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A Through analysis of the Test L2-2 loss-of-coolant experiment (LOCE)
in the Loss-of-Fluid Test (LOFT) program was made by the THYDE-P code. LOFT
Test L2-2 was the first test in the Power Ascension Test Series (Test Series
L2) of nuclear full doubie-ended cold leg break tests. THYDE-P is a computer
code to analyze both blowdown and refill-reflood phases of loss-of-coolant
accidents (LOCAs) of pressurized water reactors (PWRs) and is now under
verification study and modifications. Therefore, the LOFT experimental data
play an important role at the present stage of the THYDE-P code. The present
analysis was performed by best estimate (BE) options as sample calculation
Run 30, which is a portion of a series of THYDE-P sample calculations. |In
this report, the calculated results are compared with the experimental data
and discussed. In the present calculation, the core nodes were completely
submerged with subcooled water at 55 sec. after the test initiation. It showed

a good agreement with the experimental result.

Keywords: LOFT, LOCA, PWR, THYDE-P Code, Verification Study, Sample Calculation,

Blowdown, Reflood
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1. Introduction

A through calculation of LOFT loss-of-coolant experiment (LOCE) L2-2(])
was made by the THYDE-P code(z)’ (3) not only to verify the system performance
of the THYDE-P code but also to obtain better understandings of the experiment.
The thermal-hydraulic calculation in THYDE-P at first is based on a homogeneous
equilibrium model. 1In the course of the work, however, a time delay model
for density change, which takes non-equilibrium effects into account, was used
to analyze the refill-reflood phase of the experiment. One of the major
purposes of the present analysis was to accunulate experiences on needs for
upgrading of the simple non-equilibrium model as well as for code modifications.
The present analysis was performed as sample calculation Run 30, which is a
portion of a series of THYDE-P sample calculations.

Test L2-2 was the first test in the Power Ascension Test Series (test
Series L2) of nuclear double-ended cold leg break tests and was conducted at
50% power (25 MW, 26.38 kW/m). In this test, emergency core cooling (ECC)
water was injected into the intact loop cold leg to provide data on the effects
of ECC on system thermal-hydraulic response. The core volume reflood time
was reported to be 55 sec. after the test initiation(h).

In the present analysis, the LOFT sysfem was nodalized into 43 nodes and
37 junctions. The active core was nodalized into 6 nodes. A hot channel
analysis was not performed but only an average channel analysis was done.

(6)

The two-phase pump model to treat the LOFT two-phase pump data

was set to be 0.8.

(17)

The discharge coefficient for the Moody correlation
was newly

implemented and was used.
Sensitivity studies for the heat transfer model in the core are now being
performed. Therfore, the heat transfer model in the present analysis should

be regarded as tentative. For expample, a pool boiling curve and transition

boiling were taken into consideration in the present analysis.

The calculation proceeded until the core nodes were completely submerged
with subcooled water, i.e. 55 sec. after the break, without any calculation
mode change during the entire process. At the early stage of the
blowdown phase, one or several peakes of the cladding surface temperature
were also calculated as were observed in the experiment. The departure from
nucleate boiling (DNB) was calculated under the pool flow condition. Prior

to quenching, the rapid decrease of the cladding surface temperature from the
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peak, however, was calculated due to transition boiling under the forced
convection condition and quenching was calculated at all core nodes.

After the accumulator (ACC) injection was calculated to start, i.e. about |
17 sec. after the rupture, the non-equilibrium model was introduced to avoid
unrealistically large pressure decreases due to rapid condensation processes.
The non-equiltibrium model made the present through analysis possible although

its physical basis should be scrutinized.
2. Description of LOFT L2-2

The LOFT program is conducted by EG & G ldaho, Inc., for the U.S$. Nuclear
Regulatory Commission and administered by the Department of Energy. Test
L2-2 was conducted on December 9, 1378 as the first test of the Power Ascension
Test Series (Test Series L2). This test was designed to provide data for a
200% double-ended offset shear in the pump discharge line In the cold leg of
a four~loop, large PWR. The detailed information on Test L2-2 is presented

in Ref. {1). 1t would be convenient to depict some parts of the reference in

this section.
2.1 Primary Objectives
The primary objectives of Test L2-2 were to:
(1) Provide a test in which the hottest fuel rods are predicted to
encounter departure from nucleate boiling and not immediately reenter

the nucleate boiling heat transfer regime to allow assessment of fuel

rod-to-coolant heat transfer in the postcritical heat flux regime

(2) Determine LOFT fuel rod temperature responce during a 26.25 kW/m

maximum linear heat generation rate double-ended cold leg break LOCE

(3) Determine blowdown thermal-hydraulic responce at a 67% nominal hot-

leg-to-cold-leg temperature difference of 23.8 k

(&) Determine if any cladding perforation occurs in a 26.25 kW/m maximum

linear heat generation rate, double-ended cold leg break LOCE by



JAERI-M 9535
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monitoring fission product concentraticn in the coclant

(5) Provide integral nuclear system code verification data on a low-to-

intermidiate power double-ended cold leg break
{6) Provide continued data to evaluate LOFT ECCS scaling techniques

(7) Determine LOFT reflood characteristics at 26.25 kW/m maximum linear

heat generation rate initial conditions.

