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GVTRAN-PC — A STEAM GENERATOR TRANSIENT SIMULATOR

Boracio NAKATA

COMISSAO NACIONAL DE ENERGIA NUCLEAR - SP
INSTITUTO DE PESQUISAS ENERGETICAS E NUCLEARES
Caixa Postal 11049 - Pinheiros
05499 — Sao Paulo—SP — BRASIL

ABSTRACT

Since an accurate and inexpensive analysis capability is one of the desirable
requirement in the reactor licensing procedure and, also, in instances when a
severe accident sequence and its degree of severity must be estimated, the
present work tries partially to fulfill that present need by developing a fast and
acceptably accurate mimulator The present report presents the methodology
utilized to develop GVTRAN-P(' program, the steam generator simulation
program for the microcomputer environment, which possess a capability to
reproduce the experimental data with accuracies comparable to those of the
mainframe simulators. The methodolcgy 15 based on the mass and ener
conservation in the control volumes which represents both the primary and the
secondary fluid in the U—tube steam generator. The quasi—static momentum
conservation in the secondary ﬂuis control volumes determines 1In a
semi—iterative scheme the liquud level in the feedwater chamber. The
implementation of the moving boundary technique has allowed the tracking of
the boundary of bulk boiling region with the utilization of a reduced number of
control volumes in the tube region GVTRAN-PC program has been tested
against typical PWR pump tuip transient experimental data and the calculation
results showed good agreement in most representative parameters, viz. the
feedchamber water=level and the steam dome pressure.



GVTRAN-PC - SIMULADOR DE GERADOR DE VAPOR

Horacice NAKATA

COMISSAO NACIONAL DE ENERGIA NUCLEAR - SP
INSTITUTO DE PESQUISAS ENERGETICAS E NUCLEARES
Caixa Postal 11049 — Pinheiros
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RESUMO

O presente trabalho apresenta a metodologia desenvolvida para a construgéo
do programa GVTRAN-PC, um simulador para analise de performance de
gerador de vapor de uma planta nuclear. A metodologia é baseada na
conservacao de massa e energia tanto no ¢ircuito primario como no circuito
secundario do gerador de vapor. Aproximagao quase—estatica na conservagao de
momento no circuito secundario determina de maneira semi—iterativa o nivel de
liquido na camara de admissdo de agua O programa faz uso da técnica de
fronteira movel para a representagao da altura da regiao de ebuligao saturada,
permitindo a utilizagao de reduzido niimero de volumes de controle na regiao dos
tubos, reproduzindo porém os resultados experimentais com precisao comparavel
a dos programas simuladores de grande porte. O programa GVTRAN-PC fo
testado contra resultados experimentais de uma parada de bomba em uma
planta nuclear tipica. e os resultados calculados mostraram boa concordancia nos
parametros rmais representatives, por ex no nivel de agua na camara de
admissao e na pressao do vapor.



1. INTRODUCTION

An accurate and inexpeniive analysis capability is one of the upmost
desirable quality which s sought in a plant simulator, for the licensing
procedure and operation managements require a great number of detailed plant
performance evaluatioms under hypothetical acadent sequences and initiating
conditions. Nevertheless, in view of the incressing analytical complexity, the
existing codes are not fast enough to permit thor y examination of all the
most e sequences in an accident analymis. present work tries to
contribute to the development of a faster and better plant simulator, by
developing a fast and accurate microcomputer based steam generator simulator.

The present report presents the methodology devel and implemented in
GV'TRAK- ogram, the steam generator gmnluc:p;:r the mxpclrocompuur
environment. 1{: primary circuit of the steam generatos is simply treated with
the mass and energy conservation equations, by assuming a constant pressure in
the primary tube region. In the secondary circuit -the mass and emer
conservation are unroud with properly chosen two—phase correlations.
feedchamber water level are determined with the momentum conservation
equation in a quasi—static approximation.

The simplicity of GVTRAN-PC program is also warranted by a reduced
number of control volumes both in the primary and in the secondary region. The
most important effect in the secondary region which must be carefully tracked is
the lcv.b at ;vhich ‘ll::t bulk bothzg initiates l:lecune the votl;; fraction t;h?“
quite abr at that pont and, consequen ,ltronil{' uenci e heat
transfer r:t;’: gcm the primary to the ucondu; fluid. The ptoguncms tracks the
boundary of bulk boiling region with the moving boundary approach by defining
only two control volumes in the secondary tube sone and, correspondingly, four
control volumes in the primary tube sone.

The performance of GVTRAN=PC program has been evaluated
calculating & pump trip transient recorded dvring a startup testing of Donald C.
Cook Nuclear Station Unit One. The calculated results were favorably compared
with the experimental dats and the quality of the results is satisfactory even in
comparison to the four—equation n wlibrium liquid model implemented in
the main frame steam generator TRANSQ} simulator.

In overall, GVTRAN=-PC program possess a set of qualities which highly
commends for its implementation in a nuclear plant mmulator, vis. coding
simplicity, computation velocity and acceptabse accuracy.



2 METHODOLOGY

GVTRAN program solves the equations for the mass, energy and
momentum conservation in the secondary side of the steam generator, while in
the primary side only mass and energy conservations are specified and a
constant pressure assumption is considered. The conservation equations are
solved numerically with the Classical Runge—Kutta method with the suitable
mesh spacings for stability requirements. In the following paragraphs the
detailed descriptions of the methodology are presented.

21 Conservation Equations in the Control Volume

The conservation equations for the steam generator modelling are listed
below. The terms related to the kinetic energy, potential energy and viscous
heat dissipation will be neglected.

The laws of conservation for an infinitesimal volume element are for the
mass conservation equation

%p = =Y( -v.) , (211)

for the momentum conservation equation

%"7) = =V-(pyy) - V-2 -V-P + 4% (2.1.9)

and for the energy conservation equation

S(h) = —Vo(pb¥) - V.3 + 2P, (2.1.9)

where conventional notations are used, such as

= fluid density,
= fluid velocity,

= acceleration of gravity,
= fluid enthalpy,
= pressure,

Y = velocity tensor,

= sheas strese tensor,
= normal pressure tensor, and

QL IFg i i€ "Rl < ™

= heat flux.



In general the contral volumes outer surfaces are nonstationary, that is,
there can be a moving boundary between adjacent control volumes. The
Leibnits's integration rule is therefore used for the macroscopic balances

d o -
vV = dV -8 214

& IV(:)’ V(t)u. * v.(:)' 214)
where

¢ is the variable to be balanced in the control volume V(t),

V{t) i the contral volume surface,

Ve is the velocity of the surface V,(t),

s is the normal area.

In the one—dimensional geometry the Leibnits's rule is written ae

af d d
mf b = I D 4kis + 4(b)Ib(8) - a5 a(t) (2.15)
a(t) a(t)

22 Macoscopic Mass Conservation

The figure below illustrates the one-dimensional control volume model
implemented in the program.

pi Vi Vi Po Vo
| e ——
Ak
5i(t) Li(t) 80(t)

Constant flow azea A, is assumed, such that Equation 2.1.1. becomes

x = -5 (2.2.1)



Integrating Equation 221 in the valume Vy, one gots

-(‘)0 _ "(‘)d
A..j:i(t)wd- = - A.,j:i(');(;v)d:. (223)

ml Expansion of the left hand side of Equation 2.2.2 gives, with the Leibnits's
e,

ot)p d =)

A - A -A "” A i"i
*r.i(z)” "*r-;(c)'d' et
= - Akg[(;tl'i) = AxpoVen + Arpivsi

where (229

8,(t)
Pk = , pds/Ly is the average density in the control volume V),
si(t
Vai, Veo are the velocities of the left and right boundaries of the control
volume V, respectively.

