAEUEE JEblER ol M e Lt

B AT e R WA RS i 7rol FejA Tt
Gor(8) =0 E-G+Gye(s) -Gr(s)

(E-G-Clr+S) - {%‘;0 St }
) (46)

(AS*+BS+C)- wcs -}
(46, 50e 32 9 #.39) dolH % {CAS F Nyquist FEE 2e® 23-6A 3 2 -6Bsh 2
t}.

1

A}

|.6A2] Case Ao A 2 Hifis (S&HC AL R=0, P=0, Z=0 oloid &t @Al x
R=2 P=0, Z=2+0=2 & S¥@Ee #PHe 2748 FLEF REel fF{EFZE TR Es At
EE A7 WAESFE (~1,0.0) 028 FE “éomzi ZEEE BOETE & 4 gk ol F
g 2Hie FLEe sz 9 FiEY MA= Ha AYS 4A BET + A

o
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Im
Im

B<o.

o

Re

Slable (20kw)
Critical {555 kw}

Unstabie {100 kw) -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.

29 6B Case B 9 Case Col 4% fafol WIFelo] Nyquist BEMEHS MEAD 4 gleme
QAY FgEster ol BT diE T Wk ek 2 M) wEEA Teld TE &H
4+ 9o mka.

(2) BFEIMA k3 AFeolA

NyquistilBiol ¢ ahel A& 2 HiEe) BB ol shod 4 =
Be FAR REAEAC R e Wy 44 ELES o
BEe A5 BT + ol

29 -7A% 29 7BE 47 RS ARl 2 iAol Folal e W AFY BEEL
Firgrmel Sekel AFeold o & Ao MRS M BIFRC] 29=(Mode) e 2
o] MR AL b2 & 4 doh ok Aflel A2 BUUAE A REEBAEY~E SH
SEREIEEDS

ol 4 4Hi uhsh o] Case Ad|A: ARl Hedd Esht Case BAA L 24likE 2F %
getee FREs

298¢ Case Aol A HEVEYE MAKE BEARL A BEEEE 29 Aow A4 AAD
2HE FLENAL EBAENE B4 2oh ol& EHmd FFMAN Xe—135 E& Sm—149
9 BE BB 2HES HBHE —EAUBE —5 ERY MLNAL BAKE AA4 24
ik FEEad 45 98¢ Bokelel, AME Tl oldT FRET AL AvAA = o
% gt

d ¢ 47 9ok 2o EYIHE
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B4E BR U ER

4.1 28832 RE(LHK

RBAENS 2ME ZEfksts ke HETHEE A7t goug o8 9atd Fige PID
HEEE REIFEA REHERR =2k AHE BEHHE 59 Hmse HEL Hitko] glo
=2 08 BIE vk ARk Kl A REt B e Bloh BRlse FHREE o
st 2 AEHRE BHRRSL WEHES Bt #&s 2ud 9d. TE L AT shelel e
=4 2 Ml = BREE FFEME RMEH T, % T.8 #este] Nyquistgilo] o st i
HRE TEHA 2

Im

B=00

N e e
' R
:p T=150
150 B=0001
};:50 B8=0018
553 B=20
T=10
N
Fig.9A Nyaquist 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,
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Nomenclature

A,B,...,J : coefficients

A

(Y- -
%

Ly
Lp
Lg

: cross-sectional flow area of a heated channel
. cross-sectional flow area of a riser part
1 7% 7 state matrix

:+ 7% 7 input matrix

: heat capacity
: hydraulic diameter

:+ 7% 7 output matrix

: Darcy-Weisbach friction factor

: frequency

: gravity acceleration

19.8

: mass flux

: enthalpy

: dynamic heat transfer coefficient

T hg—hy

: volumetric flux

: 7% 1 output vector

: gain

: reactivity

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

. (Lg—2A) boiling length

: (ji/ Q) phase change length

Lg— Ly : riser length

m
I

P p

Vs
Xi

: mass flow rate

: neutron life time

. pressure

: heated perimeter

: channel load

: heat flux

- yolumetric heat generation rate
: Laplacian operator

. time or time constant
:t—Tae

: period of phase change

: volume

: specific volume

: VJ—VI
. 7x1 input vector

(m?)
(m?)

(kcal/kg- C)
(m)

(sec™h)

(m/sec?)

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

(kcal/m?-secs C)

(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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: void fraction
: reactivity coefficient

: fraction of delayed neutrons

© liquid Jength

: Ae/Ag ratio

: density

T Dr—pg

creciprocal of heat transfer function time constant
angular velocity

© characteristic frequency of phase change

Subsecripts
s acceleration int
D average 0
: bouyancy Q,q
: boiling R, r
T exit 1¢h
¢ saturated liluid or fuel 20
¢ friction (o
. saturated gas 4,08
: homogeneous or heater N

:inlet

: arbitrary position of a fluid particle in a heated channel (m)

: reciprocal of time constant for loss of radiolytic gas from the core (sec™t)

(m)

(kg/m*)
(kg/m )
(sec™!)
{rad/sec)

(sec™!)

:internal
: initial or steadv state

: liquid or heat transfer

I reactor or riser

: single-phase

: two-phase

: cross-sectional average
: variation

I system
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APPENDIX A
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Fig. A1 Sketches of various flow-regime geometries.
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