2.2 LOFT System Description

The LOFT system configuration for Test L2-2 are shown in Fig. 1. The
LOFT reactor vessel has an annular downcomer, a lower plenum, lower core
support plates, a nuclear core and an upper plenum, The core contains 1300
nuclear fuel rods arranged in five square and four triangular (corner) fuel
modules, shown in Fig. 2. The fuel rods have an active length of 167.64 cm
and an outside diameter of 1.07 cm. The intact loop simulates the three
unbroken loops of a large PWR and contains a steam generator, two circulating
coolant pumps connected in parallel, a pressurizer, a venturi flowmeter, and
connecting piping. The broken loop consists of a hot Ieg'and a cold leg that
are connected to the reactor vessel and the blowdown-suppression tank header.
Each leg consists of a break plane orifice which determines the break size to
be simulated, a quick-opening blowdown valve (QOBV) which simulates a pipe
break, a recirculation tine, an isclation valve, and connecting piping. The
broken loop hot leg also centained a simulated steam generator and a simulated
pump. These simulators have hydraulic orifice plate assemblies which have
similar (passive) flow resistances as a real steam generator and a free-rotating
pump. The break flow area (break plane orifice area) in this configuration
is 0.0084 m2 in each line which is 100% of the possible break flow area of each
line. The LOFT ‘ECCS simulates the ECCS of a large PWR. The accumulator (ACC),
the high-pressure injection system (HPIS), and the low-pressure injection
system (LPIS} were used during this experiment. Each system was arranged to
inject scaled flow rates of ECC directly into the primary coolant system cold leg.

The initial conditions for Test L2-2 are listed in Table 1 along with

those used in the present analysis by the THYDE-P code.
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Table 1 initial Conditions for Test L2-2
| tems . Experiment Input Data
Primary Coolant System
Intact Loop
Pressure 15.64 MPa 15.6 MPa
Mass Flow Rate 194.2 kgm/sec 194 kgm/sec
Cold Leg Temperature 284.7 °c 283 ‘c
Hot Leg Temperature 307.4 °c 307 ‘¢
Broken Loop
Cold Leg Temperature
Near Vessel 282 ‘¢ 283 ‘c
Near Break 265.3 °c 283 °c
Hot Leg Temperature
Near Vessel 288.2 °c 307 ‘¢
Near Break 269.6 °c 307 °c
Power lLevel 24 .88 MW 2h.9 MW
Pressurizer '
Pressure 15.62 MPa 15.6 MPa
Steam Volume 0.353 m3 0.355 m3
Water Volume 0.607 m3 0.605 m3
Water Temperature 34  °c 343 °c
Water Level 1.089 m 1.00 m(®
Steam Generator Secondary Side
Pressure 6.35 MPa 6.35 MPa
Water Volume 3.74 m> 1.01 m
Water Level 3.14 m 0.6 m(b)
Mass Flow Rate 12.67 kgm/sec 12.67 kgm/sec
Accumulator
Pressure .11 MPa .11 MPa
Gas Volume 1.05 m3 1.05 m3
Water Temperature 27.8 °c 27.8 °c
(a), (b) : Initial water levels in THYDE-P are subcooled water level



JAERI-M 9535

3. Brief Description of THYDE-P

The models and the methods of the THYDE-P code are presented in detail
in Ref. (2), some of which have been revised. In this section, some of them

are briefly reviewed along with the newly implemented models.
3.1 Characteristic Features of THYDE-P

In the THYDE-P code, a PWR plant is regarded hydraulically as a network
of various coolant components which may be classified into nodes and junctions.
The one-dimensional mass, momentum and energy equations are suitablly integrated
in each node and juction. In integrating the resulting equations with respect
to time, a non-linear implicit method is used on the basis of the Newton methed.
The Jacobian matrix of the hasic equations can be reduced to a simple form
by the network theory, which is one of the characteristics of THYDE-P. To
solve the basic equations by the non-linear implicit method, various smoothing
functions with respect to time are introduced for mode changes such as phase
change and flow reversal.

New models for a steam generator and a pressurizer are implemented,
about which reference should be made to Réf. (2).

A calculation by THYDE-P is started by steady state adjustment, where
the basic equations are exactly solved without time derivatives. THYDE-P is
able to calculated through both blowdown and refill-reflood phases without
any change of models and physical conditions of the coolant. A model which
takes non-equilibrium effects into account is newly implemented and is presented

in Subsec. 4.4.
3.2 Nodes and Junctions in THYDE-P

Nodes are classified into normal nodes, linkage nodes and special nodes.
The linkage node is a node which branches off a loop and does not form a loop.
The coolant in the linkage node is assumed to be stagnant at the steady state.
The special nodes include a steam generator secondary system, a pressurizer
and an accumulator. The other nodes are called normal nodes which are compo-
nents of loops in the hydraulic network. In the normal and linkage nodes,

phyéica] parameters such as mass flux G, pressure p and enthalpy h are assigned



JAERI-M 9535

at both the inlet and the outlet of each node, which we call point A and E
respectively, as shown in Fig. 3(a). In the present ver5|on of THYDE-P, G
pA, E and pE are included in the implicit scheme but h and h are |ntegrated
explicitly.

There are two types of junctions. One is called a normal junction which
does not have volume and connects two adjacent nodes. The other type of junc-
tions is called a mixing junction which has volume and connects more than

three normal or linkage nodes. These two types of junctions are schematically

shown in Fig. 3{b) and (c).

NORMAL NODE =©

1
)

POINT A POINT E
A A A E € L E
®n Pa M 6 Pn Ma

(a) Normal node

NORMAL NODE P NORMAL NODE n' nt
| { 1 1 —- 0
NORMAL JUNCTION ] n
MIXING
JUNCTION ]
(b)  Normal junction {c) Mixing junction
Fig. 3 Nodes and Junctions in THYDE-P
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3.3 Heat Transfer Model

3.3.1 CHF Correlations

In the present analysis, the Biasi(]h) and modified Zuber(zo)’ (21)
correlations were used to predict CHF values for G > Gmin and G < Gmin,

respectively.