Substitution of Equation 2.2.3 in Equation 2.2.2 followed by integration of
the nght hand mde terms resulis in by integ

&(M.Lu) = Arpaveo + Aipivei = Appivi + Axpovo

or reasranging the terms
g;(FuAuLu) = Api(Vi = ai) = Arpo(Vo = Veo). (2.2.4)

The right hand side of Equation 2.2.4 represente mass inflow and mass
outflow in the control volume V),

Wi = Awpi(vi = vei) (2.2.5)
and

Wao = Awpa(vo = veo) (2.2.6)



such that the mass conservation equation, Equation 2.2.4, can be rewritten as

FRAL) = Wi-W, | (227)
ox
d
d- _ W; =W, ->» k
Wk = i N (22-')

23 Macroscopic Momentum Conservation

The momentum conservation equation, Equation 2.1.2, is integrated in the
control volume V),

[y = - [v-pp)av - [0.20v - [V-pav + [siav.

(238.)
With the Leibuita's rule the left hand side becomes
jv&ov)dv = $.6u(8) - Avpevareo + Arsivivas (2.3.2)
where “
Gu(t) = A.,j:i(‘)(,v)a.. (239)

The first texm on the right hand side can be simplified, in one~dimensional
geometry, as

o(‘)o
_Ivv.(,g)av - -A..r' R (2.84)



- Ivv-(,;_gdv = = Awove + Awpivit. (238)

With divergmnce theorem, the second term on the hand sde of
Equation 2.3.1 becomes okt

IVIJV-— 1(!:

{Wf«ﬂpﬁ.ﬂdhﬂntﬂh.ﬂddﬁn‘t&m

P )
fp = —1pmp
one oblains
- I Vogdv =- A.j' "“’%‘L’ fpds 23.6)
\ 4 sift) °°

whaere D, is the equivalent hydraulic diameter.

Assuming constant friction factor fp along the control volume, and also an
average value for the momentum in control volume, one gets from Equation

236
-IVV.L dV = =A L gﬁafp . (23.7)

The thisd term on the 'thndndod’&pdwn?ll for
m—d:mmdpomdry,mbc:gph

-] V.PdV = - ds = - AP, 4+ AP 23
-[V P §V.: k P (23.9)
The last term of the right hand side of Equation 2.3.1 becornes

jerdv = Augeos¥poso = pisi) (2.39)
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where # is the angle between 3 direction and the gravity force.

With the substitution of Equation 2.3.2, 2.3.5, 2.3.7, 2.3.8 and 2.39 in
Equation 2.3.1, one gets

$HOMY) = Aupivils = va) = Aupavelve = veo) = Akl 25 £

AyP; = AP, + Apgeon®(pos, — pisi). (2.3.10)

Recalling the mass flcw definitions, Equation 2.2.6 and 2.2.6, Equation
2.3.10 can be rewritten as

)
&Gb(t) = Wiv; = Wovo = AL, 26%— fp
AP = AP, + Apgeos®pos, = pisi). (23.11)

24 Macroscopic Energy Conservation

The energy conservation, Equation 2.1.3, is integrated in the control volume
yielding

Jg;(,h)a = -jv.(,h:)av - Iv.adv + J’%Pav. (24.1)

The left hand side of Equation 2.4.2 can be rewritten, with the Leibnits's

rule, as
Vu[p ) &* v(’ ) Akpoboveo + Ak’! iVei- ( 4. )

The first term on the right hand side of Equation 2.4.1 becomes, with the
divergence theorem,

- IV'(PbV)dV = = Apohovo + Awpihiv; . (2.4.9)
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The second term an the right hand side of Equation 2.4.1 becomes

..Ivv.qdv =§v.;.d: = H,Lg" (24.4)

where M, is the effective perimeter of the flow channel.

Substitution of Equation 2.4.2, 2.4.3 and 2.4.4 in Equation 2.4.1, yidds

‘a‘;jv(,h)av = Arpohove + Aupibives = = Auphavo + Apihiv;

HlLg + [ &pav 245
+ M lg” + Ivu (24.5)
Defining (ph) as

ob) = [ (Rav/AMLY (246)

and recalling the definitions of the mass flux, Equation 2.2.5 and 2.2.6, one can
rewrite Equation 24.6 s

8 (thALLy) = Wib; = Wb, + BiLyq" + j v,’,mv. (24.7)

The last term in Equation 2.4.7 can be expanded, with the Leibnits'rule, as

Opav=4f PaV-APvn+ AP, 2438
Iva)u “Ivm K oVeo AT ived (24.8)
[ 4

Iv(i)%Pdv = g;(AkLbi) = AvPaveo + ArPivii (249)
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where
P= ijdVNu.

The first term on the right hand side of Equation 2.4.9 can be rewritten as

daLp) = ALSP + APLL, (2.4.10)

which with the expansion of the L, =s
L = no(t) - n(t)
becomes

dALP) = ALSP + AP(ve =~ va). (24.11)

Inserting Equation 2.4.11 in Equation 2.4.9, one gets

Iv(‘)%Pdv = Ail‘l%i + AkVn(i’ =P,) + Awvei(Pi - ].’)
(24.12)

Assuming P & (P, + P;)/2, one gets for Equation 2.4.12, the expression

jv(‘)%Pdv = A"Liglf’ + At(P‘ - Pﬂ)(v” - vli)' (2418)

Por operation transients, ¢.g., power reduction from 100% to 30% of the
nominal power, within 30 seconds, the last term in Equation 2.4.18 is about
Emrdou of magnitude smaller than the pressure variation term, thus it can

Substitution of Equation 2.4.13, without the last term, in Equation 2.4.7
yields the enesgy conservation in the control volume V

SHARALY) = Wibi = Woho + BiLiq” + ALigP. (24.14)
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3. STEAM GENERATOR MODELLING

The follo aphs describe the modelling approximations adopted in
the GVTRAN—&J pr:gnm for simulating the moze important phenomena that
are observed in the U-tube steam generators. The primary and secondary mde
control valumes and the numerical approximations to the conservation equations
will be described.

31 Contral Volume Definition

The GVTRAN=PC program is written for the U-type steam generator
schematically described in Figure 3.1.1 below.

Steam Outlet

— —— —_— ———

Steam Region

e ey S ¥ s — ] e —— — e o

7 ~ 14 Steam Separator Feodwater
T Two—phase —

§ Mixture Region

& Bulk Boili .

g ulk Boiling Region

o
I

Subcooled Regioﬂ

Primary Coolant

Figure 3.1.1 Ilustration of the U=tube steam generator.
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The control volumes defined in the steam generator are illustrated in Figure
3.1.2 below, where some significant parameters are shown schematically.

4 — Steam Chamber > w'
h
o St I Y VRN
LEI' o 3 — Steam Separator wB, R
W
23F - - —
Waathsg hogg | e 4
'/T_ _T‘ 1 Y wF hF
! 4
Q |2q P 2| | 2F ||
s | E@ | s
L g1 |~ |8 L
3 £ W e X
he |E| aa | |71 [1™12F £
y t“f; _ hf
- ¥ Wi~ L
LlQ 1F
v b el Pl d
Tw W
51 51F
,___.,,_Q/g,..-_-.,' Wi by
from hot leg to cold leg

Figure 3.1.2 Control Volumes in the U—tube Steam Generator.

The flow areas in the secondary side, AIQ' AQQ' Ajp and AQP are assumed
as a constant and it is denoted by A, .
The total ares for the regions 1Q and 1F will be denoted ns

and similasly
noting, in addition, that A = A, for the present stsam generstor modelling.



16

32 Moass Conservation Modelling
Equation 2.2.8 is rewntten, for clarity, as

Wi- W - paAdi - AL = 0. (321)

Subcooled Regions

The subcooled regions, 1Q and 1F, can be modelled with the simplifying
sssumphions by neglecting the time vanation of the average density during the
time span considered in the analysis. Equation 3.2.1 thus becomes

d
d
Wiap = Weip — iFAualip (32.2-b)

In the bulk boiling region, disregarding the local boiling region, Equation
8.2.1 becomes

W = Wiog- ,&A,&Lm - A,Qnmgm (3.2.3)
and since L=L1Q+ Lon , that is,

d d
&1qQ = ~@lg:

one gets
d d
d d
Wosr = Wigp + ropAsuailip ~ AorlorgePor (324-b)

where g‘:’Q and %{p” are described together with the void fraction model in
Section 4.
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The calculation results from the turbine tzp transients in the Donald C.
Cook Nuclear Station show the contribution of the compression term in the
subcooled and saturated region.

