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Modeliranje hitre tla¢ne razbremenitve v cevi
Modelling of Fast Depressurization in the Pipe

IZTOK TISELJ - STOJAN PETELIM

Ohranitvene enache programa RELAPS/MOD3.] z zapiralnimi enacbami za mehurckasti reZim
dvofaznega toka in z dopolnjeno obliko élena navidezne mase smo uporabili v racunalniskem
programu, ki smo ga poimenovali PDE (parcialne diferencialne enacbe).

Uporabljena numeriéna shema je e posebej primerna za simuliranje hitrih prehodnih pojavov
z udarnimi in razredcitvenimi valovi. Shema je razmeroma stabilna in robustna in je temelj za sheme

drugega reda natancnosti, ki u

Stevajo udarne pojave.

Preizkus s hitro tlacno razbremenitvijo cevi, napolnjene z vroco vodo smo simulirali s pragramoma
PDE in RELAP3/MOD3. 1. Rezultati programa PDE so podobni rezultatom programa RELAPS. Dosegli

smo (wdi podobno wemanfe z meritvami,

Kljucne besede: tok dvafazni, tok mehurékast, enadbe ohranitvene , modeliranfe

RELAP5S/MOD3.1 conservation equations with closure laws for bubbly regime of the twe-
phase flow and improved form of the virtual mass term were used in our own compuler code

named PDE (Partial D%?’arenﬂm’ Equations).
The numerical sc

eme of the PDE code is especially suitable for the simulation of the fast

rransients with shocks and rarefaction waves. The scheme is relatively stable and robust, and
presents a basis for the second order shock-capturing scheme.

The Edwardj{p

I
the PDE and RELAPS/MOD3. | codes. The

e experimeni - fast depressurization in the pipe - has been modelled using
DE code results were similar to the RELAPS resulis,

and approximately the same agreement with the measurements was achieved.
Keywords: rwophase flow, bubble flow, conservation equaiions, modelling

0 UVOD

Za opis splognih dvofaznih tokov, v katerih je
gibanje medfazne ploskve zaradi turbulence prehitro,
da bi mu lahko sledili, uporabljamo povprefene enacbe,
ki vsako od faz obravnavajo kot kontinuum. Modeli,
ki jih dana3nji ratunalni3ki programi RELAPS [2],
TRAC in CATHARE uporabljajo za simuliranje
vetfaznih tokov v jedrski tehniki, opisujejo dvofazni
tok s festimi parcialnimi diferencialnimi enatbami.
Osnovne enadbe programov so enodimenzionalne, kar
zadoica za opis tokov v ceveh. Z omenjenimi programi
lahko uspeino modeliramo Sirok razpon prehodnih
pojavov, katerih karakteristi¢éno ¢asovno lestvico
doloa hitrost toka. Programi so manj zanesljivi pri
modeliranju hitrih prehodnih pojavov, kjer
karakteristiéno €asovno lestvico doloéa hitrost zvoka.
To je posledica izkustvenih korelacij v osnovnih
enacbah, ki na podroéju hitrih prehodnih pojavov niso
preverjene, in numeriénih shem, ki so v osnovi
namenjene simuliranjem nestisljivih tokov.

Preizkus "Edwardsova cev” [1] hitra tlaéna
razbremenitev v cevi - uporabljamo kot enega od
osnovnih preizkusov za preverjanje programoyv za
modeliranje dvofaznega toka zaradi njegove preproste
geometrijske oblike in Sirokega spektra pojavov, ki jih
preizkus obsega. Edwards in O’Brien sta 4 m dolgo
vodoravne cev napolnila z vodo pri tlaku 7 MPa in
temperaturi 502 K in nato hitro odprla en konec cevi.
Merila sta tlak in prostorninski delez pare med
iztekanjem v nekaj totkah vzdolZ cevi. Pomembni
opazovani pojavi so: razbremenilni val, samouparjanje,
dvofazni kriti¢ni tok in val parne faze.

0 INTRODUCTION

The general two-phase flows - where
interphase surface geometry cannot be explicitly fol-
lowed due to the rapid changes caused by turbulence
- are described by averaged equations which treat
each of the phases as a continuum. Today’s compu-
ter codes RELAPS[2], TRAC and CATHARE, used
for the simulations of the multiphase flows in nuclear
engineering, describe a two-phase flow with six par-
tial differential equations. The basic equations are one-
dimensional and sufficient for the description of the
flows through the l’|::ri|:-~e*5, The above codes can be
successfully used for modelling the wide range of
the transients, where fluid velocity determines the
characteristic time scale. The codes are less reliable
in the area of the fast transients where the charac-
teristic time scale is determined by the sound speed.
This is a consequence of the empirical correlations in
the basic equations which are not verified in the area
of the fast transients and numerical schemes based
on the methods developed for incompressible flows.

The Edwards pipe experiment [1] is used as
one of the basic I:senr:ﬁm arks for the two-phase flow
codes due to its simple geometry and the wide range
of phenomena that it covers. Edwards and O'Brien
filled a 4 m long pipe with liquid water at 7 Mpa and
502 K and suddenly ruptured one end of the tube.
They measured the pressure and void fraction during
the blowdown at a few points along the pipe axis.
Important phenomena observed included: pressure
rarefaction wave, flashing onset, critical two-phase flow
and void fraction wave. This experiment is used as a
basic benchmark for all new versions of the RELAP code.
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Ta preizkus zato pomeni osnovni testni primer
za vse nove verzije programa RELAP. V nasem delu
smo rezultate meritev uporabili za preizkus dveh
razliénih numeri¢nih shem: shemo pro RELAPS
in shemo, uporabljeno v pro u PDE, ki temeljina
karakteristiéni privetrni diskretizaciji[3] in dodatno
analizo modela dvofaznega toka iz programa
RELAP5/MOD3.1 [2].

1 OSNOVNE ENACBE

Osnovne enatbe dvofluidnega modela za opis
dvofaznega toka v programu RELAPS5 so
enodimenzionalne ohranitvene enalbe za maso,

gibalno koli¢ino in energijo pare in kapljevine [3]:
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£
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We used experimental data to examine two
different numerical schemes: one from RELAPS/
MOD3.1 code, and one from PDE code which was
based on characteristic upwind discretization [3] and
for an additional analysis of the RELAP5/MOD3. 1
[2] six-equation two-phase flow model.

