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Investigation of Reflocd Models by Coupling REFLA-1D and
Multi-loop. System Mcdel

Jun SUGIMOTO and Yoshio MURAO

Department of Nuclear Safety Research,

Tokai Research Establishment, JAERI

(Received August 12, 1983)

A system analysis code REFLA-1DS was developed by ccupling reflood
analysis code REFLA-1D and a multi-leoop primary system model., The
reflood models in the code were investigated for the development of
the integral system analysis code.

The REFLA-1D, which was developed with the small scale reflood
experiment at JAERI, consists of one-dimensional core model and a primary
system model with a constant loop resistance. The multi-loop primary
system model was developed with the Cylindrical Core Test Facility of
JAERI's large scale reflood tests. The components modeled in the code
are the upper plenum, the steam generator, the coolant pump, the ECC
injection port, the downcomer and the broken celd leg nozzle.

The coupling between the two models in REFLA-1DS is accomplished
by applying the equivalent flow resistance calculated with the multi-
loop model to the REFLA-1D. The characteristics of the code is its
simplicity of the system model and the solution method which enables
the fast running and the easy reflood analysis for the further model
development.

A fairly good agreement was obtained with the results of the
Cylindrical Core Test Facility for the calculated water levels in the
downcomer, the core and the upper plenum. A qualitatively good agreement
was obtained concerning the parametric effects of the system pressure,
the ECC flow rate and the initial clad temperature. Needs for further
code improvements of the models, however, were pointed out. These include
the problem concerning the generation rate of the steam and water droplets

in the core in an early period, the effect of the flow oscillation on

The work was performed under contract with the Atomic Energy Bureau of
Science and Technology Agency of Japan

(1).
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the core cooling, the heat release from the downcomer wall, and the

stable system calculatien.

Keywords: Reactor Safety, Reflood, PWR,LOCA, System Model, CCIF,
Analysis Code
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1. Introduction

The present report describes a system anaiysis code namded REFLA-1DS
for the reflood phase of a loss-of-coclant accident (LOCA) in a PWR.

The code consists of the one~dimensional reflood analysis code REFLA-
1D(l) and the multi-loop system models.(z) The coupling methed of the
core and system models, an application example and the calculated
results are described.

In the safety analysis of a LOCA, it is important to evaluate
the temperature history of the fuel cladding during the reflood phase.

In order to investigate the therme-hydraulic behavior during the reflood
phase, many experimental works have been performed. For example, FLECHI
experiments(3) have generated the heat transfer correlations and fluid
flow data used for the licensing of PWRs. The large scale reflood test
facilitties(a)(s) at Japan Atomic Energy Research-Institute (JAERI)

have revealed the two and three dimensional.thermo-hydraulic character-
istics in the core. It is shown that the core cooling is significantly
enhanced with the higher flooding rate due to the increased vapor gen-
eration rate and liquid entrainment.

The flooding rate, on the other hand, is controlled by the balance
between the driving head of the downcomer which forces the water into
the core, and the back pressure in.the upper plenum created by the steam-
water mixture flowing from the core exit to the break. This back-pressure
or "steam binding' tends to retard the core flooding rate during reflood
phase. Thus the core thermo-hydraulics is strongly linked with the
system thermc-hydraulics.

In the safety evaluation.of the reflood phase of PWRs, the empirical
correlations were used for the heat transfer and the carryover rate
fraction. The carryover rate is used for the calculation of the core
inlet flow conditions. This method is valid for the quasi-steady-state
analysis within the experimental range of the correlations. For a
flexible application to the safety analysis, a best-estimate computer
code for the reflood phase was intended to be developed based on the
phvsical understanding of the phenomena.

As a first stage, a one-dimensional core thermo-hydraulic code(l)
was developed for a single coolant channel in a reactor core with bottom
coclant injection at a constant flow rate. A one—-dimensional system

analysis code REFLA—lD(6) was then developed by coupling the one-dimensional

—1—
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core model and a primary system model. The code was evaluated using
the one-dimensional reflood system experiments conducted at JAERI.(T)
The core therme-hydraulic models have since been inproved based on
the small scale reflood experiment at JAERI and other .existing reflood

(8)(9)

experiments. The version REFLA-1D/mode 3 is utilized as a base

for the present core model.

In order to inveétigate the core and system behavicrs during
reflood phase, the integral tests with the Cylindrical Core Test Facility
(CCTF)(a) have been conducted at JAERI. The facility is designed to
model a full-height core and four primary loops with simulated full
components of PWRs. The CCIF tests showed that the main loop pressure
drop is realized at the pump section where the almost single phase vapor
is flowing and that thé system responses can be regarded as nearly quasi-
steady state in the reflcod phase.

The multi-lcop system component model in the present code has been
developed based on the CCTF test results. The coupling of the core
medel with the multi-loop system model is based on the equivalent loop
flow resistance in the single loop system, which is used in the scheme
of the REFLA-1D. The characteristics of the code is its simplicity
of the system model and the solution method that enables the fast running
of the code and the easy refilood analysis. The code can be utilized
to improve and to testify the models as a pilot code for the further

integral system analysis code.
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2. Coupling of core and system component models

In the present code, the coupling of the core and the multi-loop
system component models is simply accomplished by the use of the equivalent
K~factor in the single loop. This is based bn the CCTF test results,(4)
"i.e., the main loop pressure drop is realized at the pump section where
the almost single phase wvapor is flowing and the system responses can
he regarded as nearly the quasi—sfeady state. This means that the loop
flow resistance can be approximately expressed by an equivalent K-factor
in the simplified singie ldbp with the single phase.vapor due 'to the

slow transient in the refloed phase.
2.1 Basic assumpticn

The present code utilizes the same-scheme shown in Fig. 2.1 as

(6)

in the REFLA-1D system code , in which the followings are assumed:
(1) Single phase liquid forms a U-tube column between the lower
part of the core and the downcomer through the lower plenum.
{2) The motion of the water column in a reactor vessel is one-
dimensional.
(3) Both ends of the water column are connected with a primary loop
where the single phase vapor is flowing.