{1) Biasi Correlation(lh)
3 Y(p,)
Pepp = 1833 x 107 b ok Y /o x 107
out ¢
s 1/6 p. M g 1/6
b b b
for low quality (1)
- 318 x 10° H(p. )} (1 - )/ 4 x 107
q)CHF 6 Ph xout c
G 0. D m
b b
for high quality (2)
where
m= 0.4 for o, > 1 em
0.6 for D, < 1 ¢cm
Y(p,) = 0.7249 + 0.099 p, exp(-0.032 pb) (3)
and
H(pb) = -1.159 + 0.149 p_ exp(-0.019 Py’ (4)

The range of validity of the cprrelation is the following:

0.3 cm < Db < 3,75 ¢em

20 cm < Lb < 600 cm
2.7 ata < p,_ < 140 ata
2 b 2
10 g/cm sec < Gb < 600 g/cm sec

x, < 0.0
in

/(1 + pl/Fh) <X € 1.0
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(2) Modified Zuber Correlation(zo)’ (21)
The Zuber pool CHF correlation(zo) is
o g (p - p) 1/4
dopyp = (1 - @) 0131 % Peg { . } (5)
g

(21)

where the factor (1 - o ) was recommended by Griffith for low flow and

counter-current flow conditions.
3.3.2 Heat Transfer Correlations

The heat transfer correlations applied in the present anlysis were summ-
arized in Tables 2.1 and 2.2. Newly applied correlations in the present

analysis are briefly described in this section.

(1) Thom Correlation(zz) (mode 1)

. ATS* exp ( p*/1260 ) 2
o = { } | (6)
0.072

vertical up flow of water

Round tube : 0.5 inch diameter, 60 inch length

Annulas : 0.7 inch 1.D., 0.9 inch 0.D. and 12 inch length
Mass flux : 0.77 x 10° Tbn/fe2hr to 2.80 x 10° 1bm/fe2fr
Heat flux : to 0.5 X 106 Btu/ftzhr

(2) McDonough, Milich and King Correlation(ls) (mode 4-1)

d) = ¢CHF - ht(P ) ( TW - Tw’ CHF ) (7)
where h. is a function of ph as follows: -
t ) h, (p*)
P t
2000 1101.6
1200 1180.8
800 1501.2
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Table 2.1 Heat Transfer Correlations
Mode Conditions Correlations
Core  SG Coolant Condition Other conditions
. - (10)
1 1 Subcooled water T T Dittus-Boelter
wall sat
2 2 Subcooled water T T Interpolation between
wall sat
D-B and Thom
3 3 Saturated state o < ¢ Thom(zz)
CHF
4 / Saturated state % > ¢CHF (see Table 2.2)
5 5 Superheated steam Re < 3000 McEligot(]3)
6 6 Superheated steam 3000 < Re < 5000 McEligot(]3)
7 7 Superheated steam Re > 5000 McE]igot(IB)
(16)
/ 8 Saturated state Tcoolant > Twall Condensation
Table 2.2 Heat Transfer Correlations in Mode 4
Mode Conditions Correlations
. - . (18)
4-1 G > Gmin, ¢h—l > ¢h~2 McDonough, Milich and King
h-2 G > Gmin, ¢ < $ Groenevelt(lz)
’ 41 L4-2
4-3 G < Gmin, AT < AT, Pool transition boiling
S min (19)
correlation
h-4 G < Gmin, AT_ > AT . Berenson(23)
S min
4-5 G < Gmin, X 1ane < Xc Pool transition boiling

-1 -
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Vertical up flow

Diameter : 0.152 inch

Mass flux : 0.2 x 106 to 1.4 x 106 ibm/ftzhr
Wall temperature : Tw* 1030 °F

Pressure : 800, 1200 and 2000 psia

(3) Pool Transition Boiling Correlation(lg) {mode 4-3)

1.504
. AT In{aT_, /20)
¢ = 20,000 ( —— ) (8)
AT
5
where
art = (2000 443 (9)
n %
Flp )

and F(p') is shown in Table 3. However, if AT; < 20, then ¢h is set to
90,000 Btu/ft’hr.

(4) Berenson Correlation(zs) (mode 4-4)

3 -
h = 0.h25 f R L AL p1/4
tr U AT Ac/2m (10)
g S
where g ©
rSam= A _— 1} (1)
glp, - ﬁb) .

Carbon tetrachloride, n-pentane
Horizontal flat tube facing upwards

Pressure : atmospheric

(19)

The equation is approximated in the coding by

*

6" = F(p") aT. 3 (12)

where F(ph) is dependent on pressure as shown in Table 3.
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Table 3 Function F(px)
p. Flp )
15 128
100 236
500 . k12
1000 510
1500 615
2000 705
(5) Pool Transition Boiling {mode 4-5)

In the pbst CHF calculation, it is assumed that film boiling could not
exist when the coolant quality is small enough, i.e. less than X Then
pool transition boiling may be assumed in this region. For simplicity in the
present analysis, the heat flux value is set to be constant ¢C, which should
exist between the upper limit and the lower limit of the pool transition
boiling correlation (modek-3), which is shown in £q. (8). 1In the present

calculation, X and ¢C are assumed as follows:

xc = 0.05
) ) (13)
¢, = 50 kcal/m“sec (64,000 Btu/ft“hr)
3.4 Critical Flow Calculation

(5) (6)

A slightly modified(z) Zaloudek's equation and the Moody correlation
are implemented for a subcooled condition and a saturated condition,
respectively. To avoid the discontinuity of the break flow with mode change,
the calculated critical flows by these correlations are connected continuously.
Therefore, the discharge coefficients for these correlations are not independ-
ent and only one of the two is to be given as an input. In the present version

of the THYDE-P code, the critical flow calculation in a duct is not implemented.
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3.5 Two~Phase Pump Model