1 BASIC EQUATIONS

Basic equations of the two-fluid model taken
from RELAPS are one-dimensional mass, momen-

tum and energy balances for vapour and liquid [3]:
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Prvi dve enalbi sta kontinuitetni enacbi
kapljevine in pare s &lenom [, ki opisuje medfazni
prenos snovi. Enacbi (3) in (4) sta gibalni enabi, &leni
na desni strani obeh enacb pa pomenijo: %rﬂdicnt tlaka,
stensko trenje, izmenjavo gibalne koli¢ine zaradi
izmenjave snovi, medfazno trenje in Elen navidezne
mase. Cleni na desni strani enalb notranje energije
(5) in (6) pomenijo spremembe notranje energije zaradi
sprememb tlaka, hitrosti in prostorninskega delefa pare
(prva dva ¢lena), tretji in cetrti élen popisujeta
medfazno izmenjavo energije, zadnji &len pa popisuje
naraSfanje notranje energije zaradi stenskega trenja
(glej seznam spremenljivk).

Iste enathe smo uporabili v programu PDE,
spremenili smo le élen navidezne mase. Clene v
energijskih enachah, ki popisujejo prenos toplote s
tekocine na steno, smo zanemarili, ker je obifajno
njihov vpliv na hitre prehodne pojave zanemarljiv. Za
popoln sistem enatb potrebujemo e dve enadbi stanja
za vsako od obeh faz. EnaCba stanja za fazo k je:
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The first pair of the equations are continuity
equations, with the term I describing the interphase
exchange of mass. Ec“mﬁons {3) and (4) are mo-
mentum equations, with terms on the right hand side;
pressure gradient, wall friction, exchange of momen-
tum due to the exchange of mass, interphase friction
and virtual mass term. The terms on the right hand
side of the internal energy Equations (5) and (6)
present variations of the internal energy due to the
changes of pressure, velocity and void %ation (first
two terms); the third and fourth terms describe the
interphase exchange of energy, while the last term
describes the increase of the internal energy due to
the wall friction (see Nomenclature).

The same equations were used in the PDE
code; only the virtual mass term in momentum equa-
tions was different. The terms for wall-to-liquid heat
transfer in energy equations were neglected since
th?_r are seldom important for the fast transients. Two
additional equations of state for each phase are needed
to close the system of equations. Equation of state
for phase & is:

dx

(7).
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Odvode v enatbi (7) izratunamo iz osnovnih
termodinamiénih razmerij:
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Spremenljivke na desni strani enacb (8) in (9)
dolo€imo z uporabo podprogramov za izratun lastnosti
vode iz znanega tlaka in specifi¢nih notranjih energij,
ki jih uporablja program RELAPS [2].

Konstitutivne enatbe za zidno trenje, medfazno
trenje, navidezno maso in medfazni prenos toplote in
snovi smo prav tako povzeli po programu RELAP3S.
Uporabili smo korelacije za mehurékasti dvofazni tok,
ki veljajo pri prostorninskih delezih pare, manjsih od
0,5 in gostotah masnega pretoka, ve€jih od 3000
kg/m? 5. Pri modeliranju preizkusa "Edwardsova cev”
smo korelacije za mehur¢kast tok uporabili tudi pri
vedjih prostorninskih deleZih pare, ki se pojavijo v
zadnji fazi preizkusa.

Clene za popis zidnega trenja v enaébah (3) in
{4) smo nekoliko poenostavili v primerjavi s
programom RELAFPS. Testiranja programa PDE so
pokazala, da te spremembe nimajo znatnega vpliva
na rezultate. Preostale konstitutivne enatbe smo
uporabili v isti obliki kakor so uporabljene v programu
RELAP5/MOD3.1.

V parcialnih diferencialnih enaébah RELAPS
{1)do (6} se pojavljajo samo prvi odvodi, medtem ko
so difuzijski €leni namesto z drugimi odvodi
poenostavljeno zapisani v obliki nediferencialnih
izkutvenih korelacij. V enacbah torej ni mehanizmov
difuzije m jih po obliki zato lahko primerjamo z
Eulerjevimi enatbami enofaznega toka[#] in lahko
pricakujemo tudi podobno obnafanje regitev, ki
dopuiéajo tudi nezveznosti (npr. udarni valovi).
Difuzijo v resitve prinesejo numeriéne metode, s
katerimi te enacbe redujejo ratunalnidki programi,
kakrien je RELAPS. V sploinem je zanesljivost
enath dvofluidnih modelov zaradi tonosti korelacij
(tipi¢ne napake korelacij so 20%) precej manj3a od
zanesljivosti Eulerjevih enacb enofaznega toka, zaradi
cesar numeri¢na difuzija pomeni pogosto sprejemljivo
napako.

Specificen problem modeliranja toka s
samouparjanjem je prehod iz enofaznega v dvofazni
tok. Za uspeinejSe modeliranje prehoda iz enofaznega
v dvofazno, zaradi hitrega padca tlaka, bi morali
upodtevati padec tlaka pod tlak nasitenja zaradi
zamude pri uparjanju. To lahko opisemo s korelacijo
Alamgir-Lienhart [4]. V programih RELAPS in PDE
zamude pri uparjanju nismo eksplicitne modelirali.
Prehod iz enofaznega v dvofazno se zaéne, ko so
doseZeni pogoji za nasitenje.
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Derivatives from Eq. (7) can be calcu-
lated from the basic thermodynamic relations as:
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Wariables on the right side of Eqs. (8) and (9)
are determined by the RELAPS water properties sub-
routines if the pressure and the specific internal en-
ergies are known [2].

Constitutive equations for wall friction,
interphase drag. virtual mass and interphase heat
transfer were also taken from RELAPS code. We
applied the correlations for the bubbly regime of two-
phase flow. According to the RELAPS authors [2],
bubbly flow exists at mass fluxes larger than 3000
kg/m? s if the vapour void fraction is lower than 0.5.
In the PDE model of the Edward’s pipe experiment
bubbly flow correlations were also used for higher
vapour void fractions which appeared in the later
stages of the experiment.

In PDE code wall friction terms in momen-
tum Eqgs. (3) and (4) were applied in a simplified way
compared to the RELAPS. Our tests showed that
this difference did not have a significant influence on
the results. The other constitutive equations were ap-
plied in the same form as in the RELAPS/MOD3.1.