In the present code, the energy equation is considered for the
multi-loop system in order te calculate. the temperature of the two-
phase flow. The mass and momentum equations are based on the single
loop system shown in Fig. 2.1. The multi-loop system is related to
the single loop system through the equivalent X-facter of the primary
loop. This scheme allows a simple treatment of the solution of the
momentum equation. The direct leak path or the vent valve path from
the upper plenum to the downcomer can easily be modeled in this scheme.
The core or system thermo-hvdraulic model can easily be verified due

to the simplicity and the fast running of the code.
2.2 Basic equations

The basic equations for the single loop system shown in Fig. 2.1
are given in the following.

Conservation equaticns of the mass in the downcomer and the core

are
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1 . ,
- 1
Wy = Ay pg %+ A pp Up oo (1

N . o o )
AI Pq UI = Ac Py Y + wgc + ch {(2)

where Wg is the sum of the injected mass flow rate into the lower part
of the downcomer; Wzé and ch are the steam and liquid mass flow rates
at the core outlet, respectively; The downcomer over flow rate WRD is
expressed using the maximum downcomer lemgth x '

Conservation equations of the momentum in the primary loop, the
downcomer, the lower plenum {(downcomer-core connecting port) and the

core are as follows;

2
Py - P, = (K /2 Pg Sat)(wL/AL) (3)
0, Sr () =Py - P_ - py gx - Ko, /2 [x[x (4)
D g—{L U.) =P - P - K (p,/2)|U |U (3)
A Y e D T ™2 I'°I
d . A A1
0, gr(y ¥) = P =Py=AP=0, 8 y-Kc(02/2>i U Y (6)
C G

Tn the abeove formulation, the acceleration loss is neglected in
the primary loop pressure drop, since the vapor density is much smaller
than the liquid density in the reflood phase. The total frictional
pressure loss is assumed to be represented by a K-facter loss
coefficient.

In the upper plenum, the simple ideal gas equation is assumed

to hold for the saturated steam, i.e.,

ar,
Vvar TR Ty (“gc = W) 7

where VU and T.. are the volume and the temperature of the upper plenum,

U
respectively, R the gas constant of the steam.

The unkown five wvariables in Egs. (3) through (7) are combined
into a vector X defined as

X = X(X;'Y, UI’ ED{ PI) (8)
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The core outlet variables W;C and WEC are calculated by the core component

model, and the differential pressure APU in the upper plenum is calcu-
lated by the upper plnum component model.. Also the‘injected mass flow

T : f s
rate wD and the system pressure P_ are given as a boundary condition.

S
Thus the simultaneous differential equations described above are solvable.

2.3 Solution method

The basic equations given in Egs. (1) through (7) can be converted
inte a simple form: '

_ _ 2 _ 2
+ 4Py PS)/DQ + (y-x)g+vy X

¥ o=
x LPU
A

1 S o
1 - &
+ g &plup U+ K ‘AC UI'AC Up - Xpix[%)

1 L y d I v d o o]
—_— D=+ =) - L —— + W
Te o, ( AT ) 3t Yo & de Wy + Wp))
By
JG+y Z AL ) (9)
C 1
Here U. can be expressed as a function of x using Eqg. (1)}. Therefore,

T
if we define the variable yi(i =1 " 4) such that,

Y1 =X, Y2 =X, ¥z =Y, ¥4 =F

Eqs. (1)(2)(7) and (9) can be written in the following form:

d
35 ¥ = ;G Yo Vi V) (10)

This is a simultaneous differential equation concerning yi(i =
1~ 4). The Runge-Kutta-Gill method is used in the code to numerically

solve the differential equation (10).
2.4 Coupling of single and multi-loop systems

The method of coupling of single and multi-loop systems is described
in the following. The schematlic diagram is shown in Fig. 2.2, The
single phase vapor is assumed to flow in the primary loop except for

the broken cold leg nozzle. The pressure drop across the broken cold
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leg nozzle AP (=P, - PO) is calculated with the component model

BCN S

described in 3.2.7.
The differential pressure between the upper plenum and the upper
part of the downcomer strongly affects the core flooding rate, and

hence it must be conserved between the two schemes:

W
-2 . ")
R LT
& (11)
W_. =2
—._1.—.'7- . E ] = T
T 20 K11 ¢ AL ) G =1"N
2 Ii

where KL is the equivalent K—faétor in the single loop system, KIi
the K-facter of i-th intact locp and N the total number of the intact
loops in the multi-lcop system.

The total mass effluent rate from the upper plenum should also

be conserved between the two scheme i.e.,

N
W o=W, + I W,
L B i=1 Ii (12)

=W
= RB + WI

The differential pressure between the upper plenum and the break

point in the multi-loop system is expressed as,

W 2 W_, z
1 B 1 Ii
5o Py Ko=) = Ko G+ P, . (13)

i N
2 p Ii Ai

AB g

The equivalent K-factor K. of the single loop is easily derived from

L
Egs. (11) through (13) as,

1

K, =K, — (14)
KI AB 1 WI 2 oz

[1+ ]~ (?) 1+ AP, /o~ K ) }] ,

KB 1 BCN "2 Og I AL

where KI is the K-factor of a combined intact loop defined by

= — a (15)
/KI
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The injected mass flow rate w! in Eq. (1) is related to the mass

D
flow rates of the multi-loop system as,

wlg = Wecore T Vo T Vs (16)

The calculation procedure used in the code ié shown in Fig. 2.3.
The system variable ¥ in the single loop at- time t + At is calculated
byAexplicity solving Eq. (10). .. The core outlet variables ch and WZC
at the previous time t and the equivalent K-factor determined by Eq.
{(14) -dre used din this step.- The multi-loop system variables at time
t + At are then calculated by .solving the mass and energy equations
with the multi~loop system component model. Finally, the core thermo-
hydraulic variables at time t + At are updated with thé core model.
In this step, the flcoding rate WE, the inlet water temperaure TEC

and the pressure .at the core inlet P_ are used as a core inlet boundary

T
condition.

2.5 Smocthing procedure

The solution method used in the code is so-called a forward differ-
ential scheme with no iteration. This 1Is used in the core. and multi-
loop system models in order to reduce the running time. This method,
as well known, sometimes causes the numerical instability. In the present
coupling scheme of the core and the system component models, the fluctu~
ation of the liquid and steam mass flow rates at the core boundary can
result in the growth of the oscillation of the system variables.