In the subcooled region the terms of Equation 3.2.2-a and 3.2.2-b do not
take into account the liquid expansion/contraction

d d
“Apliqaniq =4 —ApliFdaiF
since these terms contribute approximately with 20 kg/s during the 10 seconds
3

of the transient simulation, whereas the last terms of Equation 3.2.2-e and
3.2.2-b contribute with 700 kg/s.

Contrariwise, the contribution of the expansion/contraction in the boul\:g
jon is relatively high, s, when confronted with remaining terms whi
are of the order of 600kg/s and 300kg/s for W, and the term representing the

motion of the boiling point, respectively.
One can therefore conclude that the terms representing

compression/expansion can not be neglected in the two~phase mixture region,
consequently, neither in the vapor region.

Steam Separator

The steam separator mixture inflow, Woq, is the sum of W”Q and Woep
mass flows, such that the mass conservation can be given as

= d d
where gf’S term is developed together with the void fraction modelling.

The partial derivatives of qu, L,y and Ly are obtained from the energy

balance.

3
The recirculation flow is derived from the recirculstion ratio R definition

R Was (3.2.6)
T Wy - Wy -

which can be obtained from the energy and momentum conservation.
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Downcomer Region
1 Ib.; the downcomer region the mass conserva’:on equation, Equation 3.2.1,
wl

= (827)
5 Rgrg

d
HL

33  Modelling the Energy Conservation
The energy conservation equation, Equation 2.4.14, is rewritten for clanty,

d (PhALLY) = Wibi = Weho + Siq" + LS, (33.1)

where S, is the heat transfer area for the control volume V.

Subcooled Region

In ths subcooled region the terms corresponding to the time derivative of
the enthalpy and density will be neglected, justified by a low d ence on
pressure, and the pressure time derivative has found to be insignificant. Thus
the energy conservation equation becomes

WeiQhs: - Wiz2ghs + S
ApPi1QhiQ

Substitution for leQ in Equation 3.3.2 with the expression given by
Equacso 3.2.2—a, one gets

(33.2)

d
&iQ=

Atb”lQ‘th - hf)gfl‘lq = w5lQ(h61 =hg + squ"- (3.3.3)

If one assumes a linear enthalpy rise in the volume 1Q, h 1Q 0 be defined
as an average of the input and output enthalpies,

hyq = (hgy +hp)/2 (3.3.4)

and introducing th into Equation 3.3.3, one gets
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W, S, A"
dy - 261 ] 35
&1Q7 Tynq T Kaiqliiq - B9 (3.35)

Similar expression is obtained for the cold leg region.

Bulk Boiling Reg
In the bulk boiling region both the enthalpy variation term and the

compression term are considered, such that the energy conservation equation can
be rewnitten se

A L
g;(umhn) =W aqbs— Wosghosq + Maglaga®sg + b9 %!"zq

(3.3.6)
where J is the conversion factor(10-*bar/Pa).

Under hinear enthalpy rise assumption the enthalpy h2Q can be written as

byq = (bygq + hy)/2 (33.7)
which allows the expression for h?SQ to be written as
hm = 2!17Q - hf ) (3.3.8)

With the substitution for h23Q' Equation 3.3.8, into Equation 3.3.6, one
gots

d
“zqgc"zq =~hoqaMaq + Wiaqhs ~ Wasq(hag — by
AL

which iteelf, afizr the substitution of the first term on the right hand side with
the mass conservation equation, Equation 2.2.7, and also.admitting PZQ ss the

steam pressure P., becomes

ahag = [(hag = B)(Wagq + Wipg) + Hglaqi'ng

AL
» 2 Qdp Myq - (8.3.10)



Similar expression is obtained for the cold leg region.

Steam Separator

The steam sepurator, represented by volume 8, presents as an input
enthalpy, the weighted average of the exit enthalpies from the region 2Q and 2F,

hgg = WM;”L+ :mh’“ (3.3.11)
23Q + "F
with steam quality given by
Xgg = (hgg —ho)/by, (3.312)
The energy conservation equation, Equation 2.4.14, for region 3, becomes
A Lg g

d
Fi(pghgAgLy) = Woghoy ~ Wehe = Wyb + S 3 GP, 8319

The time derivative of hs can be neglected in view of the time derivative of
L3‘ such that, with the substitution of W“fromEquntion 3.2.5, Equation 3.3.19
becomes

d ,
Agpslhy ~hag)Gil = Wog(h = hog) ~ We(h i)
AqL
-33 de . (3.9.14)

where the enthalpy hy was taken as the input enthalpy h‘lS’ given the low
contribution of the compression term.

In Section 6 it will be shown that hog can be given as
which inserted in Equation 3.3.14 results in

I
B_R-1

dy = -

Al
s34
[Wabe + 5247 ] (3.3.16)
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where R. = ll,lx. ,and x_is the steam quality st the steam generator outlet.

Steam Chamber

The conservation equations for the region 4 are derived by balancing the
mass and energy in volume $ and 4 sim hnomnly,oncothovnriablol.si-s

moving boundary.

Denoting the total liquid volume as V, and the total steam volume as Vg
one can write for the resulting sum of the volume 3 and 4,

Vp=Vy +Vg (3.3.17)
and
VL = (1-ag)Agls, (3.3.18)
such that
d d

The mass conservation equation, Equation 2.2.7, developed for volume 3 and
4 results in

Vi + Vo J=Wy -Wp-W,. (8.8.20)
Since the saturation state is assumed, that is,
» p = po(P) (3.9.21-8)
4= EpGP - (3.3.21-b)

by using Equation 3.3.19 and 3.3.21-b, Equation 8.8.20 becomes
d 1 d d .d
&L= ’r’;l Wos =W =W, - (Viapes + Vaar g)afpv] :
(3.3.22)

. uation 2.4.14, the energy conservation equation, defined in volume 3 and
, Tesults in



gi(vl.’lhf + vG’ghg) = Woghyy ~ Wihe — (1 - x )W by

V
Td
-x,W. h g +—35@b- (3.3.29)
Considering in the saturation state, in addition to Equation 3.3.21-s and

3.3.21-b, one gets

h = h(P) (3.3.24-)
and

d, _d ,,\d

I = Gph)GP) - (3.3.24-b)

Rearranging Equation 3.3.23 making use of Equation 3.3.21, 3.3.24, and
3.3.22, one geots

- ph)

- - (r '3
$iPs = { Waghog ‘wn"f‘w.hg‘—(%T;:)" (Wog—Wg =WV

{Veogapes + piiphy) + Vo(hgipeg + #gapby)
(pghy = 2.h) V.
- %ﬂ. (Vi Spe + VG%P’; - —1". } (3.9.25)

= L
where WR = wa +(1-x)W, and W = x'W. ;

or rearranging the terms
d (pghg = p. 1) [ . P .
IP. = {l}‘” - —(Pf_-_—P:"- ]w” - rﬂ_f":’;’bf‘wn - (P—rTs)-hf‘w'}/
d d ’
(Virgapde + Vorgiphy *+ VLGP S5t *
d .\ % Vp
VG(m‘)l ;rp‘,hf‘ -_J'} (3.3.26)

One can notice that x_, the steam quality at the steam generator outlet,
whereas considered in the pressure calculation, in the normal operation condition
is negligible.

Alternatively the pressure was calculated with the volume conservation, as
described below, and an alternative GVTRAN=PC version was also developed.