Basic RELAPS partial differential equations
{1)-(6) contain only first order derivatives. Diffusion
terms with second order derivatives are simplified
and written in the form of the empirical correlations,
Since there is no diffusion in the equations they can
be compared with Euler equations of the single phase
flow [8], and we can also expect similar behaviour
from the solutions which allow discontinuities (i.e.
shock waves). Diffusion is introduced into solutions
by the numerical method applied in RELAPS code.
The general reliability of the two-fluid equations is
lower than the reliability of the Euler equations due to
the accuracy of the correlations (typical uncertainty
of the correlations is 20%); for this reason numerical
diffusion often represents an acceptable error.

The specific problem of the flashing flow mo-
delling is transition from single to two-phase flow.
Successful modelling of the single to two-phase tran-
sition due to the fast depressurization requires some
pressure undershoot below the saturation pressure
as a result of the flashing delay. This can be mo-
delled by using the Alamgir-Lienhard correlation[4].
In RELAPS and PDE codes flashing delay has not
been explicitly modelled. Single to two-phase transi-
tion in both codes starts when saturation conditions
are achieved.
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2 CLEN NAVIDEZNE MASE

V élenu navidezne mase v enatbah (3) in (4)
so v programu RELAPS5 uporabili samo &asovne
odvode relativne hitrosti dv /cr. Bolj popoln zapis Clena
navidezne mase se glasi [2]:

Oy 0
& ‘ox

To obliko odvodov v élenu navidezne mase
smo uporabili v programu PDE.

Osnovne enatbe programa RELAPS s
poenostavljenim zapisom &lena navidezne mase po-
menijo nekorektno postavljen matematiéni problem
[5], [6] s kompleksnimi lastnimi vrednostmi Jacobijeve
matrike (matrika v (15)). Program PDE lahko resuje
samo korektno postavljene - hiperboliéne matematicne
probleme. S &lenom navidezne mase (10) se izognemo
nekorektnemu problemu za prostominske deleZe pare,
manj3e od priblifno 0,7 (sl. 1).

WV priroéniku programa RELAPS [2], [7], v
poglavju o kriti¢nem toku so podani aproksimativni
izrazi za lastne vrednosti Jacobijeve matrike enatb s
¢lenom navidezne mase (10), Aproksimacije veljajo,
&e je relativna medfazna hitrost v majhna v primerjavi
z zvodno hitrostjo v dvofaznem toku. Iz teh reditev
izhaja, da dve lastni vrednosti vsebujeta izraz:

—

2 VIRTUAL MASS TERM

Virtual mass term in eqs. (3) and (4) is coded
in RELAPS only with time derivative of the relative
velocity dv /dt. According to the RELAPS manual
[2] difference of the substantial derivatives should

be applied instead of :
dy oy (10).
a £

This form of the derivative in the virtual mass
term was used in the PDE code.

Basic RELAP5 equations as coded in
RELAPS present an ill-posed problem [5], [6] with
complex eigenvalues of the Jacobian matrix (matrix
in (15)). The PDE code can solve only well-posed
(hyperbolic) problems. With virtual mass term (10)
ill-posedness of the equations is avoided for vapour
void fractions lower than approx. 0.7 (Fig. 1).

In the RELAPS manual [2], [7], chapter "Spe-
cial Process Models, Choked Flow" approximate ana-
Ivtical expressions for the Jacobian matrix eigenvalues
are given. The results are valid for relative interphase
velocities lower than mixture sonic velocity. From
these solutions we can see that two approximate
eigenvalues contain the term:

J(PuCoud2V - e(1-0)p p,

kjer je gostota p_ dvofazne zmesiin C,_ koeficient
navidezne mase, ki je v programu RELAPS izraZen
kot:

i ={(1 +20)/(2-24) ;
™ 1 (3-20)/(2a);

Vrednost (11) postane imaginarna, ée je izraz
pod korenom negativen.Ce enaébo (11) delimo z et
lahko takSen izraz nariSemo kot funkeijo @ in g, /o,
Graf je prikazan na sliki 1, kjer je, kljub kurcl‘cci_li
&lena navidezne mase v primerjavi s programom
RELAPS3, jasno vidno obmoéje prostorninskih deleZev
pare in razmerja faznih gostot, kjer so enatbe
programa RELAPS 3¢ vedno nekorektno postavljen
matematiéni problem.

Korektnost enatb smo popravili 3e s
spremembo koeficienta navidezne mase:

(1+42a)/(2-2a) ;

(11),

where:p_ is two-phase mixture density and C,_isa
virtual mass coefficient which in RELAPS is calcu-
lated as:

=05
a>0.5

(12).

Term (11) becomes imaginary if the expres-
sion under the root is negative. Ifeq. (11) is divided
by p,, expression (11) can be plotted as a function
of & and p_/p,.. This plot is shown in Fig. | where
the area of the vapour void fractions and phasic den-
sity ratios is clearly seen, where RELAPS equations
with complete virtual mass term are still ill-posed.

The well-posedness of the equations was im-
proved by changing the virtual mass coefficient:

a<0.5

13).
a=0.5 G

C.® [3-2::)’_ (e-DRa-1) .
(1+apJp,a)

2a

Izraz, ki smo ga dodali, nima fizikalne podlage
in le popravi korektnost postavljenih enatb. Dokaj
zapleten izraz smo dodali tako, da ostanejo mejne

In practice, this change ensures the well-
posedness of the equations, and does not have any
underlying physical basis. Relatively complicated
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Sl. 1. Izraz (11) deljen z p. s koeficientom navidezne mase (12), narisan kot funkcija o in A, /P,
Fig. |. Expression (11) divided by p. with virtual mass coefficient (12) plotied as a function of a and Py 1P
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SI. 2. Izraz (11) deljen z p. s koeficientom navidezne mase (13), narisan kot funkcija o in p, /p,
Fig. 2. Expression (11) dikaw’r by p, with virtual mass coefficient (13) plotted as a finction of &  and p, /P,

vrednosti koeficienta navidezne mase, ko gre a proti
ena, nespremenjene. Da se izognemo nekorektno
postavljenim enatbam moramo zapisati C_ tudi kot
funkeijo razmerja faznih gostot p_/p,. Graf izraza
(11) kot funkcije & in p /p, s koeficientoma videzne
mase (13} je prikazan na sliki 2.

expression has been added in order to retain the limit
value of the virtual mass coefficient as ¢ approaches
the level of one. In order to avoid ill-posedness, it is
necessary to make C also a function of the density
ratio p_/p,.The plot of the expression (11)as a
function of a and p_/p, with virtual mass coef-
ficient (13) is presente& in Fig. 2.
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V vedini primerov koeficient navidezne mase
(13) zagotavlja realne lastne vrednosti programa PDE,
tako pri majhnih kakor tudi pri velikih relativnih
medfaznih hitrostih. Vendar natancen matematicni
postopek pokaze, da so pri izredno velikih relativnih
medfaznih hitrostih, ki so primerljive ali celo vedje od
hitrosti zvoka, enaébe ¢ vedno lahko nekorcktno
postavljene.