The two-phase pump model in THYDE-P was modified to treat the LOFT two-
(17)

phase pump data as follows:

_ LI¢ 19 2¢
hhead - hhead - mh(q) ( hhaed - hhaed ) (14)
b =p? - mb(a) ( pl® - p2® ) (15)
where

hhead : normaltized pump head

b : normalized pump hydraulic torque
my head multiplier as a function of void fraction
m torque multiplier as a function of void fraction

The single-phase head and torque homologous curves are shown in Fig. 4.
The head difference homologous curves {single-phase minus two-phase head) are
shown in Fig. 5. The head and torque multipliers as functions of void
fraction are shown in Fig. 6. These curves were given as inputs. The
single-phase homclogous torque data for the LOFT pumps are also used for the
torque difference curve with the normalized torque 'b'" for the two-phase

pump operation being calculated as
b=b?%{1- m (a)} - (16)
3.6 Loss Coefficient k

There are two kinds of loss coefficients in THYDE-P. The loss coeffi-
cients of one kind are so called ''residual k-factors', which are to be calcu-
lated for normal! nodes as a result of steady state adjustment. For a linkage
node, however, coolant is stagnant at the steady state so that the loss
coefficient is to be given as an input. The loss coefficients of the other
kind, which take into account irreversal pressure drops due to area change,
bending of ducts etc., are assigned at both points A and E of the normal

and linkage nodes. Since the loss coefficients of the latter kind is newly
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implemented, they are described in some detail in this subsection.
The pressure drops at junction j, which is located between point A of
node n and point E of node n', for forward and reverse flows may be expressed

as follows:

E E A |.A
G, |G, G IG
in 20 ; 2p
n' n
where
d = { f for forward flow
r for reverse flow
and
kﬁf : loss coefficient at point A of node n for forward flow
kir_ : loss coefficient at point A of node n for reverse flow
Ef .. . ,
kn' loss coefficient at point E of node n' for forward flow
kﬁr loss coefficient st point E of node n' for reverse flow

which are inputs.
In THYDE-P, there is another option. When at teast one of these four

loss coefficients concerning a normal junction J is given to be -1, kﬁf
and kEf are set equal to zero and kAF and kﬁr are calculated by the follow-
ing empirical correlations(g) for sudden area changes,

kﬁf or r . { 0.45 (1 - B ) for sudden contraction

(18)
(178 - 1 )%

for sudden expansion

where

3 = (smaller cross sectional area)/{larger cross sectional area).

The loss coefficients kﬁf, kﬁr, kﬁf and kir are given in the last four

items of eaéh node data in the data block number BB06 as shown in the input

data list in App. A.
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3.7 Needs for Further Code Modifications

In Ref. (3), needs for modifications for the present version of THYDE-P
are summarized. Some models have been modified or newly implemented till
now but there still exist lots of needs for further modifications and up-
gradings. Two major deficiencies which were thought to be important as a

result of the present analysis are reviewed.
(M A discharge tank model is not implemented.

(2) Heat transfer between coolant and structures is not able to be
taken into account.

In the present analysis, heat transfer between coolant and structures
was neglected. The treatment of the discharge tank in the present analysis
will be shown in Subsec. 4.2. As will be shown in Sec. 6, there exist several
descrepancies between the calculated results and the experimental data which

might be caused mainly by these deficiencies.
b, Models Specifically Used in Analysis of LOFT L2-2
4.1 Steady State Adjustment

The THYDE-P code is designed to analyze large scale commercial PWR LOCAs
so that special treatments were needed to simulate the LOFT facility. In the
LOFT program, two broken legs are separated and do not form a loop and the
coolants in these legs were stagnant prior to the break. In the case of a
postulated PWR LOCA, however, generally normal operational conditions are
assumed prior to the break. Therefore, such a stagnant coolant condition in
a primary loop need not be assumed for actual PWR plants.

In the present analysis of Test L2-2, the broken loop hot and cold legs
were supposed to be connected and forming a loop with a very small amount of
mass flow at the initial steady state. In order to obtain the desired initial
conditions as é result of steady state adjustment(z), a dummy pump with a
dummy heat sink was placed at the break junction 6, prior to the break and

it was made to vanish after the break. The pressure rise and the enthalpy

drop at the dummy pump were assumed to be as follows:
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The THYDE-P code is designed to analyze large scale commercial PWR LOCAs
so that special treatments were needed to simulate the LOFT facility. 1In the
LOFT program, two broken legs are separated and do not form a loop and the
coolants in these legs were stagnant prior to the break. |In the case of a
postulated PWR LOCA, however, generally normal operational conditions are
assumed prior to the break. Therefore, such a stagnant coolant condition in
a primary loop need not be assumed for actual PWR plants.

In the present analysis of Test L2-2, the broken loop hot and cold legs
were supposed to be connected and forming a loop with a very small amount of
mass flow at the initial steady state. In order to obtain the desired initial

(2)

dummy heat sink was placed at the break junction 6, prior to the break and

conditions as a result of steady state adjustment , @ dumhy pump with a

it was made to vanish after the break. The pressure rise and the enthalpy

drop at the dummy pump were assumed to be as follows:
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Ap = 0.05 MPa
AR = -31 kcal/kgm
where
A E
fp = pPg "~ Py
A E
Ah = h8 - h7

In the present versicn of the THYDE-P code, heat transfer between
coolant and structures is not taken into consideration, as was mentioned
in Subsec. 3.7, so that the coolant temperatures near the vessel and near
the break point were calculated to be nearly equal as a result of steady
atate adjustment without heat transfer betwéen coolant structures. On the
other hand, in the experiment a considerably Jarge difference between these
temperatures existed. This situation is clearly shown in Table 1. As will
be discussed in the following sections, the differences in the initial
temperature distributions in the broken legs may lead to considerably large
differences in the hydraulic behaviers between the analysis and the experi-

ment at the early stage of the blowdown.