In tlus model the steam ator region, region 3, ia fized and squations
considered are for the liquid and steam volume conservation, VL and VG'

HVL+ V)= 0= mgMy + M 5w + wo3MG + Mofrog:
and for the liquid and vapor energy conservation

md%t‘“L'“l)= (Wibp); - (Wyhy), + P

aMgbg) = (Wabg), - Wghg), + VP -
The specific volume variations can be expressed as

d d d d d

&%= @ &t + @6 et
wod d d d

%°6 = @G E"
if one assumes saturated steam in the steam chamber.

With the substitution of the expressions of gf’l. and %’G into the volume
comservation equation, and with the substitution for Syby sod Srh; obtained
from the energy equation, the final expression becomes

dp = - (wdM, + 0 SMy + G v)pl(Wibg) ~ (Wyhy) -

& = = gty + gaMg + @R PWibyi - Wiy,

d d d d
higML/ M @pmn, + Molap'elhg * Vilas, Wt

Schematically the steam chamber is illustrated in Pigure 3.3.1.

If one assumes the enthalpy by as the saturated liquid enthalpy, h{v the last
term in the oumerator is seroed, because

(Wihp); = (Wiby)o = bWy =W ) = hegMy, -



. d
Since gpMy, = Wy, - Wi
d ,
and MA=WnH -V | the for the becom:
Mg Gi G, equation for the pressure o
%P = - {'L[(l - x”)W“ + WP - w5ll + 'Glxnwu -W'GVI}I

d d d
Vi@, + Vorgar'ehg * Vilas, et

T wBGV

Steam Chamber

"23""34/r | AAn Wp
—_—] j€——
(1= x03Wgy

downcomer

l’ wsl
Figure 3.3.1 Steam Chamber Model for the Steam Generator.

The expression for W“ , in the alte.native model, differs from Equation
3.2.5, and it is given as

- d

Tests were performed to assems the effect of the contraction/expansion term
in the separator, and it was n.ticed that its effect on the water level in the



Joumcomer is liiniﬁcant: difference up to 20% in the water level variation
during the Donald C. Cook turbine trip transient.

Downcomer Regicn

. ld?‘. energy conservation equation, Equacic 2.4.14, applied to region §,
yie

4 (pb AL )= Wohe + Wohe— W, h (3.3.27)
5515 r+ Wghe— Weyhg)

by observing that the fluid density is considered constant in the subcooled
region, and moreover, that it is calculated subject to the steam dome pressure,
P', in a saturation state.

Recalling the time derivative expression for Lg, Equation 3.2.7, Equation
3.3.27 can be rewritten as

d, _ 1
s = gL { Wehe + Waby = Weihg) — b(Wp = Wp = Wg)) }

(8.3.28)
d
or Ghg = ;?}% { Wplbp = bg) + WR(l .~ hg) =W, (be) ~b)} .
(9.3.29)

This douncomer model has shown to be completely inadequate when
compared with the known experimental results.

Section 8§ presents the improved douncomer model implemented in the final
GVTRAN=PC version.

Pri Side Regi
Den:i'ty variations are neglected in the primary side region, because the

modsel developed is applicable only to the conditicas close to the operating
conditions.

The equations in the control volumes are all identical in the primasy ¢: s,
therefore an srbitrary contrel volume V) will be balanced below.



From the mess conservation equation, Equation 2.2.7, one geta

ALY = W, - W_ (3.8.30)
and from the energy conservation equation, Equation 2.4.14,

FaAL) = Wh - Wh -Q (3.3.31)
which can be rewritten as,

dy = _‘1‘; [Wh - Wh ~Q=hSs AL (3.9.82)

Substitution of the last term on the right hand side of Equation 3.3.32 with
the expresmon 3.3.30, results in

g!hk = ‘xl!; Wb ~h )~ W (b ~h)~Q] (3.3.33)

where Q is the heat flux into the metallic region.

Primary Side Temperature
The primary side regions are defined in Figure 3.3.2 below, with the
following approximations:

= constant pressure,
- constant density, thus constant flow rate, and
- constant specific heat.

The equations implemented are derived from the following differential
equs .ions:

d - 1
& 4108 = 7.7 P 19015 [wcp(quA = Tensat) = Qiot1al

d 1
&l = 5L LW Taee = Ta) = Quorzal



d 1
H T pAnat = ey [We (Tgx —Toa) — Qron!

d 1
T = We (T -Tea) - .
@ 6A ’Flp]:lcp[ p( 5Asat GA) QtotlB]

' TmlA " TmQA

f Tea

Figure 3.9.2 Primary Side Region in the Steam Generator.

Metallic Tube Region
The heat conduction equation, without the radistion heat transfer, is given
-

%(pcpT) +9.q9" = S(T.). (3.3.34)

Integrating Equation 3.3.34 in the control volume V., and neglecting the
axial conduction, one gets

M =q, - q, (3.3.36)
where

di is the heat flux into Vk, and

Q,  is the heat flux from V, .
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The heat flux is computed based on the average temperature in the metallic
tube defined at its midpoint, as shown in the Figure 3.3.3 below.

T r l‘/ 2 To
metal
|
primary | secondary
)
l
Ti T2 Te

Figure 3.3. 3Definition of Temperature in the Metallic Tube.

The steady state temperature distribution in a cylindrical geometry is given
-

A

3
T
T

T@) = T g+ 2tn(l + ) (3.3.96)

where
Tr of = temperatureatr . rlr <1,

=—ra" | == "
A = =59 prim 7o sec

ar = |7-T1,

that is, it is a solution of the Laplace's equation with costant k

2k drm=0

T m
The resistance between the primary and secondary side of the steam

ﬂ:m'ator is divided in two parts, with the common boundary at the midpoint of
the metallic tube as shown in the figure above.

On the left hand side, i.c., the primary side, the resistances are described by
the approximate equations, as

AT, . =q" (1 <+ R .}
{film in prim prim !
primary p

where

. = convective heat transfer coefficient on the primary side,
pr



= fouling resistance.
f ou bi ling

E?'u ""E: (Jb) TR
where

n/s =§(n+r°)
AR = (ro,-r1j)

presenting therefore, in the primary side region, the effective heat conduction
coefficient given by

= F""‘Rm.n.... E:ln(-‘b). (3.3.37)

prim pris

Analogously, in the secon side regions, i.e., in the right hand side region
the cﬁecnve heat conduction mcm 1 gven by

U::T = F:T foulm‘ ( -'7- ) ’ (33”)
making use of the expression

T, =T./;-q’.'.j:ln(§:7;)

where R = §.8x10°¢ ‘C/W/ml.

isytins
The heat fluxes, Q; and Q,, are, therefore, given by

MQ; =0 LU T T (3.3.39)

Q = R v (T -T ) (3.3.40)

where KW and ﬂ“‘ are the wet perimeter in the primary and secondary side
regions.



Why One Control Yolume?
The energy conservation in the tube region was implemented by considering

only one control volume. The question regarding the extent of its validity is
discussed below based on the mﬂyais of the control volume time constant.

From Fquation 3.3.35 one gets

d
M T, = Ui Por L(T o =T, ) =0, ParL(T, =T, ),

o ST w- (Ui + Upoe P LT /(M) = = T, /7
where

M CP
+ U‘;f Per L

pnm
The value of the time constant r is estimated with the substitution for the
D.C.Cook steam generator parameters,
M =~ 23000kg
c_ ~500)/kg/°C

orss 2301~
L »10m
(U yim + Upec)) » 240003/s/m?/°C,

and it results in 7 % (.2 seconds.

Therefore the time constant of one control volume is sufficiently small
permitting the implementation of one control volume scheme.
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4 AVERAGE VOID FRACTION, 5, AND 3»

The void fraction in the two—phase flow regions can be computed with one
of the follo:i:s oximations, e.g., homogeneous model, alip-flow model or
drift~flux model. A particular choice will be based on the required sensibility
computational availability, and regimen of flow predominant in the com
volume considered.