The source of this numerical disturbance is in the core model,
in which the core outlet variables are sensitively affected by the
change of the flow pattern, the advance of the quench front across
the node interface and the change of the inlet flooding rate. TFigure
2.4 (a) shows an example of the core outlet wvaribales (w;C and WEC)
calculated with a constant feed condition by REFLA-1D core model. The
spiky behavior or the numerical disturbance at the core outlet is observed
even in the completely steady state inlet condition. This disturbance
is found to be remarksbly enhanced when the core inlet flow contains
fluctuations as shown in Fig. 2.4(b).

This disturbance needs to be effectively damped for the stable

calculation of the system variables such as the mass flow rates. In
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the present code, the numerical low-pass filter, which is analogous
to the R-C filter in electronics shown In Fig. 2.5, is utilized for

that purpeose:

d V,

T oZuf at
Q

+ Vs, (17)

where V. is the input voltage to the filter and V; the output voltage.
The cut off frequency fo (= 1/27 RC) is determined in consideration

of the typical oscillation frequency expected in the reflood phase

(0.2 v 0.4 Hz). The numerical low-pass filters are utilized for the
core ocutlet mass flow rates (W;é and WEC) and the broken cold leg pres-

sure drop (AP )., An example of the smoothed core outlet mass flow

rates by the ?gﬁter are aiso shown in Figs. 2.4(a) and (b).

The use of the low-pass filter physically means that the refldod
phenomena is treated under the quasi-steady state condition neglecting’
the rapid change of the system variables. This copresponds to the
present core and system component medels which are developed with the
steady state condition. The calculated average values are thus to
be analysed, but the calculated dynamical behavior with large frequency
is mnot necessarily correct. Since the detailed mass balance between
each time step is not always conserved due to the phase change of the
filter output, the improvements of the core model and the coupling

method are required for the more stable and reasonable calculation.
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Initialization of system variables
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Fig. 2.3 Flow diagram of calculaticnal procedure
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3. Model description

The component models used in REFLA-1DS are briefly described in
this chapter. The code consgists cf the core meodel and the multi-loop
primary system component model. The core model was developed with the
existing small scale refloocd experiments, whereas the multi-leop primary

system component model was developed with the CCTF test results.

3.1 Core model

The core model is based on the one-dimensional non-equilibrium
two-phase flow. The flow patterns assumed in the core are a single
phase liquid and vapor flows, a saturated two-phase flow, a transiticn
flow, a subcooled film boiling and a dispersed flow regions. The details
of the core model is reported in references (1) and (4). The present
(8)

veréion of the core model REFLA-I1D/mode 3 includes the following

two major modifications:

(1) Correlation of the quench front velocity

The correlation of the quench front velocity UQ is modified con-

sidering the case of the low clad temperature and the pressure dependence(lo):
UQ‘l = £(x)g(T1) + {1 - £(x) @) - : (18)
where
1 >
£G) = 1 o~ e 4w
| Ty = T /Ty = T2) Ty < Tp)
C_ p(r, - T)
G(1 + 2.778 x 1077 AT_ )
sub
g(T) = - (20)
T, = 594.05 + 2,417 x 107% p
(21)
T, = 480.0 + 8 x 107° P
¢ = 2.97 x 10° + 5.74 P (22)
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Q is the quench temperature and TC the contact
temperzture between the clad and the liquid. Equation {20) is the
(11)

The temperature T

original ferm of the correlation of the gquench front velocity

Equation (18) means that the guench in the low clad temperature occurs

in a statistical way for the contact of the water film to the clad surface.

(2) Modeling of the development of water droplets

It is assumed that the fine water droplets are generated at the
quench front. Two cases are supposed to be possible concerning the
development of the droplets above the quench front.
1) Case 1l: The water droplet dispersed flow is maintained above the
quench fromt. The diameter of the droplet Dd is determined by the
critical Weber number wec in the dispersed flow:

W .o

— ec -
Dy = —— (23)

- AUR
Py -

2) Case 2: The water droplets begin to unite each other to form a
larger size of droplets. The flow above the quench.front thus becomes
the transition flow from the dispersed flow in a short distance above
the quench front. ‘ _

-It was found that Case 1 well describes the reflood situation
when the flooding rate is very low (less than "2 cm/s), the temperature
of the flow housing is high (greater than "500°C) and the upper tie
plate is absent. Whereas Case 2 describes the opposite situation fairly
well. Although the detailed mechanism of this switching between the
two cases is not well understood, Case 2 was found to be widely appli-

cable for the system reflood experiments such as FLECHT—SET(lz) or

(13}

CCTF test.,

3.2 System componenet model

The primary loop system components modeled in REFLA-1DS are the
upper plenum, the coolant pump, the ECC injection port, the broken
celd leg nozzle, the downcomer annulus and the downcomer,_ The present
version selects the simplest model for the system component based on

(12) (13)

the reflood system experiments



JAERI-M 83—-147

3.2.1 Upper plenum
The schematic of the upper plenum is shown in Fig. 3.1. The mass

balance relation is written as,
W+ W =ML WL WD +W , (24)

where the core outlet vapor and liquid mass flow rates wzc and ch

respectively are calculated with the core model described in 2.1. It

3y

is assumed that the two-phase mixture in the upper plenum is thermally
equilibrium. The loop mass flow rates wéL and wiL are expressed with the

total lcop mass flow rate WL in Eq.(3):

1 T
= R 2
ng + ng wL .( 5)

The water fall back mass flow rate Wp, in Eq. (25} is calculated with

the correlation developed by Bankoff et al.(lé) which is expressed as
Wog = (2.0 - H, ) , (26)
where
i /1 H*
H = - . »
g~ (30 h; [pg g wip, og) ]
g
1-6 :
- - - i
w =D [o/ig (og Dg)}} s
. A
B=tanh(2ﬁ*'g)

A

Here Ah denotes the total flow area of the holes at thé upper tie plate,

Dh the diameter of the hele, dh the thickness of the hole and Ac the

core flow area. The liquid carry-over WEL from the upper plenum to
the hot legs is calculated with the upper plenum model develcped by

(15) The carry-over mass flow rate consists of two terms.