3 NUMERICNA METODA

MNumeriéna metoda, ki jo uporablja program
RELAPS za simuliranje dvofaznih tokov, najdemo v
Hirschovi [8] knjigi med metodami za refevanje
nestisljivih tokov, v katerih je pomembna konvekeija
teko&ine ne pa Sirjenje tlaénih motenj. V metodah te
vrste tlak izrazimo s preostalimi spremenljivkami, nato
izratunamo tlak in iz tega e druge spremenljivke.
RELAPS uporablja za napredovanje po ¢asu delno
implicitno shemo. Posredno se radunajo &leni, ki so
pomembni za medfazno izmenjavo in Sirjenje zvoénih
valov. Vedina preostalih &lenov, povezanih s pojavi,
ki potekajo s hitrostjo fluida, se v RELAPS rauna
eksplicitno. Takina numeriéna shema je primerna za
ratunanje veé ur trajajodih prehodnih pojavov, pri
katerih hitrost zvoka, tlaéni valovi in podrobnosti
medfaznega prenosa niso pomembni in jih zato lahko
"preskodimo” z dalj3imi Easovnimi koraki. Shema
programa RELAPS temelji na diskretizaciji prvega
reda natanénosti po kraju in ¢asu. Hitrosti so ratunane
na premaknjeni mreZi, kar pomeni reSevanje gibalnih
enath v mrezi, ki je za pol razdalje med totkama
premaknjena glede na glavno mreZo to€k, v katerih
se ratunajo: notranji energiji, gostoti, tlak in

rostorninski delez pare. Krajevni odvodi

onvekeijskih &lenov so diskretizirani s privetrno shemo
samo glede na smer hitrosti fluida. Smer zvoénih
karakteristik pri diskretizaciji ni upostevana,

Program PDE re3uje enaébe programa
RELAPS s shemo, ki je namenjena modeliranju
sﬂislji?ih tokav, v katerih imajo pomembno vlogo tlaéni
valovi.

Sistem enacb (1) do (6) lahko zapisemo v
naslednji neohranitveni obliki, ki je primerna za
numeriéno relevanje:

ay¥ a¥
A v o P
.| = +B >

kjer pomenijo: ¥- vektor neodvisnih spremenljivk
¥=(p.ay WVr U u‘),d in _fi sta matriki sistema
in § je vektor z nediferencialnimi &leni v enacbah.
Enacba (14), pomnoZena z 4 z leve, da:

o ¥
e “iatey

= 4" B je Jacobijeva matrika in vektor P= 4"' §
e poiStemo lastne vrednosti in lastne vektorje
matrike C, lahko Jacobijevo matriko zapisemo kot:

With virtual mass coefficient (13), PDE
eigenvalues were real numbers during all PDE cal-
culations, for both small and large relative interphase
velocities. However strict mathematical proof would
show that the basic system of the equations is still ill-
posed in some situations when relative velocity is com-
parable to, or even higher than local sonic velocity.

3 NUMERICAL METHOD

The RELAPS numerical method is based on
the schemes which are characterized in Hirsch's [8]
book as schemes for incompressible flows, i.e flows
where pressure waves can be neglected, compared
to the fluid motion. In methods of this type pressure
is expressed by other variables (pressure based solv-
ers). In the first part of the time step pressure is cal-
culated and after that the other variables. RELAPS
uses a semi-implicit scheme: implicit discretization is
applied for the terms important for the acoustic waves
and interphase exchange. Other terms describing fluid
motion are discretized in explicit form. Such a nu-
merical scheme is suitable for transients which are a
few hours long, in which the short time scale phe-
nomena: sound speed, pressure waves and details of
the interphase exchange are not important and can
be leapt over by larger time steps. RELAPS
discretization is of the first order accuracy in time
and space. Momentum equations (i.e. velocities) are
solved on a staggered grid which is shifted with re-
spect to the main grid where phasic energies, densi-
ties, pressure and void fraction are calculaied. Con-
vective terms in equations are discretized with an
upwind or donor cell scheme in relation to the direc-
tion of the fluid velocity direction. Acoustic charac-
teristics are not taken into account in the upwind
discretization.

Our program, named PDE solves RELAPS
equations with a scheme which is suitable for the
modelling of the compressible flows where pressure
waves play an important role.

The system of equations ( 1) to (6) can be writ-
ten in the following nonconservative form which is
suitable for the numerical solving:

(14},

where: ¥ represents the vector of the independent
variables ¥ = (p,a,v,,v, u,u) 4 and B are
matrices of the system, and S Is a vector with
nondifferential terms in the equations. Equation (14)
multiplied by 4" from the left gives:

(15).

L =A"8 is Jacobian matrix and vector P=4"'S.If
the eigenvalues and eigenvectors of the matrix
are found, the Jacobian matrix can be written as:
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C=LAL"

kjer je [ matrika lastnih vektorjev in A diagonalna
matrika lastnih vrednosti. Ce upostevamo izraz za C
(16) v ena&bi (15) in enaébo z leve pomnozimo z ',
dobime:

1 0¥
L'—
ot

kjer smo L' P nadomestili z R . Vektor karakteristiénih
spremenljivk uvedemo kot:

SE=L"'8W

kjer pomeni &£ poljubno variacijo: 8 £/drali & £/ dix.
Ena¢bo (17) lahko zapiSemo v karakteristiéni obliki:

95 .2 950
o

Karakteristi¢na privetrna diskretizacija[8§]
enacbe (19) z eksplicitno shemo konénih razlik je:

E;'l'E; o (A% & - &
a0 ey

A’ je matrika A z negativnimi lastnimi vrednostmi,
postavljenimi na ni¢ in A" je matrika A s pozitivnimi
lastnimi vrednostmi, postavljenimi na ni¢. Predznak
lastnih vrednosti, karakteristiénih hitrosti, je torej tisti,
ki za vsako od karakteristiénih enacb doloéa privetmo
stran. Spodnji indeks oznauje tolke v prostorski
mreZi, zgornji pa Easovne korake. Ce enatbo (20) z
leve pomnozimo z L in upodtevamo razmerje (18) v
diskretni obliki, je koraéna shema:

mel n
"P‘J _5&:‘
At

Matanénost enacbe (21) lahko nekoliko
izboljfamo [8], ée C*in L izradunamo med dvema
sosednjima toékama mreZe. Numeriéno shemo,
uporabljeno v programu PDE, sestavljata dva koraka
(razcep operatorjev).