Homogeneous Model
In the homogeneous model the phase velocities are assumed uniform,

v
[
and following parameters of interest are defined:
W (s) h(s) - hg

x(s) ="W;(T§TW;(':T = T (4.1)

_ (oglpg x(3)
®=) = T xNelr, = 1

- -
= vi.:v;

(4.2)

p = ap‘ +(1- a)pf ) (4.3)

Slip-flow Mode]
In the slip~flow approximation the phase velocities are distinct such that

this model is recommended for use in the high void fraction flow regimen. Few
definitions wil] be explained before the presentation of the void fraction models.

The slip factor S is defined as

S = vsjvf (4.4)
that is
- 1-a) ?f :
§= — ] ;; (4.6)

In terms of the void fraction a, W P and w, are given s



W8= aPSVBA (4.6)
wf-.- (1-o0) Pf"fA (4.7)
Defining v a8
1°f
y =1 (4.8
S Py

one gets the expression for the void fraction

) = 5% =T (49)

The values of y are tabulated as a function of pressure in Reference 1, and
they are correlated to the specific volumes, v A and Y through the following

expression, in the range 250-1250 peia(17~86 bar),

vy=126 (,,8/.,‘)0.7& (4.10)
or approximately as

v = 830/P(bar) (4.11)

for pressures around 40 bar.

Drift=Flux Model
The dnift—flux mode! is appropriate for the flow regimens characterised as
annular or plug flow.

In the drift-flux model the volumetric flow are defined as
j{ = Qf/A = (1= a)vf (4.12-a)
J‘ = Q‘/A = a v‘ (4.12~a)

where Q; and QS are the volume flow per unit time for fluid and gas,
respectively.

The average volumetric velocity is defined as



i = (Q+Q/A ®13)
and the drifti—flux and the drift velocity as

gy = alvg=)) (4.14)
and

YDF =vs—j=(l-a) (v‘-vf) , (4.16)

respectively, which combined yield the expreasion
g1 = aVpF =(l-—a)j‘-ajf. (4.16)

That is, j,; is the void volumetric flux relative to a plane moving with the
velocity j, and hg equals <91 where ), is the fluid volumetric flux incident on
the the same plane. vppis the drift velocity of the void relative to the average
volume velocity ).

From the definition of j, Equation 4.13, one gets
J=Jg+ ) (4.17)

which combined with Equation 4.16 results in

j .
a =-l(1-’-2—l (4.18)
J JS
or rearranging Equation 4.16, with the help of Equation 4.17, the result is
i (%)

ofs) = 7;""_‘1)? : (4.19)

In the practice, however, the measured and analysed quantities wre the
average quantities in the flow area. That is,

a(T) v (T) dA
__Ipsl®) ) am

& Jpo(f)dA

and



- IAG(?) VDp(?) dA

= (4.21)
DF T ) dA
or, with the substitution of YDF from Equation 4.15,
T) v (T) dA ofT) j dA
oo B A DO u
R T

By defining a factor of void concentration along the radial position as

f5e(7) §(7) dA
% T }

where a=] Aa(?)dA/A ,

] a (4.29)

one gets from Equation 4.22
;Dp=vs—coj . (4.24)
Comparing Equation 4.15 and 4.24, one conclude

VpF = ;DF +(C -1)ij; (4.25)
which inserted in 4.19, yields an usable expression for the void fraction
J'j(l)

ofs) = .
C,i(s) + vpp

(4.26)

The correlations are obtained experimentally, vis. TRAC~PD2 correlations :

[ 141 [go (’f’ ' for 001< a< 01
op = D g 02
Yop = | 0% [g(p{-p‘)-;;] or 0.2< o< 0.65

0.0 for a<0.01 and o=1.0

b




and the correlation for Co utilised in THOR code:

1 +0.19(1- P/Pcﬁ‘)u for 02< <066

1 for 2<0.01 and o>0.86

In both correlations the values in the intermediate range are linearly
interpolated.

Therefore, the parameters required for evaluating the vaid fraction afs),
using Equation 4.26, are only the volumetric fluxes, which are obtained from the

sxpressions

. Q (s-L
i) = e Tow v el (4.2
w ’

v 1 g,

i =—x Ff’s : (4.28)
ol w

A )| _ Py .

is) = T +(1 ;f) ig®) (4.29)
where

L =(lg+Lp)/2,
Ly = (Loq + Lop)/2,

Q, =(% + q)p)-(heat transfor area in regions 2Q and 2F) , and
Ay =Agq+ Ay

Once the void fraction, o(s) , is calculated in the boiling region it is possible
to estimate the average void fraction, @, by assuming an enthalpy rise profile.

In the oximation s linear enthalphy gain along the bulk boiling flow
channel is :\l:rmod. It is recognised as a reali ‘:n-uonl:gﬁm and no lip-fﬁmt

discrepancy should be expected in the values of @ .

Therefore, one assumes



s — l’l
x(s) = —1;2—— Xaog (4.30)
and o is defined as
L
3= _,172 IL ols) ds . (4.81)
1

41 o — Homogeneous Model

The average void fraction in homogeneous model is immediately derived
from Equation 4.2.4 below, with the substitution of 7 given by

_ P
Py

i.e., assuming unity for S, that is, single velocity.

7

42 o~ Shp~Flow Model
Substitution of Equation 4.9 into 4.31 results in

L
-_ 1 ]
"‘r,JL - oncEs L 421

1

which with a change of vanable by using Equation 4.30
X238
dx(s) = &
2 .

results in

a= Lr”r:’ﬁ')ﬂ—‘n‘*- (4.22)
Xa ), ONCE -



With a new change of variable

y=1l4+(y-x
Equation 4.2.2 becomes

_ 14+(71)xoy
5= W%'T”Il (1-1/y) dy (429)

which by in ion results in the expression for average void fraction in the
slip~flow m

(4.24)

In{1 + (1)xo9}
='11T[1— (+Tlxgg ]

43 &~ Drift—Fhux Model

In the drifi~flux model the expression for the average void in the bulk
boiling region becomes

L i)

= — ds . (4.3.1)
TEL C, i(3) + vpp

Substituting Equation 4.29 in 4.3.1 one gets

L .

- 1 i (3)

G= T’I A 4 ™ — . (432)
1 W L Co(l— Pf)J‘(') <+ VDF

With change of variable based on Equation 4.27

Q

ds
Pg Tig A2 Iy

digl) =



Equation 4.3 2 is given as the expression

) (L)
g 8 i g(®
" qQ l 0 8l | ¢ (1- By o)+ 5
7¢Kg T Tel T pg" " TDF
Afer a change of variable
co w51 . -
y= ;;1;“" Coll =p/rPig(®) + vpp

1 is rewnitten ==

CW
1)) ( o 51 + ¥np)
.y rgRy * 'DF
a=_.‘._‘A_2___ J[l- 7 ]dy
Q,C3(1-p4/m)? ¥,

with
Cow5l

R, TR

g =31+ C(1 -1 /r) (L),
HL)= Qol(p Ay .
which by integration becomes:

Cowﬁl -

+
1 Gk, *'OP) [

Coll=p /e yg)
oW
Bl -
7%, *or

o]

- In|14
Coll=pglrg  3g(L)IC (1=p Jrp]"

(4.89)

(4.3.9)

(4.34)



But assuming j i >> j¢, and performing an integration in Equation 4.3.1
with j(s) =) 3(') , the final expresaion is

v Cj (L
Feg - —2 ) +—-‘1’§-(—2] (4.8.5)

" e d d
44 Estimative of &2 and &’s

The expressions for gf"’ and g;p below are based on the slip~flow
© 3
approximation.

Since one assumes a constant void fraction equal to Oag in the steam
separator one gets

P3="3P‘+(l“as)ﬂf

and, thus, its time derivative as
TPy = 5{’; + (1= ag) Gpp+ (Pg-’f)gf"S :

Considering

- 2 = 830
BT F 7= 7= F(ba

one gets %gp-yz —]l, ,

hence with the final expression as

d d d d _.d
'3 = log gpeg + (1= ag) gpey + (9;~rdgpogl {P e

where

qpoy = - ag (1 - ag)/P



and

TREPTIN

A similar expression can be deaucea for gf’? , a8

d d d d d
&Pz = log gpeg + (1~ a9) gpeg + (o rigpedl &F -

(442)
Racalling that a, is the average void fraction in region 2,
In{l + (1) 123}
%= [1-—= X3 ]
one gets
il + () 1)
2= e - P Sy |
- B ]J (4.4.9)
{1+ (T’l)X”
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5 RECIRCULATION RATIO AND MOMENTUM CONSERVATION

Recirculation ratio R is derived from the momentum conservation equation,
by sssuming a steady state condition. Figure 5.1 below illustrates the steam
separator, and the main parameters of interest.