4.2 Break Flow and Discharge Tank Simulation
Discharge coefficient was set to be 0.8 for the Moody correlation(6).

in the present analysis. The containment pressure was set to be:

p = 5 atm

and the time constant to specify the dicrease of the break pressure to the
containment pressure just after the break was set to be 0.1 sec. When a
reverse flow was calculated at the break point, the enthalpy of the coolant,
which flowed into the system, could not be determined realistically because
of a lack of the discharge tank model. In the present analysis, the coolant
enthalpy for the reverse flow was set to be the value which had been calculat-
ed at the preceeding time step. This approximation might be suitable for the
case when the period of the reverse flow was short but might not be suitable

when the reverse flow continued for a considerably long time. To avoid a
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large amount of mass flow into the system through the break point, the loss
coefficient for the reverse flow at the break node was assumed to be a large

value:
kg = 50.0 (19)

A reverse flow at a break point, in general, may be calculated in a
reflooding phase as a result of depressurization due to low enthalpy ECC
water. Therefore, a discharge tank model and the loss coefficient at the
break point for the reverse flow play an important rcle at the latest stage

of the reflooding phase.
4.3 Mass Conservation Equation

When this analysis was started out, the mass conservation equation for

normal node n took the following form:

L
_~A_E __"n new  old new _, oldyy _
fn] = Gn Gn " {a](pn P, )y + az(hn h )} =0
where (20)

a = (2P o= "oV and  a. = (25 p=p " (21)

3p n 2 3h n

new new
P =P, P=p,

But the applicability of this type of the mass conservation equation to the
low pressure and low quality region was found to be questionable. Because
the non-linearity of coolant density with respect to pressure and enthalpy
becomes considerably high, the first oder approximation to the density change
in Eq. (20) gives a large truncation error at low pressure and low quality.
Therefore, the mass conservation equation in the refill-reflood phase in the

present analysis was revised as follows:

L
_cA_LsE_ N new _old y _
f,=6" -6 (p, p, ) =0 (22)
At :
where , ‘
new _ new new old _ oid old
o,"" = o p ", b ") and g 7T = plp T, R T (23)
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L. 4 Non-Equilibrium Model

After ECC water was injected into the intact loop cold leg, thermal non-
equilibrium effects due to low enthalpy ECC water became considerably large.
Generally speaking, in the analyses by homogeneous equilibrium models, unreal-
istically large pressure decreases may be calculated due to very rapid conden-
sation processes calculated in the nodes where high enthalpy primary
coolant encounters with low enthalpy ECC water. Such a situation is prominent
especially at lop pressure. In the refill-reflood phase of Test L2-2, the
enthalpy of ECC water was as low as 30 kcal/kgm whereas it was more than 700
kcal/kgm for the core nodes, so that such a situation was thought to be beyond
the scope of the equilibrium models. 1{n the present analysis, a simple non-
equilibrium model was introduced, where the change of an average density had
a time delay from that determined by the equilibrium model according to the

following equations.

d -
dtp= pr (24)
o
po= oapg * (1 -0 ) e
(25)
po=anp, ¥ (1 -0 ) p
where
P equilibrium density
p non-equilibrium density o\
o equilibrium void fraction s
o non-equilibrium void fraction ;
=
>
and T was called a delay <
a <
parameter which specifies o
the time delay of the % o
m-
average density of a node. /Ao
1t should be noted that 0.0

Xa
when T asymptotically

EG
approached to be zero, the UILIBRIUM QUALITY X

model reduces to the equili-

. ¥ Fig. Dela arameter T In present
brium model, i.e. 0= p. 9. 7 Y P a p

In this model, what analysis.
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is the most dificult is to determine the delay parameter Ty which may depend
on flow regimes, node geometries, pressure etc. In the present analysis, to
evaluate the performance of this model, a simpie formulation was assumed, where
the parameter was assumed as a function of node volume and equilibrium quality
x, which is related to the equitibrium void fraction o such that

x=ap/{ap+(l-u)pf} .
When the quality is high in some node even at low pressure, rapid hydraulic
transients are not calculated, so that T, can be assumed zero for a high
quality region. The assumed function for To in the present analysis, which
is schematically shown in Fig. L, is as follows:

n 0 x > Xq

¢, /2 { cos (mx/x,) + 1} 0 < x £ x4 (26)
<, x <0

where the constant cnis so given as to be proportional to the volume of
each node with ¢ = 2 sec. for the core nodes. Since there is no physical
basis to determine Ty, until now, the value of the constant c was given,
for the sake of convenience, by the following manner in the present analysis.

Equation (24) was differenced for node n as follows:

*new - ~old new *old n
A ; + £ e, ) ot/ T, (27)

where it should be noted that when Tan = At, any time delay is not calculated,

. “new new . .
i.e. B = pn . On the other hand, the mass consevation equation for node

n, i.e. Eq. (22}, is expressed by using Eq. (27) as

E _ new _ *old n '
W NJ: = {n o )Ty (28)

which can be approximated as follows:

n

n n new *old n
wA-wﬁQ,Vn(pfs-p ) (o - o, )/ta (29)

where the dependences of QF " and p on p_ are neglected. Equation (29)

shows that IWA - w | is bounded by that in the extreme cases “when
a:ew = 1 and a 81d =0, or un W = 0 and o *old _ 1, namely,
’ E n n n :
Woo- -
. wﬁl < Vo opgg Pas ) /T, (30)
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These idealized extreme cases are schematically shown in Fig. 8(a).