Prvi korak, konvekeija:

+ ﬂL"a_EP' =R

A a
j =¥

g
g U.Z'}_f e

(16),

where L is the matrix of the eigenvectors and A
diagonal matrix of the eigenvalues, Ifthe expression
for C(16)is taken into account in Eq. (15) and equa-
tion multiplied by L™ from the left, we obtain:

(17,
dx

where L' P has been replaced by R . The vector of
the characteristic variables is introduced as:

(18),

where & & represents an arbitrary variation: 5 & /8¢
or & £/8x. Eq. (17) can be written in the character-
istic form:

{19).

The characteristic upwind discretization [8] of
the Eq.(19) with the explicit finite difference scheme is:

vy

-R” (20),

A" isequal to the matrix A with negative eigenvalues
set equal to zero, and A is equal to the matrix A
with positive eigenvalues set equal to zero. If Eq.
(20) is multiplied by L, from the left, and relation
(18) in discrete form is taken into account, the differ-
ence scheme is:

. n
Ly S
Ax f

+m,}r (21).

The accuracy of the eq. (21) can be improved
[8] if C * and C - are evaluated between the neigh-
bouring grid points. The numerical scheme used in
PDE code is a two-step scheme.

First step, convection:

X 390 bioees: Tl W o copard iy 22).
TR S e e
Drugi korak, integracija virov: Second step, integration of the sources:
e
(23).

¥ e [P o)dt

Vire P smo integrirali z Eulerjevo metodo z
loZenimi asovnimi koraki, ki so lahko tudi veé
stokrat manjii od ¢asovnega koraka konvekcije.

The source terms P were integrated using the
Euler method with separated time steps; these steps
can be a few hundred times smaller than the time
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Karakteristiéna &asovna lestvica je namre¢ veliko
manja za izvore kakor za konvekcijske élene [3].
Casovni korak konvekcije omejuje pogoj CFL
(Courant-Friedrics-Levy Afs dxﬁmaks(.-a}, o =:1,8,
medtem ko je casovni korak za integracijo izvorov
spremenljiv. Najvetja relativna sprememba osnovnih
spremenljivk v enem ¢asovnem koraku integracije
virov mora biti manj&a od 0,1 odstotka. Ce je relativna
sprememba prevelika, se asovni korak za integracijo
virov zmanjia, ¢e pa se relativna sprememba virov
manjsa, se ¢asovni korak za vire poveduje, vendar
kvedjemu do &asovnega koraka, ki se uporablja v
hidrodinamiki.

Diagonalizacijo Jacobijevih matrik (16) smo
izvedli numeriéno s podprogrami iz knjiZnice
EISPACK [9], ki poiitejo realne ali kompleksne
lastne vrednosti in lastne vektorje poljubne matrike.
Program PDE lahko reSuje samo probleme z realnimi
lastnimi vrednostmi Jacobijeve matrike. Raunanje
se ustavi, ¢e program najde kompleksne lastne
vrednosti.

Glavna prednost predstavljene numericne
sheme v primerjavi z delno posredno shemo programa
RELAPS5 je korektna obravnava privetrne
diskretizacije. V shemi PDE dologajo stran privetrne
diskretizacije karakteristicne hitrosti. V programu
RELAPS dolocata stran privetrne diskretizacije samo
hitrosti obeh faz, druge karakteristiéne hitrosti pa niso
upostevane. V podzvodinem toku se smer ene od
Sestih karakteristiCnih hitrosti razlikuje od smeri
preostalih, na primer, e sta hitrosti obeh faz v, v,
pozitivni, najmanj%a karakteristiéna hitrost ostane
negativna. To pomeni, da eno od Sestih enacb
RELAPS re3uje z nestabilno odvetrno diskretizacijo.
To nestabilnost RELAPS sheme nadomesti nume-
ri¢na difuzija [2].

Numeriéna shema v programu PDE ni
ohranitvena, kar pomeni, da ne zagotavlja
numeriénega ohranjanja mase, gibalne koliéine in
energije. Numeriéni poskusi v dvofazni "Sok-cevi" [8]
(zaprta cev z razliénimi zaletnimi pogoji v vsaki
polovici cevi) so pokazali praktiéno zanemarljiva
nihanja celotne mase (relativne spremembe mase in
energije 10%) kljub neohranitveni numeri&ni shemi.
Celotna relativna nihanja mase pri modeliranju hitre
tlaéne razbremenitve v cevi so okoli 107, kar je glede
na splodno natanénost ratunov zanemarljivo.

MNumeriéna shema, ki smo jo uporabili v
programu PDE, pomeni osnovo za tako imenovane
sheme drugega reda natanénosti za dvofazni tok.
Resitve, izratunane s tak$nimi shemami, imajo zelo
majhno numeriéno difuzijo, kar pomeni ostro lo&ljivost
pri modeliranju udarnih in razreditvenih valov.

4 REZULTATI
Primerjava izmerjenih in izraéunanih rezultatov

kaZe vplive numericne sheme in pomembnih fizikalnih
paramentrov na modeliranje preizkusa "Edwardsova

step for the hydrodynamics due to the characteristic
time scale which is much smaller for the source term
than for the convective terms [3]. The time step for
the convection is limited by the CFL (Courant-
Friedrics-Levy) condition AfsAx/max(4), /= 1.6,
while the time step for the integration of the sources
may vary. Maximal relative change of the basic vari-
ables in a one "source” time step must be less than
0.1%. If the relative change is larger, "source” time
step is decreased; if the relative change is smaller,
the “source” time step is increased but cannot ex-
ceed the time step used for the hydrodynamics.