W% x
Steam Separator

} Wy
W23 (sww)
X 93 (=x xmx)

Figure 6.1 Model of Steam Separator.

6.1  Recirculation Ratio R

P From Equation 2.4.14 one gets, in the tube regions, Region 1Q, 1F, 2Q and
?F,

Qr = Whix bmin = Ws1 b51 (61.1)
where
W . .= wm +W 23 = W5l (6.1.2)
Waoeh
ot et Woshy _, , vezs
h . = h, + h 5.1.9)
mx Womnix f mix g (

QT = steam generator power( steady state),

and defining the recirculation rate R as
w_.

R= X

W

with x_ w =W 3= = Xmix W mix' O0 8¢ts 8 simple expression



Xs

Xmix

and the expression for the feed mixture enthalphy, 5.1.3, can be rewritten as

Xy
b ix=he+ g h“ . (6.1.4)
Downcomer is fed by Wa and wp, such that one can write

and

w51h51 = thf+ wl’hl? ; (6.1.6-b)
and since a steady state condition is assumed, one gets R 2

Combining Equations §.1.56—s, 5.1.5~b and 5.1.6 the result is

R= = (6.1.7)
by = Bg,  BHg,

that is, R is the ratio of the inlet subcooling to the tube region inflow
subcooling.

Combining Equation 5.1.1 and 5.1 4, yields

. X
and by substituting Aﬂ51 from Equation §.1.7 into Equation 5.1.8 the result is

= Vs h AH .1
R=—38L (b x,+8Hp) ®.19)
Qr
or
Ws1 b_=hy), if
R=—2"- (b ~bp) f x,=10. (6.2.10)

Qr



Therefore, the computation of R requires the value of wSl' which can be

calculated through the momentum conservation in the recirculation loop.
Weakly contributing term will be :ﬁected, but, for the clanty, some of then
will be temporarily retained in the explanation below.

52 Momentum Conservation

The momentum conservation equation, Equation 2311, is i-anscribed
below for the clarity.

1 d wivi - wovo v2
K&t =—x - o fow I
(Pi — Po) + geos¥poa, — pisi). (6:2.1)
where
(0
Gk(t) = Ak { (t)pv ds . (62.2)

fpw = Darcy—Weisbach friction factor(fp = fw/4)-

The time derivative term is negligible in the recirculation circuit except in
the downcomer region where the velocity is relatively higher. Therefore the lefi
hand side of Equation 5.2.1 will only {e considered in region 6 (downcomer

region).
From the definition of Gk(t), assuming ssturated liquid density, one can
write, in region §:

Gg(t) = Agprvgls (6.23)

such that the left hand side of Equation §.2.1 becomes
d — d da .
#0(t) = A5 PEV afLS + L5 HI(AE’f vg) - (6.2.4)

Recalling the definition of W _, Equation 2.2.6, one gets



which inserted in Equation 6.2.4 |, yields

SH06(t) = W, Hilg + L 5Wg, - (6.26)

From Equation 3.2.7 ons gets
d, _Wp+Wa-Wg

L (527

Substituting Equation 5.2.4 and 5.2.7 into the fist term on the right hand
side of Equation 5.2.6 one gets

dp o o d
&GM) =(Wp + Wp - Wg)vg + LyggWe, - (6.28)

tion §.2.1 will be used throughout the recirculation circuit regions

observing though that the time derivative term is only retained in the

comar region. The right hand side collects the pressure loss terms in the
control valumes.

Acceleration term
In region 5, the downcomer region, the dissipative pressure lose term, the

fint term on the right hand side of Equation 5.2.1, is canceled out by the
corresponding term on the left hand side, according to équation 528.

In the subcooled region and in two—phase region the acceleration term is
negligible, its contribution being a few cents of the total pressure loss.

In the bulk boiling regions the slip~flow model will be considered such that
the inlet and outlet flow .ates are given a3

Wove =Wpvm+ W‘2 ) (6.2.9-b)
with

Wei=rnviAy (5.2.10~a)



Wﬂ =t Agag = xo Wm . (6.2.10~c)
Substitution of the expremion for v; from Equation §5.2.10-a in 5.2.9-a,

results in

Combining Equations 52.10~a, 52.10-b and 6.2.10—c with Equation
5.2.9-b, one gets

Wadl-x)*, X}
51 2 1
Wave=x) [T=a ’-f ST ] (6.212)

Therefore, the acceleration term in the recirculation circuit can be
summarnised as

z(wi"i - Wovo) _ _ wsl [{(‘ “x 1 M) L]

" =y ~ Vot 3,

(5.2.18)
The values of x, and a, can be defined 2
a2 = (am + Ozr)/z

X = (XQQ + Xgp')/2 :

Gravity term
avity term represents the driving force for the natural circulation,
against wgch counteract the friction and form pressure losses.



The gravity term, the last term in Equation 5.2.1, can be written in the
recirculation circuit as

3 scoel(p 3 —p,3) = gl — (L, + Ly + LY)] (5.2.14)

where the approximating sssumptions are

Ly = (Lyq + Lyp)/2 (5.2.14-b)
Ly = (Liq + Lp)/2 (5.2.14=c)

with the Eme superscripts standing for the collapsed mixture heightdefined, for

example,
P
= p_?Q L
where PaQ = %2y +(1- “2Q)’f‘

Fricti | Form F

The friction force is the main resistive force against the natural circulation,
and it depends on geometrical factors and flow condmom ina complox wsy such
that its estimation is beyond the analytical ¢

it
;wo-:shue flow the friction factor for hqmd phase mﬂy be emmud by Blunn'n
ormuls,

fow = 0316 Re?.25. (6.2.16-)

In two—phase flow an improved correction factor/1/ based on
Mustinelli-Nelson factor, Qlo , will be used. It is independent of flow for flow
rates lower than 1.000kg/m?/s .

According to the values tabulated in reference 1, the values of Olo ina
restricted range of pressure can be correlated as
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o= (1+1866) (AP (5.216-b)
where
. [ 1.4 for x20.80
0.375(Inx + 4.606)0-% for 0 < x < 0.30
P~(30~-60) bar.

The sum of friction pressure loss terms in region 5, 1 and 2 can be written as

w2 2
M Wa  rfowstsA2 | fowih ’nwz"z‘(.o
'ﬁrnw"k-,A,D A2 T,
k=1,25 Peh; Yot M5 i

(5216)

In the separator region the pressure loss is a resultant of complex
phenomena, involving contraction, as much as acceleration, friction and
expansion, such that practical correlations based on experiments are of upmost
necun:j' But as a first approximation the pressure loss in the separator can be

to be proportional to the square of the flow rate.

The constant of proportionality can be adjusted provisionally by setting the
downcomer liquid level at the nonn);nl water level.

Thus, the friction Joss term in the separator can be written as

AP =-K _ﬁ‘., . (5.2.17)
ssparator 3 25 fAS

The flow rutnctc;:x;l the ‘g‘own:lomr has .:.\lmublo fom:h?ctu d X
mponhonmt ow channel. Thus, ogously to separator form
m the restrictor form factor will be set by adjusting . the downcomer liquid
level at the desired level. The pressure loss at the resirictor will be givenas



2
w

51
AP . ==K, —21

restrictor 52’{“%

(6.2.18)

During the sxpansions the pressure variation, both for one—phase and
two—phase, will be estimated as

AP ! A w? (6.2.19~a)
0,= %325 2 2
2
A, A 2
A A wrro—ra | 2
AP”.- I; 1)';?[ =) 71 + 5 ’-—'] (6.2.19-b)

and during the contractions the loss terms will be given as

2
AZ 9
140 1, W
AP, = l-—)——y,a204, (5.2.20-e)
* ( "‘2)’{‘1
AP, ={l+s —,Ag)—-,w? =X .v02 (6.2.20-b)
2% = 1- , 0202 2.

During the expansion and contraction, in two~phase flow, the void fraction
o is assumed as a constant before and after an expansion(contraction). Therefore
no phase change is admitted during the flow passage from one area to another.