Now we assume

.wnA - wnE < Meee (31)
which means that the mass flow rate into the node where a condensation process
is béing calculated, for example, does not exceed that supplied by the ECCS.
If Eq. (31) is not satisfied, unrea]istic situation may be calculated due to
a large amount of mass flowed into one node as is often experienced in the
analyses by equilibrium models.

By comparing Eq. (30) with Eq. (31}, Tan has to satisfy the following

equation.

n
Ty~ Vn( Pes ghs )/ Yeee (32)

in the extreme cases. Here we can approximately obtain at low pressure

no_ n 3
Peg pgS ~ 10 (kgm/m”)
Weep & 50 (kgm/sec) .
Then, Eq. (32) gives
Vs 20V (sec)
o n '

in the present analysis, since Vn‘s for core nodes are 0.063, we assume <,

for core nodes as follows:

T a © at low pressure

= 2 (sec).

Because . is assumed to be proportional to node voleme, it meams
c = 2 Vn"- (sec)

n

where
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v o= v /v (33)
n n' ‘core

In Fig. 8, the typical changes of the equilibrium and non-equilibrium

void fractjons are shown for the condensation and flashing cases.

aver == NON-EQUILIBRIUM VOID FRACTION
— EQUILIBRIUM VOID FRACTION

oﬁ'\
] 7/
= \ /
z \ /
2 \ f
W \ I
2 < N
g ° S~ -
TIME
CONDENSATION FLASHING
(a) Extreme cases
o= NON-EQUILIBRIUM VOID FRACTION
——eememem  CRUILIBRIUM VCID FRACTION
4
il
z N
= N\
= \
i \
o \
E AN
o ~,
i TIME
i CONDENSATICN FLASHING
(b) Typical cases
Fig. 8 Schematic explanation for non-equilibrium mode1
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5. Input Data and Results of Steady State Adjustment

The nodalization scheme in the present analysis is shown in Fig. 9(a),
where numbering is made separately for nodes and junctions. Nodes from | to
7 and nodes from 8 to 10 form the broken loop hot and cold legs, respectively.
Nodes from 11 to 21 are the components in the intact loop. The pressure
vessel is expressed by an assembly of nodes from 22 to 33. The downcomer was
simulated by a single node whose number was 22. The active core is nodalized
into 6 nodes, i.e. nodes from 25 to 30, in which nodes 25 and 30 simulated the
non-heated parts of the fuel rods. |In these core nodes, the fuel and cladding
are nodalized into 5 and 2 nodes radially, respectively, as shown in Fig. 9
(b). The upperhead was simulated by linkage node 33. Linkage nodes 34 and
35 are the reflood assist lines and 36 and 37 form the pressurizer surge line.
Also linkage nodes 38, 39 and 40 are the ECCS pipings. The pressurizer,
steam generator and accumulator are nodalized into special nodes by, 42 and
43, respectively.

The input data used in the present analysis are listed in App. A. The
major parts of them are summarized in this section with the results of steady
state adjustment. The geometrical data and loss coefficients for each node

are shown in Table 4 and 5, respectively.

(1) Break Data

The double-ended break was assumed to occur at junction 6 at 0.085 sec.

after the test initiation. The flow areas of nodes 7 and 8, which are the

same as the break flow areas after the break, were set to be 0.008% mz.

(2) Initial Mass Flux, Enthalpy and Pressure Distribution

The initial mass flux and enthalpy at point A of node 1 were

G 3.0644 (kgm/mzsec)

h 329.2 (kcal/kgm)

Some of the initial values as a result of steady state adjustment are shown

1

- - I

in Table' 1 with the experimental data and the initial pressure distribution

along the intact lopp is shown in Fig. 10,
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(3) Core Data

The axial profile of the linear heat generation rate is shown in Fig. 8

with some of the experimental data. Input data for the core nodes were:

Initial power level 24,5 (Mwt)

fnitial heat flux

Node No Heat flux (kcal/mzs)

24 non-heated

25 73.6

26 124.2

27 94 .7

28 31.4

29 non~heated

Numer of fuel rods 1300

Clad outer diameter 1.072 x 10-2 {m)

Clad thickness _ 6.172 x 10'h {m)

Fuel pelet diameter 8.934 x ]0"3 {m)

Rod pich 1.430 x 10”2 (m)
(4) Steam Generator Data

The primary and secondary systems of the steam generator were

simulated by nodes from 13 to 16 and node 42, respectively. WNodes 13
and 16 are the inlet and outlet plenums, respectively. Nodes 14 and 15

simulated the primary coolant in the U-tubes. The input data for these nodes

were:
Plenums
Volume 0.353 (m3)
Hydraulic diameter 0.908 (m)
Height 0.518 (m)
U-tubes
Number of U-tubes 1845
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Quter diameter 1.021 x 10~ {m)
Height 2.483 {m)
Pitch 1.905 x 1072 (m)
Secondary system
Pressure 62.7 (atm)
Feed water enthalpy ' 196 (kcal/kgm)
Feed water mass flow rate 12.7 {kam/sec)
Volume 6.66 (m3)
Height L.188 {m)
Hydraulic diameter 1.42 (m)
Water volume _ 1.01 (m3)
Steam volume 5.65 (m3)
Subcooled water level 0.6 (m)
VYoid fraction of saturated region 0.99

Initial heat flux

Node No. Heat flux (kcal/mzsec)
ih 29.3
15 9.78

The time for feed water shutdown was 0.002 sec. after the test initiat-

ion. In the present analysis, the effects by the electric heaters were
neglected.
(5) Pressurizer Data