Decompoesition of the Jacobian matrix (16) has
been performed numerically with subroutines from
the EISPACK library [9], which are able to find real
orcomplex eigenvalues and eigenvectors of an arbitra-
ry matrix. The PDE program is written only for problems
with real eigenvalues of the Jacobian matrix. Calcu-
lation is interrupted if complex eigenvalues are found.

The main advantage of the numerical scheme
presented, compared to the RELAPS semi-implicit
scheme, is correct treatment of the upwind
discretization. In the PDE scheme the characteristic
velocity determines the side of the upwind differencing
for the corresponding characteristic equation. In
RELAPS, the side of the upwind differencing is de-
termined only by phasic velocities, while the direc-
tions of the other characteristic velocities are not taken
into account. In the subsonic two-phase flow, the di-
rection of one of the six characteristic velocities dif-
fers from the directions of the other five characteris-
tic velocities. For example, if phasic velocities v,
v are positive, the smallest characteristic velocity

mains negative. This means that one of the six equa-
tions in RELAPS is solved by unstable downwind
discretization. This instability is compensated by nu-
merical diffusion [2].

The numerical scheme applied in the PDE pro-
gram is a nonconservative one. This means that the
scheme does not ensure numerical conservation of
mass, momentum and energy. Numerical experiments
with the twof—[phase shock tube problem [8] (closed
tube with different initial conditions in each half of
the tube) have shown practically negligible fluctua-
tions of the overall mass and energy in the tube (rela-
tive mass and energy changes around 10*) despite
the nonconservative scheme. The relative changes
of the mass during the Edwards {pipe transient are
around 107, which is negligible if the overall accu-
racy of the simulation is taken into account.

The scheme in the PDE code presents a basis
for the second order accurate shock-capturing
scheme for a two-fluid model of two-phase flow.
Such a scheme will produce solutions with a very
small amount of numerical diffusion, i.e. with sharp

shocks and rarefaction waves.

4 RESULTS

Comparison of the experimental and calculated
results shows the influence of the numerics and
important physical parameters on the modelling of



Modeliranje hitre tlaéne razbremenitve v cevi -

cev”. Podoben razredéitveni val je izrafunan s
programa PDE in RELAPS/MOD?3.1 (sl. 3). Padca
tlaka pod tlak nasi¢enja zaradi zamude pri uparjanju
na tej sliki ne vidimo. Razlog zato je, da v nobenem
od programov PDE in RELAPS ni ¢lena za popis
zamude pri uparjanju, ko enofazni tok prehaja v
dvofaznega. Rahel padec tlaka pod tlak nasitenja bi
lahko priéakovali zaradi omejene hitrosti rasti
mehurckov v prvih trenutkih po njihovem nastanku.
Ta mehanizem je v enatbah programa RELAPS
zanemarljiv zaradi oblike korelacij za rast mehurékov:
koeficient toplotne prestopnosti s parne faze na
medfazno ploskev je umetno povedan v podroju zelo
majhnih prostomninskih deleZev pare in velike pregretosti
parne faze. To umetno povedanje koeficienta toplotne
prestopnosti povezroéi hiter prehod parne faze v stanje
nasienja in prepredi padec tlaka pod tlak nasifenja.
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the Edwards pipe experiment. The PDE code and
RELAPS predicted the same pressure rarefaction
wave (Fig. 3). The pressure undershoot of the
Edwards Pipe experiment is missing on this figure.
‘The main reason for that is the absence of the flash-
ing delay in the single to two-phase transition model
in RELAP5 and PDE. Some pressure undershoot
could be expected, also as a consequence of the lim-
ited bubble growth rate in the first moments after the
flashing onset. This mechanism does not work in
RELAPS due to the form of the correlations for the
bubble growth: the heat transfer coefficient is artifi-
cially increased in the area of the small vapour void
fraction and in large vapour superheating. This artifi-
cial increase of the vapour heat transfer coefficient
forces the vapour towards the equilibrium and pre-
vents the appearance of the pressure undershoot,
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SI. 3. Izradunan casovni potek taka v tocki 1,6 m od zaprtega konca cevi v prvih 0,01 s

(80 prostorov, dr=0,000015 s). Razredcitveni val programa RELAPS je zaradi vedje numericne
difuzije pri isti mreZi in casovnem koraku nekoliko $irsi kakor val PDE.

Fig. 3. Calculated pressure history 1.6 m from the closed end of the pipe in the first 0.01 s
(80 volumes, dt=0.000015 s). The rarefaction wave predicied by RELAPS is slightly wider than the
PDE wave, due to the larger numerical diffusion at the same grid density and time step.

Padec tlaka pod tlak nasi¢enja, ki ga na videz
lahko i1zratunamo s programom RELAPS, je
numernﬁne%a izvora in nastane kot posledica

velikega casovnega koraka za integracijo izvorov.
e zmanjsamo ¢asovni korak, izgine tudi padec tlaka
pod tlak nasiéenja [2].

lzbira koeficienta virtualne mase (12} ali (13}
v programu PDE nima nobenega ve&jega vpliva na
rezultate. Prednost korigiranega koeficienta (13) je,
da se pri vidjih prostorninskih delezih pare ra¢unanje
ne ustavi zaradi kompleksnih lastnih vrednosti, ki se
pojavijo z uporabo koeficienta (12).