Iguchi et al.
One is the contribution of the core outlet liquid, and the other expresses
the re-entrainment from the water pool in the upper plenum.

The correlation is written as follows:

1 .
W.QL = W]__ + w;g s (27)
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where Wy =n. « (1 -ay) W s

i

al ' >

and §) R ‘
WQC - wFB (APU g APmax)
AP g, « A
3] "R U
... . < U.
Wy = Tyt 7P 300 (APU 0.8 APmax)
max
i <
Interpolation (0.9 APmaX < APU < APmaX)
T
where Ny is the upper plenum de-entrainment coefficient and hi the

critical water level for which Wi is effective. The maximum differen-

tial pressure in the upper plenum APmax is defined as,

AP = h DR(I - a) , ' (28)

max max

where the void fraction o in the upper plenum is expressed by the

correlation developed by Wilson et al.(l6):
o = max (o, @) R (29)
where
Coabagno Pg 0.1738 o o 0.1087
a1 = 0.851 X /(aﬁa (Dy/volelp, - og)) ;
» Pg 0.1151 0,0683
ap = 0.488 X UTEOI/ (=) (D /Vo/g(og - p)) ’

24

X ='Vg0//§;yc/gab£ - pg) S

0. 4 _
Vgo = wgc/(AU oﬂ)

Here DU denotes the hydraulic diemeter in the upper plenum.

The water accumulation rate M in the upper plenum can then be

U
written using Eqs. (24) and (25) as

(30)

: o
M_ =W + W - WL - WFB

U gc TRC
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The accumulated water at the new fime step MUn+l is calculated using
Eq. (30) i.e.,

n+1 n

MU = MU + At - ﬁU . (31)

The mixture water level h' and the differential pressure in the upper

plenum APup are calcualted using the updated mass MU l

n+1
M
h' = v (32)
AU ..O,Q/ . (l - &) s . .
APU = h' - QQ - (1 - o) . : (33)

It is noted that the differential pressure APU used in the calculation

of W, in Eq. (27) is evaluated at the previcus time step n in the code,

3.2.2 Steam generator
The almost complete superheat of the fluid at the outlet of the

(13)

steam generator. has been observed in CCTF test. This is due to
the heat transfered from the secondary side to the primary side of
the steam generator. In the present code, the fluid in the primary
gside is assumed to be all evaporated through the steam generator as
the zero-order approximation. The steam temperature at the outlet of
the steam generator is set equal to the average temperature of the
fluid in the secondary side.

This allows an easy treatment of the momentum and energy balance
calculation of the primary loop. The fine water droplets, however,
may still be present in the superheated steam flow as observed in the
FLECHI-SET experiment(lz). This effect on the system responses is
toc be carefully investigated. However, the water droplet dispersed

flow situation downstream the steam generator can also be considered

in a similar manner described in the following sections.

3.2.3 Pump

The primary loop coolant pump acts as a main flow resistance during
reflood phase. This steam binding effect is enhanced by the complete
evaporétion éf rhe water droplets through the steam generators. In

the present code, the pressure drops across the pump APPi and the loop

_17-..
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APLi are assumed .to be expressed by the K-factcrs of the pump and the

locp, respectively:

Kpi WgLi 2
| LW
jp . L gl (35)

Li 204 ( At

where suffix i denotes the i-th loop, Kpi and KLi are the K-factor
of the i-th pump, and loop, respectively, WgLi'the steam mass flow
rate through the loop. The main contribution to KLi is due to the pump

flow resistance Kpi'

3.2.4. ECC injection port
The schematic .of the ECC injection pert at the cold leg is shown

in Fig 3.2. The flow rate and the temperature downstream the ECC injec-

tion port are calculated based on the following assumptions:

(1) The superheated steam from the steam generator is completely mixed
with the injected ECC water to form a thermally equilibrium condi-
tien.

(2% No reverse flow occurs from the ECC injection port to the steam
generator.

The mass and energy balances are then written as,

T o] 0
= 36
Wori T ¥mcci T Wera T Weni | (35)
p— _ T O . O
CpRi(Ti' Tsat)(thi + rNJ?,Li)
Y s B o O ' 1 0 o
B ngilhfg + Cpgi(rgLi Tsat)‘ * wQ,Li Cpii(TRLi Tsat)
-wlim +c | al -1 y+w c . (T =T )
glLi fg pegi T gli sat ECCi "pii "ECCi sat
(37)

The mixture temperature fi defined above can easily be derived

using Eqs. (36) and (37):

1 - I

T = ngiihfg * Cp%i Tsat * Cpgi(TgLi - Tsat)} * wECCJ’. CpRi TECCi
1 I :
Cpli(ngi * wECCi)“

(38)
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{(a) 1L Ei is less than TS i.e. the mixture is subcooled

at
gii =0
szi B wgii * ¥eced (39)
Tgii - Tsat
Trs = T

Tf T, i
(b f T1 is greater than Tsat’
The energy flux X of the mixture evaluated at the saturation

temperaure is expressed as,

1 T
X =W Copi Tors ™ Tear? ™ Mrcct hpy + €0 T = Tagey)

(40)

(i) If X is greater than zerc, the liquid is all evaporated to

penerate superheated steam [low:

o I
= TJ J

Wori = "ari * YEcei

]
Wora T 0

(41)

0 X

TgLi = Teac * c ( I )
pg gLi = "ECCi

8]

TQLi a Tsat
(ii) If X is less than zero, the mixture is a saturated two-phase
flow i.e.,

o 1
ngi _'ngi + wc

9 -y - (42}
Wori T ¥meer T e

o o _
TgLi B TiLi Tsat

where
L 1
- . =T

v - Wit Cooi Terd ~ Tsar) ¥ moei Cpri Treci sat’

c

h

fg

evaporation of the mixture is considered.
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3.2.5 Downcomer annulus