One can notice largsr pressure losses at  the following particular locations:

-~ restrictor , K 8 19,
- tube support, K % 7.6/each,
= vapor sepasator, K w 18.

Therefore the minute contributions such as arising from the acceleration and
localised expansion/contraction terms will be neglected term by term as long as
numerical estimasive corroborate its degree of insignificance.
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However, considering that the pressure loes in the separator includes the
affects of the contraction and expansion, Equation 5.2.8 becomes, recalling
Equation 5.2.13, 5.2.14, 5.2.16, 5.2.17 and 5.2.18,

L (l - X) X’
SdW 2
I at"’ 61 ! [{]I [ }: 'o:‘]

+ ol - (L, + L +LY)

9 2 2
Wi [fDWSLsAz , bwily +‘DW2'*2‘L0]

2p‘A’ D.s"s’ De1
2 2
w w
- Kqg _61 _g 81 (6.2.21)

Since Ay = A, , the equation above can be rearranged, in terms of
momentum of region 1, as

L
Igafwﬁl "l{LS =L +Ly+ LS)]

LA (- x)? x Pe fI)Wll‘l
[ S+

-2 P Al: - 021 a?’g ! ol
f L £
nw'zzv’l.o+ 2 )( DW55+K5)+(1_)2K ]
Do? 05
(5.2.22)

Among several approximations, one can cite the pressure loss estimation in
the tube supports, which are clhmmd to be of the orscr of

Wsl

Apmportl lupoﬂ.l 17 A2 !

with Kmpmtl ~ 7.5,



in addition to the restrictor form factor which is relatively high, K ~ 18.7 .

Equation 5.2.22 is spproxuinated in GVTRAN-PC by neglucting the left
hand mide term since its contribution has found to be about four order of
magnitude smaller than the rest of the terms in a pump tnip transient.

On the other hand its inclusion in the program had only been made possible
with the use of very small integration time—steps, order of 0.0001 second in the
classical Runge-Kutta scheme, the restriction ‘ning the numerical stability
criteria.

Without the time derivative term the integration time~step can be as lazge
as 0.06 second, allowing a significant computational load reduction while
degree of accuracy of the complete model is practically retained.
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7. DEFINITION OF THE CORRELATIONS

The heat tramsfer coefficients are presented in the next pum.pln, but
wherever applicable they are ireated as constant parameters mith the objective
of alleviating the computational burden.

Oue-phase Flow

The one—phase transfer coefficient is estimated, in the turbulent flow
regimen( Re > 3.000 ), with Dittus—Boelter,

bpg = 0023 ,‘;: RS P® (W/m?/°0) (7.1)

where
n = 0.4 in secondary side and (.3 in primary side,

k = fluid thermal conductivity(W/m/°C),
D, = inner diameter(primary side)

or equivalent diameter(secondary side) (m).

The temperature during a transient experiences variation in the range of

20°C and the pressures vary not more than 15bar, resulting, therefore, in small

variations in i', S and p, such that the convection coefficient could
pnmuﬂdr be determined by the fluid velocity. Thus an expression for h can
succinctly be written, in the neighborbood of the operation condition, as

hpp = comstant wos. (1.2)

Two=phase flow

Thom's correlation in two—phase turbulent flow is given, for pressures
ranging between 750 and 2000psis, as

(T, -T,,) = 0.072(q") "%/ exp(P/1260) (7.3)

where
T = wall temperature (°F),

w
T at = Maturation temperature (°F),

;" = heat flux (B'M/hl / ﬁz)v

= pressure (psia).



Therefore the convective heat transfor coefficient in two~phase turbulent
flow can be expressed as

Brho = 1978 (T, —T,,,) exp(P/43.6) (W/m?/°C) (74)

wh-'e'l"md'l‘“tuein °C, and P \n baz.

Local Boiling Regi
Whereas not treated in GVTRAN-PC program, the transition region
betwesn the subcooled flow and bulk boiling flow can be correlated for

pressures
in 500-2000 psia range with Jens—Lottes. It is also valid for low-quality
saturated flows:

(T ~T,,,) = 60(q"/10%" %/ axp(P/900) (7.6)
with
T, and T, in °F,
”‘ill B_tu/hr/ﬁ2, .nd
0 peia.
The convective heat transfor coefficient can therefore be correlated with
hyy, = 2666 (T, - T,,)° exp(P/16.5) (W/m?/°C) (7.6)

where
T'-ndT.“nnin"ClndPinbu.

In the GVTRAN-PC program the two—phase flow region will be assumed to
begin at the point whers the saturation temperature is reached. At this point the
voud fraction and quality will be assumed to be sero.



8. IMPROVED DOWNCOMER MODEL

It is known, by experience, that a correct modelling of the downcomer as
well a8 a correct prediction of the subcooled fluid density ia of the prime
importance for an accurate estimation of the feed chamber water level.

Figure 8.1 below illustrates the downcomer flow channel model defined in
GVTRAN-PC program.

o 5,(t)
L{h A
L{?)
e
Lg
A®) L
__,_J_ ~— — '[— — T )

Figure 8.1 Model of improved downcomer in GVTRAN-I'C.

The flow wea Al is the average flow area, and the area A 1) and ALY
b

are considered as constants.

The average flow area in L5 , 15 , can be defined a3



X = 1175“':(51)‘9) + 1D + 1)) (8.1~8)
where  Lg = L1 4 1{D) 4 109 (8.1-b)

Therefore, the following equalities are obtained:

(KL = ALV 41l (8.1=)
and

) = g (8.1-d)

Mass Copservation

The mass conservation equation, Equation 2.2.7, can be rewritten as

(8.2)

Considering the slow variation of the density in time, one can neglect the

left hand side of Equation 8.2, yielding

peqrBsle) = Wp+ Wp - W, (8.3)

Making use of Equation 8.1— and 8.1—d, one can rewrite Equation 8.3 as

dis= (Wg+ Wp =W )/(eA) . (84)
Tch:n .:q'::t‘.;:]n must replace Equation 3.2.7 in the variable flow area
Energy Conservation

The energy conservation equation, Equation 8.3.27, in the variable flow area

downcomer model can be rewritten as



d
FipheAsly) = Wphp + Wphe— We he, . (8:5)

By utilising the expression for the derivative of LS ,Equation 8.4, the above
equation becomes, with the help of Equation 8.1— and 8.1-d,

d
a5 = [Wphp + Wby — W hg,
- S(WF + wa - wsl)]/ (P{Isl's)- (8.6)

This equation must substitute Equation 3.3.28 and 3.3.29, in the variable
flow area downcomer model.

Momentum Conservation
The momentum conservation equation, Equation §.2.1, will present some
modifications in the vanable flow area downcomer model.

Equation 5.2.3 is rewritten as

Gy = pylvsL{VALY 4+ v LIDIAL) 4 (B35 ()

(8.7
and considering the mass flux continuity and Equation §.1~d, one gets
505 = LsyWs, + Wy 3ils - (8.8)

Substituting the derivative of L5 , Equation 8.4, Equation 8.8 results in
dr _, d 1)
205 = LszWsy + (Wg + Wg - W)W, /({1 (89)
The acceleration term in the downcomer, i.e., the first term on the right
hand side of Equation §.2.1, is written as
Wy, =Wy,




where it is noticed that A, has been replaced by Kk X

Since in volume § both v, and v o ¥e

1 3
vi=vg) and v =v()

one can express the term AP, ea

Wo + Wort!) - w9
AP l=( P+ Wal% 515 (8.11)
ace xs

»

From the definition of mass flux the expressions

S and
P sAg p fAE j

are obtained, which inserted in Equation 8.11, yields

A

We,
AP, = Wp+ Wp -W 8.12
ace F—f;gn'fs( F+ Wp-Wg —m) (8.12)

vg3)= Ws1 (1)- W51

Thus, the second term on the left hand side of Equation 8.9 divided

by IB was not completely canceled out as had been in the case of constant flow
area downcomer model.