Pressure undershoot - which can be achieved
in some circumstances in the RELAPS results - is a
numerical artefact and is a consequence of the time
step which is too large for the accurate integration of
the sources, If the time step is decreased, pressure
undershoot disappears [2]-

Choice of the virtual mass coefficient (12) or
(13) in the PDE code leaves the results almost un-
chanf#agl. The significant advantage of the virtual mass
coefticient (13) is that calculation is not interrupted
at higher void fractions where equations with virtual
mass coefficient (12) are ill-posed.
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Razlike med rezultati programov PDE in
RELAPS izhajajo tudi iz razli¢nega iztoka skozi odprti
konec cevi. RELAPS ne rafuna kritiénega toka iz
osnovnih enacb (1) do (6) zaradi matemati¢ne
nekorekinosti problema, ki pride na dan v razmerah
kriti¢nega toka, in ker numeriéna shema tega ne
gmore.Namesto tega uporablja poseben poenostavlje-
ni model, ki je izpeljan iz poenostavljenih enach
dvofaznega toka in z nekaterimi dodatnimi empiriénimi
popravki. Posebni model kritiénega toka se vkljuci,
ko hitrost dvofazne meganice doseZe hitrost, ki je blizu
lokalni zvoéni hitrosti. Model na podlagi razlike tlakov

zlomom in za njim napove masni tok skozi zlom.
Medtem ko RELAPS vkljuéi v dolo¢enih razmerah
lo¢en model kritiénega toka, zmore program PDE
izrafunati kritiéni tok neposredno iz osnovnih enacbh
brez posebnega modela. Slika 4 kaZe tok skozi zlom,
izratunan s programoma PDE in RELAPS. Program
PDE napove vetji pretok skozi zlom takoj po zlomu,
kar je glavni razlog za razlike v éasovnem poteku
prostorninskega deleZa pare (sl. 5) in poteka tlaka
(sl. 6) v toéki 1,6 m od zaprtega konca cevi.

60.0

kgls

LOW
=
=

.
=
=

20.0

KOZI ZLOM, BRE

AKF
[
|!|r1—r1|1.11;n1||r1—rf-_'—...|_.r_1r1|:|||||-||:

TOK S

Differences between RELAPS and PDE re-
sults arise also from the different outflows through
the rupture. RELAPS does not calculate the critical
flow from the basic equations due to the ill-posedness
of the equations and the weakness of the numerical
scheme in critical flow conditions. Instead, a simpli-
fied model is used which is derived from simplified
mathematical models and empirical correlations.
When certain phasic velocities are reached which
are close to the local sonic velocity, the separated
critical flow model is switched on; this predicts the
flow for the given pressure difference upstream and
downstream of the break. The critical flow model in
RELAPS is switched on when certain criteria are
fulfilled, while the PDE code predicts the critical flow
from the basic equations without any special model,
Figure 4 shows the RELAPS and PDE break flows.
The PDE code predicts a higher break flow than
RELAPS and this is the main reason for the differ-
ence in the vapour void fraction history (Fig. 5) and
pressure history (Fig. 6) at the point 1.6 m from the

closed end of the tube.

PDE
—— RELAPS
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Sl 4. Pretok skozi zlom, izradunan s programoma PDE in RELAPS. V zacetmem delu prehodnega
pojava napove PDE vedji pretok od programa RELAPS, v katerem se na zacetku pretok hitro
zveca na 70 kg/s in nato hitro zmanj$a na priblifno 40 ka/s.

Fig. 4. Break flow predicted by PDE is higher than RELAPS in the first part of the transient,
In the RELAPS results, the break flow rapidly increases upto 70 kg/s
and then rapidly drops to approximately 47 kg/s.

Nekatere razlike izhajajo tudi iz omejitev
korelacij za mehurékasti rezim dvofaznega toka, ki
s::rw:lgavne samo za prostomninske deleze pare, manjie
od 0,5, Ker pa s¢ najpomembnejii pojavi v preizkusu
"Edwardsova cev" &g‘;ajajn pri nizkih prostorninskih
delezih pare, to za program PDE ne pomeni resne
omejitve.

Some of the differences are also the conse-
quence of the limitations of the PDE code with bub-
bly flow correlations (valid for vapour void fraction
less than 0.5). Since the most important parts of the
Edwards pipe transient happen at low void fraction
this i3 not a severe limitation for the PDE code.
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Sl. 5. Izmerjen in izradunan éasovni potek tlaka 1.6 m od zaprtega konca cevi
(80 prostorov, di=0,000015 s).

Fig. 5. Measured and calculated pressure history 1.6 m from the closed end of the pipe
(80 volumes, di=0.0000i5 s).
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Sl 6. Izmerjen in izracunan potek prostorninskega deleza pare 1,6 m od zapriega konca cevi
{80 prostorov, di=0,000015 s).

Fig. 6. Measured and calculated vapour void fraction 1.6 m from the closed end of the pipe
(80 volumes, dr=0.000015 s).
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Medtem, ko je ujemanje izmerjenih in
izraéunanih potekov tlaka v to¢ki 1,6 m od zaprtega
konca cevi (sl. 5) zelo dobro, vidimo na sliki poteka
prostorninskega deleZa pare v isti toc¢ki znatne razlike
(sl. 6). Izmerjenega zvetanja prostorninskega
deleZa pare na samem zaetku prehodnega pojava
(&as manj$i od 0,03 s) ne napovesta niti RELAPS niti
PDE, kar kaZe na pomanjkljivosti korelacij RELAF
zamedfazno izmenjavo snovi in energije. Te korelacije
imajo pri opisovanju dogajanja takoj po pojavu
uparjanja najpomembnejio viogo.

Razlike v izraéunanih potekih prostorninskega
deleZa pare med 0,15 s in 0,25 s (sl. 6) so predvsem
posledica razliénih kritiénih iztokov skozi zlom. Val
prostorninskega deleZa pare, izratunan s programom
RELAPS je ostrej§i zaradi hitrih sprememb kritiénega
toka na zaéetku prehodnega pojava (skok z nié na
70 kg/s in takoj nato s 70 kg/s na 40 kg/s). Val,
izraéunan s PDE, je $irSi zaradi pocasnejiih sprememb
kriti¢nega toka. [zmerjeni val prostorninskega deleza
pare vsebuje nekaj nihanyj, ki jih ni napovedal nobeden
od programov in so najverjetneje posledica konénega
tasa, ki je ob asu ni¢ potreben za razbitje razpoinega
diska. V modelih RELAPS in PDE smo predpostavili,
da je as odstranjevanja diska enak nié.

Sibka tocka programa PDE je numeriéno
ralunanje lastnih vrednosti in lastnih vektorjev matrike
6x6 v vsaki tolki mreZe, kar je tasovno zelo zahtevno.
Zaradi tega je program PDE za 10 do 30 odstotkov
pocasnejii od programa RELAPS pri enaki gostoti
mreZe in pri enakem ¢asovnem koraku.