The schematic of the downcomer annulus is shown in Fig. 3.3, The
two-phase mixture from the intact cold legs is dischargéd into the
upper part of the annular downcomer region. The horizental flow path
from the intact cold leg teo the broken cold leg is falrly long (vém)
and expanded in the upper downcomer annulus region in a reacteor vessel.
it is therefore expected that the water in the upper part of the down-
comer is partly entrained to the broken cold leg by the flowing two-
phase mixture even when the water level in the downcomer is below the
cold leg nozzle. Thils bypass phenomena cbserved in CCTF tests(IB), is

considered in the code using the downcomer carry-over coefficient "y’

o L

ng = ng + wgD
o . L :
= 4
Woa = o Moa T Map (43)
I
o= (1 -
Mo (; ﬂD)WRA
where . X
W = 4 W_._.
gA {=1 gLi
N
T
Mo T Wans
i=1
wgD and WQD is the vapor and liguid mass flow rates from the down-

comer to the broken cold leg, respectively. The downcomer carry-over

coefficient i is given as,

<
n = 0 {x < Xg3 (44)
D Man - (X 2 Xg) =
DO A o .

where x is the liquid level in the downcomer, xy the critical liquid
level above which the liquid carry over occurs. The temperature of
the two-phase flow te the broken cold leg is calculated assuming the

same complete homogeneous mixing as the ECC injection'port described

in 3.2.4.

3.2.6 Downcomer
In the present code, the deowncomer component includes the downcomer

and the lower plenum portion as illustrated in Fig. 3.4. The overflowing
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liquid mass flow rate WQD from the downcomer te the broken cold leg
nozzle is evaluated by,

0 {(x < x h

I
- >

Wy = W Wooorp T Vs (%2 Ky
where X ax is the maximum length of the downceomer i.e. the distance
from the downcomer beottom to the lower edge of the cold leg nozzle.
is tentatively set equal to zero,

gh
assuming no voiding of the water in the downcomer as the zero-order

The steam mass flow rate W

approximation.

The temperature of the downcomer liquid TR is calculated by

DC
the mass and energy balances in the downcomer:

d
—— = — *—
My = W Won , (46)
4 M.c (r,.-T Jr=w ¢ (T,, =T )
dt ) pl LD sat’’ o phTRA sat
- — - * -
WQD Cpi(TRD Tsat) W CpQ(T Tsat) (47)
h .
where WS Wo m Weeerp T YR 0

' *
TQD (W* > 0)

T# =

*
Torp  WF <O

Using the finite differential scheme, the downcomer ligquid temperature

. n+l .
at the next time step TQD is expressed as

o+l _ n po! n
oy =L oIyt M T N Ty . (43)

The coefficients L, M and W are given as follows:

.ZMD - At WO

ZMD + At wo

(W% > 0)

MW - W)

o

(W¥ < 0)

2MD + At(wo - W*)
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26t + W
_— (W > 0)
DM+ be W
M = (49)
20t + W
: (W < 0)
- *
ZMD + At(wO W)
0 - (Wk 2 Q)
N =
- Tk
2At W (% < 0)

ZMD + ﬂt(wo - W¥%)

The lower plenum is assumed to be full of liquid during the reflood

phase. The energy balance in the lower plenum is then written as,

d
MLP cp£ dr (TQLP - Tsat)

*
% - T -
Cp% wH (T Tsat) + Cpi BFB(TRU Tsat) (50)

(T -T ) - C

ECCLP sat ok

WI * T
C(Tz'_ sat)

J
* Ch2 YecoLe

1

* *
where T; and T, are the liquid temperatures at the upstream i.e.,

(W"‘ > O)
* TQD .
D=
TQLp (We < )
(513
I
o e g 2 0)
Ty, = I
T <
T%c (WC 0)

The liquid temperature TELp in Eq. (50) is calculated in a similar

manner as in Eq. (4#7) by using the finite differential scheme.

3.2.7 Broken cold leg nozzle

The two-phase mass flow rate and the fluid temperatures at the
broken cold leg are calculated with the downcomer annulus component
described in 3.2.5. The pressure drop across the broken celd leg nozzle
AP is the differential pressure between the top of the dewncomer

BCN
and the exit of the broken cold leg nozzle. A farily large APBCN was
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observed in CCTF and hence it does affect the overall system responses.
The APBCN can be expressed by using the K-factor for the dynamic pressure
drop of the two-phase mixture:

P4

T . 1 2.
AP = {2 O * u + 30y uﬁ(l &)}KBCN , (52)

where the void fraction o, the wvapor velocity ug and the liquid velccity

u, are given assuming the completely homogeneous flow with no slip:

2
o
0, W
o = - £ TgA - ’
.
OE ng + pg th
o
W
LA
p 5 (@ # 1)
0 « L e D (1 o)
£
u = 4 BCN , (53)
0 (o = 1)
0
W
ﬂgA 2 (o # 0)
P " T * Ppew @
u = 3
g
0 (o = 0)

and KBCN is the K-factor of the broken cold leg nozzle. 1In the present
code, the differential pressure acrcoss the broken celd leg includes

all pressure losses between the top part of the downcomer and the con-
tainment (break point). This additional pressure loss is included

in the K-factor KBCN’ which is the input of the code.
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4. Application te CCTF tests

In order to evaluate the dymamic and static characteristics of
the codes REFLA-1DS was applied to the Cylindrical Core Test Fé&ility
(CCTF) .. The CCTF gt:Japan Atomic Fnergy Research Institute has a '
four~-loop primary system with active steam generatdrs and a fuli hight
2048 rod core. The general description of CCTF tests is given in this

gection.
4.1 Test facility

The CCTF is designed to simulate the flow conditions in the primay
system of a PWR during the refill and reflcod phases of a LOCA. The
vertical dimensions of the system components are nearly the same as
those of a 1000 MW-PWR with four primary locps. The flow area of the
system components is based on the core flow area scaling ratic of 1:21.4.