The initial pressure of the pressurizer was obtained as a result of

steady state adjustment to be

ppzr = 15.6 (MPa)

Input data for the pressurizer were:

Total volume 0.96 (m
Water volume 0.605 {m
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Steam volume 0.355 (m3)
Subcooled water level 1.0 {(m)
Void fraction of saturated region 0.88

The loss coefficients for the surge line are schematically shown in Fig.12(a).
(6) Pump Data

The pump data were:

Rated speed 3530 {(rpm)

Rated flow 0.3155  (m>/sec)
Rated head 108.1 (m)

Rated torque 500.24  (J/rad)

Rated density 61%.73 (kgm/mS)
Moment of inertia 1.4382 (kgm mZ/radZ)
Steady speed 1270 (rpm)

In Test L2-2, the pump power was on and the pump speed was almost const-
ant throughout the experiment. Therefore, the constant pump speed option was

used as follows:

where

initial normalized pump speed.

(7)  ECCS Data

ECC water was assumed to be injected into mixing junction 26. The input

data for ECCS were:

Accumulator
Liquid volume 2.63 (m3)
Gas volume ].05 (m3)
Liquid enthalpy 27.8 (kcal/kgm)
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Pressure 40.56 (atm)

HPLS and LPIS
Liquid enthalpy 2h.0  (kcal/kgm)

HPl and LP1 were assumed to start at 12 and 29 sec. after the test initi-
ation, respectively, and the mass flow rates were given by inputs as time
tables consistent to the experimental data.

(8) Steam Generator and Pump Simulators

The simulated SG and pump in the broken loop hot leg were nodalized into

nodes from 3 to 7. The loss coefficients in these nodes are schematically

shown in Fig. 12(b).

<

e e

gap cladding

Fig. 9 Nodalization for LOFT LOCE L2-2

(b) Within fuel rod
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Table 4 Node Gecmetrical Data
Node Ho. Description Flow Area Node Length Node Height
A {n?) L (m) H (m)
] Broken loop hot leg 0.06344 1.332 0.0
2 Broken loop hot leg 0.06344 0.6965 0.0
3 Broken loop hot leg 0.00836 1.517 0.7174
b Broken loop hot leg 0.09539 3.228 2.705
5 Broken loop hot leg 0.08539 3.228 -2.705
6 Broken loop hot leg 0.01271 2.423 -2.039
7 Broken loop hot leg 0.008365 1.883 1.322
8 Broken loop cold leg 0.008365 0.4877 - 0.0
9 Broken loop cold leg 0.06354 0.6965 0.0
10 Broken loop cold leg 0.06354 0.9510 0.0
11 Intact loop hot leg 0.0634L 2.6160 0.0
12 Intact loop hot Teg 0.06299 2.643 0.2423
13 SG inlet plenum 0.6481 0.5175 0.5175
th SG U-tube 8.187 £-5 2.568 2.483
15 SG U-tube B.187 -5 2.568 -2.483
16 5G outlet plenum 0.65481 0.5175 -0.5175
17 Crossover leg 0.06793 2.429 -1.523
18 Pump 0.09446 1.867 1.281
19 Pump 0.07273 3.111 1.281
20 Intact leoop cold leg @.0597 1.399 0.0
21 Intact lcop cold leg 0.06343 0.5313 0.0
22 Downcomer 0.1604 4,256 -4, 256
23 Lower plenum 0.7917 0.7318 0.0
24 Mixing box 0.1532 0.4285 0.4285
25 Active core 1.143 E-L 0.09423 0.09423
26 Active core b.143 E-4 0.4191 g.4191
27 Active care 1.143 E-4 0.4191 0.4191
28 Active core 1.143 £-4 0.4191 2.4191
29 Active core 1.143 E-4 0.4191 0.4191
30 Active core 1.1563 E-4 0.01753 0.01753
31 Upper core structures 0.2387 1.668 ).668
32 Core bypass 4,766 E-3 4,146 4. 146
33 Upper head 0.2306 0.9144 0.9144
34 Reflood assist line 0.03871 k. oL8 0.8620
35 : Reflood assist line 0.03871 4.840 0.6075
36 Pressurizer surge line 1.452 E-3 4, 592 0.4255
37 Pressurizer surge line 1.452 E-3 4,767 0.7678
38 ECES piping 6.221 E-3 5.5 0.0
39 ECCS piping 6.221 E-3 5.5 0.0
40 ECCS piping 6.221 E-3 58.0 0.0
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Table 5 Loss Coefficients
Node No. k A WA Ef Er
] 0.019 0.400 0.800 0.800 0.800
2 0.016 0.0 0.0 0.0 0.0
3 0.020 0.319 0.75k4 1.52 1.09
4 0.011 0.0 0.0 189 189.
5 0.052 0.0 0.0 142 198.
6 0.020 0.0 0.0 20.0 20.0
7 0.021 0.0 0.0 -1.18 €5 0.0
8 0.011 0.0 0.0 0.754 0.391
3 0.035 0.0 0.0 2.0 0.0
10 0.029 0.0 2.0 3.58 3.00
11 0.020 0.400 0.800 0.0 0.0
12 0.020 0.0 0.0 0.815 0.406
13 0.020 0.0 0.0 0.0 0.0
14 0.554 0.345 0.588 0.0 0.0
15 0.020 0.0 0.0 0.588 0.345
16 5.019 0.0 0.0 0.0 0.0
17 0.020 0.403 0.801 9.0 0.0
18 0.109 0.0 9.0 9.0 0.0
19 0.015 0.0 0.0 0.0 0.0
20 0.013 0. 0.0 G.0 6.0
21 0.02} 0.0 0.0 3.58 3.00
22 0.020 0.620 0.620 3.50 3.50
23 0.038 0.0 0.0 0.0 0.0
2k 10.1 0.0 9.0 0.0 0.0
25 3.31 0.0138 9.34 -4 0.0 0.0
26 3.33 8.0 9.0 0.0 0.0
27 3.48 0.0 0.0 0.0 .0
28 3.15 0.0 0.0 0.0 0.0
29 3.33 0.0 0.9 0.0 0.0
30 3.33 0.0 0.0 0.143 0.170
31 20.9 0.0 0.0 0.0 0.0
32 40.6 0.0 0.0 6.0 0.0
33 0.10 0.0 0.0 0.0 0.0
34 0.10 0.400 0.800 0.0 0.0
35 0.10 0.500 0.800 0.0 0.0
36 4.0 0.400 0.800 3.00 9.00
37 4.0 0.0 0.0 0.0 0.0
38 10.0 0. 400 0.800 0.0 0.0
39 10.0 0.400 0.800 0.0 0.9
40 10.0 0.400 0.800 0.0 0.0
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6. Calculated Results and Discussion