The resultant on the right hand side is given as
- w2 Agl)
\

= AR G

(8.13)

Therefore, this term must be added to the right hand side of Equation
5.2.13, and to the right hand side of Equation 5.2.21 and 5.2.22.

The friction loss term in region b can be partitioned in three terms as



§7

fhwa 1§ A3

fows LsAs _ «
=3 (8.14)
Dy A2 pli) A2
0 A5 =1 6 b

In the practice, however, the insignificant terms of Equation 5.2.22 will be
neglected

In general, the largest contribution to the form factor is the one due to the
restrictor, and the most important friction loss term comes from region Vgs)



9. NUMERICAL ALGORITHM

The eimplicity being one of the desired characteristica in GVTRAN-PC
program, the cross flow in the secondary mde of the steam generator was
disregarded. Hence one control volume for subcooled region and one control
volume for bulk boiling region were defined. Under thin simplified configuration
the new notations will be

— subscript 1 for the subcooled region and
— subscript 2 for the bulk boiling region.

In the steady state condition the mass conservation equation yields

w W.,= W

51 = "'12 23

w23——-w' +wR »

W34 = \N23 - WR and

WF =W,

From the energy conservation equation, Equation 3.3.27,
Wrbp + Wrh= Weihg
w AH
- 51 F
and since R=gw=— = xp—
F 61

Ws1
one gets R=—~H hf8+ AHp)

from which one can deduce the value of W

51 for the known values of R, QT

But since

Wg= Wg - Wp,

it resuits, from Equation 3.3.27,



w o Wphp + (Wg; - Welky

61~ W51

and, from Equation 3.3.3,
Wsi(bs) —b) =-S5, q"

where Sl = LlMl , resulting in

Woi(bs = bg)
l Mlq"

L

From Equation 3.3.6 one gets
Wm(h23 —hg) = My(L - Ll)

hence 7
M

= 2
hog = by + w (L =Ly) ag
and its value can be utilised in the computation of Xog and agg.
Alternatively, Equation 3.3.15 can be used to get
= he+ 2h
hog = he+ - by, -

Equation 3.3.18 yields

Vv
L8= L

and the mixture level, l..8 , must be given as a boundary condition.



Equation 5222 gives the relationship of momentur: conservation in the
steady state condition

2
w
U 1
ol -~ Ly + 1y + Ly} =2y i:A function(a,x.fpw K} Ko KgKg)
1

This relationship is utilized in an iterative manner duning the form factor
search.

ITERATIVE ALGORITHM

The st state condition is obtained by searching for the parameters, in
an iterative scheme, until the input boundary conditions has been satisfied.

The boundary conditions at the steady state are:
— Secondary: x, hp, Wp. PR, Lﬁ, L8 and Power.

- Primary: P, Tpri and W.

m

The iterative algorithm is described as:
1) Determine the values of W51 and X9g » with

w51 _ X

R= = ,
Wp X93

2) Calculate he, with the expression
8) Calculate L, , for primary and secondary, with

1--ﬂﬁ'l' f b1
where
q] is obtained with Dittus—Boelter,

4) Calculate héS , therefore x2é , a8
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9hMolL,y
hog=he+ —w —
where
q3 is obtained with Dittus—Boelter and Thom.

6) Compare X2é to xog from step 1, and obtain the correction factor

X23

correction _x;;

6) Multiply hry by F corregio ’ and go to step 4.

After the convergence in X9g the momentum iteration is performed in
order to adjust the form factor values:

K, K, Kq K

36

isolately, or any set of them at the same time.
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10. GVTRAN-PC TEST CALCULATIONS

GVTRAN program was tested against the actual transient measurements
recorded during a startup testing of Donald C. Cook Nuclear Station Unit One
}"Supplement to Donalcf C. Cook Nuclear Plant Unit One Startup Report",
ndiana and Michigan Power Company(September 1976) ). The transient
consisted of a plant turbine trip from 100% of the rated power. The boundary
conditions for the initial steady state calculation is given in Table 10.1 .

TABLE 10.1

Initial Steady State Boundary Conditions
for D C. Cook turbine trip transient.

Mass flow rate(lbm/hr)
pnmary inlet 3.67x1(e)1
feed inlet /steam outlet 3.3x10
Pressure (psia)

primary inlet 2240
steam dome 738

Temperature (°F)

rimary inlet 504

?eed inlet 435

Feed chamber water level (ft) 8.5
Recirculation ratio 3.26

The turbine trip was manually initiated while the plant was operating at full
power. Thereafter the main steam turbine stop valve was automatically closed
causing, as a consequence, the trip of the reactor and turbine driven feed pumps.
The boundary condlt.mns for GV'FRAN-PC input are

- in the secondary side: the steam outlet mass flow rate and feed
inlet mass flow rate and temperature;

- in the primary side: the inlet pressure, temperature and mass flow
Iate.



The steam flow rate after the turbine trip is shown in Figure 10.1. The
sudden drop in the flow rate caused by the stop valve closure is followed by a
reduced flow rate through the relief valve during few additional seconds.

The feedwater flow rate is shown in Figure 10.1 and Figure 10.2 presents the
pnmary coolant temperature.

Flow(lbm/hr x 108)

5 10 15
Time(sec)

Figure 10.1 — Steam and feedwater flow rate for D.C. Covk turbiae
tnip transient.



600 A
Ta
590 “ primary inlet
\
—~ 580 \
s \
k3 \
o
E 570 { \
&
5 5601
550 1
540
10 20 30 40 5 60

Time(sec)

Figure 10.2 — Primary coolant temperature for D.C. Cook turbine
trip transient.

The feed chamber water lever and the steam dome pressure calculated with
GVTRAN-PC program is plotted in Figure 10.3 and 10.4 together with the
experimental data and results calculated with the TRANSG/4/ program. The
comparison of the resuits is quite satisfactory in spite of the simplitied model
employed in GVTRAN-PC program in comparison with the TRANSG
4—equation drift—flux model. Both water level and pressure deviations are well
within the acceptable range considering the margin of uncertainties in the
experimental data.

The computational expenditures was not directly compared, but a partial
prognostic can be inferred from the smaller number of conservation equations
and contro] volumes which are required in the GVTRAN=PC program, vis. 4
control volumes in primary side and 4 control volumes in the secondary side,
against 18 and 16 control volumes, respectively, in TRANSG program.
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Figure 10.3 ~ Feed chamber water level in D.C. Cook transient.
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Figure 10.4 = Steam chamber pressure in D.C. Cook transient.



11 CONCLUDING REMARKS

The steam generator model presently developed and implemented in
GVTRAN-PC program has been demonstrated to be satisfactonly accurate in
reproducing a typical transient in a PWR nuclear station.

The accuracy of the results was not compromised even with the use of the
fewer control volumes, only two volumes in the secondary tube region, because
the moving boundary approach had been adopted at the boundary of the bulk
boiling region, permitting, thus, a fairly good representation of the time
variation of the two—phase region height without the recourse to a fine mesh
representation.

The momentum conservation equation has only been balanced in the
secondary region, and its solution by a quami—static approach resulted in a
mgnificant saving in the computaiion time, whereas retaining a good accuracy in
the water level representation.

In conclusion, GVTRAN—-PC possess a ccmbination of few charactenstics,
all of them highly praised in a nuclear plant simulator: coding simplicity for a
quick intermachine transfer, computation velocity compatible with on—line
monitoring, and accuracy acceptable for a typical transient analysis.
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