The pressure vessel consists of an annular downcomer, upper
and lower plenums, and a non-nuclear core. The core has thirty-two
8%8 rod bundles. Figure 4.1 shows the cross section of the pressure
vessel and the arrangement of the instrumented heater rods in the core.
The core is divided into three power zones, namely A(high power),
B(medium power) and C(low power) regions, respectively, as shown in
the figure. In order to simulate a local power distribution, a bundle
is modeled with three types of heater rods, namely ¥, Y and Z rods,
respectively. The heated length and the outer diameter of the heater
rods are 3.66 m and 10.7 mm, respectively. The axial power profile
ig modeled with a 17 sfep chopped cosine, having the axial peaking
factor of 1.49. _
| The facility has three intact loops and a broken loop. Each loop
consists of hot leg and cold leg pipiﬁgé, an active steam generator
and a pump simulator. A 200% cold lég break is simulated for the broken
cold leg. The broken cold leg is connected to two containment tanks,
ECCS consists of an accumulator (Acc) and a low pressure coolant injec-
tion (LPCI) system. The injection points are at each cold leg and
at the lower plenum. Figure 4.2 shows the schematic diagram of CCTF
and the definition of the system variableé. The scaled dimensions

of the component are given in Table 4.1.
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4.2 Test procedure

The test procedures were as follows: The lower plenum was initially
filled with saturated water to 0.9 m from the bottom of the vessel.
The electric power was then applied to the heater rods in the core.
When a sepcified clad temperature was reached, the injection of the
Acc water into the lower plenum was initiated. The power input teo
the rods began tb décay at the reflood initiaion when the water reached
the bottom of the heated length of the heater rods (2.1 m from the
bottom of the vessel). The injecticn port was changed from the lower
plenum to the three intéct cold leg ECC ports at about 5 s after the
reflood initiation. At about 13 s, the ECC injection mode was changed
from an Accumulator (Acc) to a low pressure coclant injection (LPCI).
The generated steam and the entrained water flowed via broken and intact
loops to the containmenf tanks. The pressure of the éoﬁtainmeﬁt tank
was kept constant during the test. When all heater rod temperatufes
showed complete cooling of the core, the power supply to the heater

rods was turned off terminating the test.
4.3 Test conditions

Table 4.2 gives the major test conditions for the CCTF base case
test; " In the GCTF parametric effect test series, only one test condition
was varied from the base case test. The test condition of the CCTF

parametric effect tests in the present code application are shown in

Table 4. 3.
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Table 4.1  Scaled dimensions of the CCTF components

PWR CCTF Ratio

< Length (m) > _

Heated length 3.66 3.66 _ 1/1
Diameter of heated rod 10.7x107%  10.7x107% . 1/1
Diameter of non-heated rod  13.8x107% 13.8x107° 1/1
Rod pitch 14.3x107% | 14.3x107° /1

Distance from the bottom ,
of cold leg nozzle to the 4,849 4,849 1/1
bottom of the heated core ) :

Distance from the top of the

heated core to the top of 0.357 0.357 1/1
the core support plate
Downcomer length 6.066 6.066 1/1

Distance from the bottom of
the vessel to the bottom of - 2.1
the heated core

< Flow area {m?) >

Core 5.29 0.260 1/20.3
Downcomer 2.47 0.197 1/21.4

Core baffle 1.76

Upper plenum _ _ 11.10 : 0.678 1/16.4
Containment tank 1 - 4,906

Primary loop 0.487 0.383  0.019 1/25.8 1/20.3

< Volume (m?) >
Lower plenum™ 29.6 1.38 1/21.44
Upper plenum 43.6 2,04 1/21.44

* included the downcomer region below the bottom of core.
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Table 4.2 Test conditions of the CCTF base case test

Item

System préssure

Initial average linear power
Radial power factor

Axial power factor

Local power factor

Total peaking factor

Decay curve of power

Values

0.2 MPa
1.4 kW/m
1.15
1.49

1.1
1.885

ANS x1.2+
Actinide x1.1

Maximum initial clad temperature 873 K

Downcomer wall temperature
Other wall temperature

Steam generator secondary
side water temperature

K factor of primary loop
ECC injectien conditions
Acc flow rate
Acc water temperature
Acc injection period
LPCI flow rate

LPCI water temperature

471 K
392 K

538 K

25

7.78 x 107%m%/s

308 K

14 sec

8.33%x 10 %m%/s

308 K

Table 4.3 Parametric effect tests in CCTF

Test parameter Test number
System pressure (MPa) 0.15 Cl-10
0.20 Ci-5
0.30 ci-12
ECC iniection rate {x107°m?/s)
Ace | 77.2(x14 s) } s
LPCI 8.3
High LPCI 17.2 Cl-6
Low LPCT 4.7 ci-9
Initial peak clad temperature (K) 873 Cl-5
973 Ccl-7
1073 - C1-14
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5. Calculated results and discussion

5.1 Base case calculaticn

The base case calculation was performed in order to evaluate the
thermo-hydraulic models used in the code and to further investigate
the effect of the calculative parameters on the overall system responses.
The analytical calculation performed was for CCTIF Test C1-5, which
is the base case test in CCTF Core I test series. The code inputs
and the selected parameters for the CCTF base case calculation are

summarzied in Table 3.1.

5.1.1 Overall system responses

The calculated flooding rate and collapsed water levels in the
core, downcomer and upper plenum are compares with the measured data
in Fig. 5.1. The flooding rate in the experiment was estimated with
the mass balahce in the system using the smoothed differential pressure
measurement. As shown in Fig. 5.1, the calculated results agree well
with the measured dataz on an average. However, the calculated water
level in the core before about 25 s is higher than the experiment.

This is primarily due to the calculated lower steam generation rate and
carry-over water before 25 s in the core region than the. experiment.
This then causes the smaller steam binding in the primary lcop, result—
ing in the higher flocding rate into the core before 25 s than the
experiment as shown in Fig. 5.1. The water accumulaticn in the upper
plenum initiates after about 25 s, showing the delayed water carry-over
at the -exit of the core.

Figure 5.2 shows the calculated and measured pressure drops across
the primary loop. The calculation generally agrees well with the measured
on an average. The calculated broken and intact lecop pressure drops
are lower than the measured before about 25 s. This calculated smaller
steam binding is again due to the smaller steam generation and carry-
over in an early reflood transient.