5 SKLEP

Razvili smo ratunalnidki program PDE, ki
uporablja iste osnovne in zapiralne enalbe kakor pro-
gram RELAP5S/MOD3.1. Program PDE uporablja
numeriéno metodo, ki temelji na karakteristiéni
privetrni shemi in je za modeliranje hitrih prehodnih
pojavov bolj primerna od numeriéne sheme programa
RELAPS [10] V primerjavi s programom RELAPS,
ki reSuje nehiperboline enalbe, numeriéna difuzija v
programu PDE ni ve€ potrebna za stabilnost sheme.
Sedanja verzija programa PDE je zato podlaga za
razvoj modela drugega reda natanénosti za dvofluidni
model dvofaznega toka.

V ¢élenu navidezne mase smo za razliko od
programa RELAPS upostevali tudi krajevne odvode,
za koeficient navidezne mase pa smo predlagali manjsi
popravek. Z novo obliko koeficienta navidezne mase
so enalbe programa RELAPS skoraj hiperboli¢ne in
predstavljajo korektno postavljen matematiéni prob-
lem. Kompleksne lastne vrednosti se lahko pojavijo
samo pri zelo velikih relativnih medfaznih hitrostih, ki
so primerljive z zvo€no hitrostjo v dvofaznem toku.

While the agreement between measured and
calculated pressure histories at the point 1.6 meters
from the closed end of the pipe (Fig. 5) is very good,
significant differences can be seen in the vapour void
fraction at the same point (Fig. 6). The measured
increase of the void fraction at the very beginning of
the transient (time less than 0.03 s) is not predicted
by RELAPS nor by PDE, and this points to a defi-
ciency in the RELAPS correlations for interphase
exchange of mass and energy. These correlations
play a crucial role in the description of the behaviour
after the flashing onset.

While the agreement between measured and
differences in the calculated void fraction wave be-
tween 0.15 s and 0.25 s (Fig. 6) are mainly the con-
sequence of the different break flow. In RELAP3
the void wave is very sharp, due to the very fast on-
set of the critical flow break flow. Establishment of
the critical flow in PDE is slower and the void wave
is wider. The measured void wave contains a few
void oscillations which cannot be seen in any of the
models, and are probably a consequence of the finite
time interval needed to rupture the tube. In RELAPS
and PDE this time interval is assumed to be zero.

The weak point of the PDE program is nu-
merical evaluation of the 6x6 matrix eigenvalues and
eigenvectors at each point of the grid, which is a very
time consuming procedure. For that reason the PDE
code runs 10 to 30% slower than RELAPS at the
same grid density and time step.

5 CONCLUSION

The computer code named PDE has been de-
veloped using the same basic equations and closure
relations as RELAP5/MOD3.1 and the numerical
scheme which is based on the characteristic upwind
scheme and is more suitable for the modelling of the
fast transients than is the scheme in RELAPS [10].
Unlike the RELAPS code, which solves nonhyperbolic
equations, the numerical diffusion is not needed for a
stability of the scheme in the PDE code. The existing
PDE code thus presents a basis for the second order
accurate code for a two-fluid model of the two-phase
flow.

Space derivatives were taken into account in
the virtual mass term, and an improved form of the
virtual mass coefficient has been proposed. With the
new virtual mass coefficient, the RELAPS equations
present a well-posed problem in almost all situations.
Complex eigenvalues can appear at very high
interphase relative velocities which are comparable
to the two-phase sound speed.
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S programoma PDE in RELAPS smo
modelirali preizkus "Edwardsova cev". Ujemanje
rezultatov obeh programov z meritvami je spodbudno.
Razlike med rezultati programov PDE in RELAPS
nastanejo predvsem zaradi ra¢unanja dvofaznega
krititnega toka v obeh programih: program PDE
raéuna kritiéni tok iz osnovmih enatb, RELAPS pa
tega ne zmore in uporablja na mestu zloma poseben
model dvofaznega krititnega toka. Razlike med
izraéuni obeh programov in meritvami bi bilo mogoge
zmanj3ati predvsem z izbolj3anjem korelacij za
medfazni prenos snovi in toplote takoj po uparjanju.

6 SEZNAM SPREMENLIJIVK

prerez cevi v m?

povriina medfazne ploskve v m?
koeficient medfaznega trenja
specifiéna toplotna kapaciteta pri
konstantnem tlaku v J/kg K
koeficient navidezne mase

premer cevi v m

koeficient zidnega trenja

specifitna entalpija v kg

tlak v N/m?

toplota v W/m’

temperatura v K

das v s

specifina notranja energija v J/kg
hitrost v m/s

prostorninski dele pare

koeficient prostorninskega raztezka v K
vir mase v kg/m’s

izotermna stisljivost v Pa’!

gostota v kg/m’

A, A matrika lastnih vrednosti, lastna vrednost
C  Jacobijeva matrika

8, P, R vektorji virov

¥ vektor osnovnih spremenljivk

& vektor karakteristiénih spremenljivk

i bﬁ!:::. o

WRxNBR T N0 O n
2

Indeksi
f  kaplievina
g para
i medfazna ploskev
] krajevni indeks
m  zmes

n ¢asovni indeks
r oznacba relativne medfazne hitrosti

The Edwards pipe experiment has been
modeled using PDE code and RELAPS. Both codes
achieved similar agreement with the experimental
data. Differences between PDE and RELAPS re-
sults were mainly due to the differences in the calcu-
lation of the critical flow: the PDE code calculates
critical flow from the basic equations; the RELAPS
code is not able to do this and therefore uses a sepa-
rated critical flow model. Differences between both
calculations and measurements could be reduced
mainly by improvement of the correlations for
interphase mass and energy exchange after the flash-
ing onset.

6 NOMENCLATURE

cross-section in m?
interphase surface area in m?
coefficient of interphase friction
specific heat capacity at constant pressure
in J/kg K
virtual mass coefficient
“tube diameter in m
wall drag coefficient
specific enthalpy in J/kg
pressure in N/m?
heat transfer rate in W/m’
temperature in K
timeins
specific internal energy in J/kg
velocity inm/s
vapour void fraction
thermal coefficient of expansion in K"
mass source in kg/m*s
isothermal compressibility in Pa”'
density in kg/m’
A matrix of the eigenvalues, eigenvalue
Jacobian matrix
,P,R source term vectors

-
ﬁ.ﬁ

£

=

o

-
- |

Bw s~on

bt aowme =2~ N

¥ wvector of the basic variables

& vector of the characteristic variables
Subscripts

f liquid

g  vapour

i interphase surface

J local index

m  mixture

n time index

r  description of the relative velocity
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