"Figure 5.3 shows the measured and calculated f£luid temperatures
at the core inlet. Although the calculated temperature is about 10 K
lower than the measured, the overall tendency is well predicted. Also
shown in the figure is the measured core inlet temperature in the CCTF

test with the cold downcomer. The temperature of the cold downcomer
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rest was about the saturation temperature. The calculated cere inlet
temperature agrees better with the case of the cold downcomer test

after about 100 s through the transient. This is therefore due to the
lack of the heat generation model from the downcomer wall in the present
code. It is considered, however, that the effect of the inlet subcooling
in this range is negligible on the overall core and system beha-

viors. The slightly higher core inlet temperature before 100 s is not
fully understood., This is probably due to the unhomogeneous mixing

of the water in a complicated configuration of the structure in the

lower plenum, which is not modeled in the code.

Figure 5.4 shows the measured and calculated temperature histories
of rhe heated rod in the core. The overall temperature histories are
well predicted by the code. The calculated turnarcund temperature is
slightly lower .than the measured in the upper part of the core. It is
considered that this is due to the sudden core cooling at about 10 s
shown by an arrow in Fig. 5.4 due to the higher core flooding rate shown
in Fig. 5.1. ‘The calculated quench time tends Lo be slightly later
than the measured in the upper part of the core. This can be attributed
to the lack of the appropriate top-down quenching model in the present
code.

The void fraction in the core is shown in Fig. 5.5. The measured
void fraction was obtained with the sectional differential pressure
in the core neglecting the frictional pressure loss. The calculated
void fracticn shows good agreement with the measured except for the
top part of the core. Before about 20 s of the transient, the calculated
void fraction is much lower than the measured. This-is due to the
calculated higher initial core flooding rate shown in Fig. 5.1. The
cause of the calcualted smaller water accumulation in the top cf the
core is due to the core inlet flow oscillation, which tends to sweep

the accumulated water in the region of the high void fraction. .

5.1.2 Upper plenum de-entrainment

The effect of the de-entrainment coefficient ”g in Eq. (27) on
the water accumulation in the upper plenum was investigated. As shown
in Fig. 5.6, the water accumulation in the upper plenum is lower with

the -larger 1., especially In the early reflcod transient before about

U
150-5. However the effect of Ny is not sensitive in the range between:

0.4 to 0.8, . Also the effect of Ny on the core collapsed water level is
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almost negligible as shown in Fig. 5.6. The recommended value of 0.6(15)

is adcpted for My in the present base case calculation.

5.1.3 Loop K-factor

The locp K-factor L in Eq. (35) was parametrically varid in
order to analytically estimate KLi in CCTLF. The loop pressure drop
is slightly higher with the higher loop K-factor as shown in Fig. 5.7,
However the effect on the core cooling is not dominant as shown in the
figure. The slightly worse core cooling for KL = 20 is due to the
larger oscillation, which is discussed in section 53.1.6. The estimated
loop K-factor is in the range of 20 to 30 according to the mass balance
calculaticon. Tentatively a value of 25 is adopted in the base case
calculation, however, the direct measurement of the loop K-factor in

situ is required for the detailed analysis of the CCIF system behavior.

5.1.4 Downcomey carryover

The downcomer carry-over coefficient 7 o in Eq. (44) was parametri-

cally varied in the calculation. The carryDover in the downcomer,

which may be the. characteristic feature of the awnular type downcomer

as in a PWR vessel, is larger with the larger oo resulting in the

lower water level in the downcomer as shown in Fig. 5.8. The calculation

with "o = 0.5 gives a better agreement with the data as shown in Fig.

5.8, and hence it is used in the calculation.

5.1.5 Broken ceold leg

The K-~factor of the broken cold leg nozzle K in Eg. (52) includes

all the loss coefficients of the broken cold leg igfween the top part
of the downcomer and the containment. The parametric calculation was
performed to analytically estimate KBCN in CCTF. As shown in Fig. 5.9,
the value of 4.5 gives better agreement with the measured pressure

drop across the broken cold leg.

5.1.6 Core inlet flow oscillation
The calculated core flooding rate generally oscillates in the
present U-tube type schematic shown in Fig. Z.1. The source of the
oscillation is the fluctuation of the cutlet variables such as-woC
o, . &
and wﬁc in Eq. (2).  This then cazuses the U-tube flow oscillation

of the fluid between the downcomer and the core. The period of the
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oscillation is determined with the length of the liquid column. The
oscillation can be enhanced due to the resonance of the U-tube flow
and the core outlet flow oscillations.

Since the core model has been developed with the constant feed
experiment, the oscillation with a small amplitude is favorable for
the core thermo-hydraulic calculation. It is considered that the flow
oscillation in the core is effectively damped in an actual reactor
vessel due to the three-dimensional configuration, however, the typical
value of the amplitude is uncertain.

The parametric calculation was performed in order to investigate
the effect of the flow oscillation on the core heat transfer. In the
calculation, the primary system was decoupled and the cscillatory core
inlet flow was fed as a core boundary condition. The amplitudes of
the oscillation tested were 0, 2 and 4 cm/s and the periods of the
oscillation were 3 and 5 sec with the average flooding rate of 3 cm/s.

As shown in Fig. 5.10, the calculated maximum temperature is higher
with the larger amplitude, but it is only slightly higher with the
shorter period- of oscillation. The quench time tends to be later with
the larger amplitude in the upper part of the core. According
to the experiments at ERSEC<17), the core heat transfer is not much
affected by the flow oscillation. By comparing the calculation with
the temperature transient obtained in CCTF test, it is indicated that
the large core inlet flow osciliation should be avoided to reascnably

predict the temperature response with the present core model.

5.2 Parameter effect

The parametric calculation was performed in erder to evaluate
the thermo-hydraulic models concerning the parametric effect of the
system variables on the reflood behaviers. The analytical calculation

performed was for CCIF parametric effect tests lited in Table 4.3.

5.2.1 System pressure

Figure 5.11 shows the effect of the system pressure on the differen-
tial pressure. across the loop. As shown in the figure, the loop pressure
drop is lower with the higher system pressure primary due to the larger
vapor density. Although the calculated loop pressure drop is lower

before about 50 s than the measured, the overall tendency is well



JAERI—M 83147

predicted by the code on an average.

The quench envelope in the core is compared with the data in Fig.
5.12. The core cooling is enhanced with the larger system pressure
both in the experiment and the calculation. The quench time at the
midplane (1.83 m) is fairly well predicted, however, the calculated
quench time tends to be slightly later in the upper part of the core.
Tt is considered that this is due to the effect of the top-down quench-
ing observed in the test, which is not effectively modeled in the
present core model. However, this Is nct a fatal problem for the
safety analysis, since the bottom quenching region is dominant where

the peak clad temperature is realized.

5.2.2 ECC flow rate

Figure 5.13 shows the effect of the ECC flow rate on the ccllapsed
water level in the downcomer. - The ECC flow rate affects tﬁe water
accumulation in the downcomer. As shown in Fig. 5.13, the Watef level
in the downcomer is higher with the higher LPCI flow rate.
The observed water accumulation in CCTF downcomer is well predicted

as shown in Fig. 5.13.

5.2.3 Initial clad temperature

Figure 5.14 shows the effect of the initial clad temperature on the
temperature history at the midplane. The higher initial clad temperature
resulted in the higher turnaround temperature and the later quench time as
shown in Fig. 5.14. Althcugh the calculated quench time agrees well with
the measured, the calculated turnaround temperature is underpredicted.
This is partly because of the higher initial higher flcoding rate as
discussed in section 5.1, and partly because of the overpredicted heat
transfer coefficient near the turnaround. Therefore the heat generation
in an early transient and also the heat transfer model should be reviewed

in detail for the better prediction.
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Table 5.1 Ceode inputs and selected parameters
for CCTF calculation
Variable Description Used value.
(1) Flow area {m?)
AC Core 0.26
AD Downcomer 0.197
' AI Core—-downcomer connection 0.7905
AIi’ AB Prlmgry loop 0.01897
AU Upper plernum 0.64
(2) Volume (m?®)
1)
Vup Upper plenum 9.01
(3 Length-(m) _
X, Downcomer 4.849
X Effective downcomer length 3.3
LI Core—downcomer connection 2.1
(4) K=factor {(-)
KL Loop 25
KBCN Broken cold leg 4.5
KC Core 15
KD Downcomer 5
KI Core-downcomer conpection 10
(5) Constants
Ny Upper plenum de—entrainment 0.6
nDo Downcemer carry over 0.5
Note 1) Includes all volume in the primary loops
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6. Summary

The REFLA-1DS was developed for the system analysis of the reflcod
phase of PWR-LOCA. The code consists of a one-dimensional non-equilibrium
two-phase core model and a multi-loop system models. The system com-
ponents modeled are the upper plenum, the downcomer, the ECC injection
port and the broken cold leg nozzle.

The coupling between the one-dimensional core model and the multi-
loop éystem model is accomplished by the use of the equivalent flow
resistance in a single loop with saturated steam system. The calculated
core outlet variables are numerically smoothed to aoivd the unphysical
osciliation.

The code was applied to the Cylindrical Core Test Facility (CCTE}
tests. A fairly good agreement with the experiments was obtained for
the water accumulations in the downcomer, the core and the upper plenum,
and fbr the therme-hydraulic behavior in the core. Also obtained was
a qualitatively good agreement for the parameters of the system pressure,
ECC flow rate and the initial clad temperature.

Needs for Ffurther code improvements were pointed out based on the
pressure analytical investigation by comparing with CCTF data. The
shortcomings of the code are summarized below:

(A) In the core model

(1) Delayed generation of the steam and the water carry-over into
the upper plenum.

(2) Underpredicted quench front velocity for the upper part of the
core or the lack of the top-down quenching model.

(3) Overpredicted heat transfer coefficient near the turnaroﬁnd
resulting in the underpredicted turnarcund temperature.

(4) Strong dependence of the core inlet flow oscillation on the core
cooling

(B} In the system model and the coupling methed

(1) No heat release from the downcomer wall to the fluid resulting
in the underpredicted water temperature at the core inlet.

(2) Strong dependence of the change of the core outlet mass flow
rate on the dynamical system responses, which tends to cause an
unstable system calculatiocn.

For the application to an actual PWR, it is further necessary to

model the nuclear fuel such as the gap conductance between the cladding
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. {18)
and the fuel element, which can affect the quench frent movement.
Also required is the mechanical modeling of the system model independent
of the specific test facility, especially for the models of the de—

entrainment phenomena in the downcomer.
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[Nomenclature ]

Flow area (m?)

B>

Sepecific heat {J/kg)
Droplet diameter (m)
Diameter of holes in upper olenum tie plate (m)

Thickness of the hole in upper plenum tie plate (m)

PR R & N o

Emissivity (=)
Acceleration of gravity (m/s?)

TLatent heat of evaporation (J/kg)

[t
79

Water head {(m)

AT o m B d goa

: Flow resistance coefficient (K-factor) (-)
Length (m)
Accumulated mass (kg)
Mass accumulation rate (kg/s)
Number of intact loops
Pressure (Pa)

System pressure at containment (Pa)

H W oY oE B 2

Temperature (K)
Time (8)
Velocity (m/s)

Volume of upper plenum (m?)

o

Mass flow rate (kg/s)

Critical Weber number (-)

§><m$12<}c.'c—r
1)

ISPD ’PI)

Liquid level in downcomer (m)

Set of wariables (x,y,U

»

Liquid level in core {(m)
Void fraction (=)
AP : Differential pressure (Pa)
ATsub : Liquid subcooling (K)
At : Time step (s)
AU : Slip Velocity (m/s)
i :  Downcomer carry-over ceoefficient (-)
Upper plenum de-entrainment coefficient (-)
0 : Density (kg/m?)

o : Surface tension (kg/m)
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Subscripts

A : Downcomer annulas

B : Broken loop

BCN : Broken cold leg nozzle
C : Core '

c : Critical

D :  Downcomer

ECC : ECC port

ECCLP : ECC injected in lower plenum
FB . Fallback .
g : Gas phase

h ; Hole

Inlet {Upper suffix); Intact loop (Lower suffix)

i : i-th intact lecop

I : Primary locp

Ly : Lower plenum

g ¢ Ligquid phase

max : Maximum

n ¢ time at t =t

n+l : time at t = t + At

Outlet (Upper suffix)

Quench
S : System
sat { Saturation
U : Upper plenum
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