In a postulated LOCA, it has been conventional to divide the whole
process into three phases, i.e. blowdown, refill and reftood phases. In Test
L2-2, however, it seems difficult to distinguish these phases. As for the
end of blowdown, it may be said to occur at 36 sec. after the break
in the present analysis, since it is often defines as the time when the
system pressure has almost decreased to the containment pressure. Therefore,
we call the period before 36 sec. the blowdown phase and the period after
that refill-reflood phase for convenience' sake. As will be shown in this
section, in the refill-reflood phase, the effects of ECC water on thermal-
hydraulics became apparent and rapid condensation processes were calculated.

The chronology of events is shown in Table 6. Detailed discussions

about the events will be made in the following subsections.
6.1 Cladding Surface Temperature and Thermal-Hydraulic Behavier in Core

The calculated cladding surface temperatures at nodes 27 and 28 are
shown in Figs. 13(a) and (b), respectively, along with the experimental data.
In those figures, the heights of the measufement points from the bottom of
the core are nearly equal to those of the calculated results, but their
horizontal locations in the core are arbitrarily chosen.

The calculated heat transfer coefficients at nodes 27 and 28 are shown
in Figs. 14(a) and (b), respectively, with the heat transfer modes. The
mass Flux and coolant quality calculated at node 28 are shown in Figs. 15
and 16, respectively. The experimental core flow data are not available
due to the failure of the instrumentation. When Fig. 13(b) is compared with
Figs. 15 and 16, we can understand that the calculation‘clarified the fact
that the cladding surface temperature was closely coupled with the thermal-
hydraulic behavier of coolant.

As shown in Figs. 13{a) and (b), the trends of the calculated cladding
surface temperatures at nodes 27 and 28 were very similar to those observed
in the experiment in the sense that a peak was calculated at the very early
stage of the blowdown and the final quenching was calculated at about 50 sec.
after the rupture. The time when the quenching was calculated in the blow-

down, however, was earlier than that observwd. And the calculated results
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Table 6 Chronology of Events

Events Time after Test Initiation (sec)

Experiment THYDE-P

Subcooled blowdown ended (a) 0.07 0.05
Reactor SCRAM 0.085 0.085"
Earliest departure of cladding
temperature from liquid saturat- 1.0 1.0
ion temperature
Subcooled blowdown ended ({b) 3.8 2.6
Maximum cladding temperature
attained 5.8 3.2
Earliest return of cladding
temperature to fluid saturation 8.0 3.k
temperature
HP1S injection initiated 12 12"
ACC injection initiated 18 17
LPIS injection initiated 29 29"
Lower plenum filled with liquid 35 3
Saturated blowdown ended L 36
ACC liquid flow ended Lg not ended
Core volume reflood 55 55

(a) End of subcooled blowdown is defined as the occurrence of the first
phase transition in the system other than at the pipe break location.

(b) End of subcooled blowdown is defined as the completion of subcooled
fluid discharge from the break (hot and cold legs) in the broken loop.

indicates that the value was set by an input.
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showed about 10 sec. delay for the final quenching as compared with the
experimental data.

First of all, the calculated results of thermal-hydraulic behavier in
the core region is discussed for the blowdown and refill-reflood phases,

separately in the following.
{1 Blowdown Phase

The calculated cladding surface temperatures, heat transfer coefficients,
mass fluxes and coolant qualities at the heated core nodes at the early stage
of the blowdown are shown in in Figs. 17, 18, 19 and 20, respectively. As
shown in Fig. 19, the absolute values of the mass fluxes decreased from 0.5
cec. and the flows became stagnant at about 2 sec. Accompanied by the
decreases of the flows, the coolant qualities increased as shown in Fig. 20.
At node 27, the first DNB was calculated at about 1 sec., when the CHF value
was predicted by the modified Zuber pool CHF correlation(zo)’ (2}). Just
after the DNB was calculated, heat transfer modes changed from mode 4-3
(pool transition boiling) to mode 4-4 {pool film boiling) as shown in Fig. 18.
After about 2 sec., the mass flux started to increase and the coolant quality
decreased since relatively low enthalpy coolant flowed inte the core through
the downcomer and lower plenum. At about 3.4 sec., the mass flux exceeded
Gmin (= 300kgm/mzsec) and the heat transfer mode changed from mode 4-4 to
mode 4-1 (forced-convection transition boiling). Once mode 4-1 was assumed,

*the cladding surface temperature rapidly decreased to almost the coolant
saturation temperature and finally the heat transfer mode changed to mode 3
(nucleate boiling), when the CHF value was calculated by the Biasi corre-
lation.

Cladding surface temperature behavier such as the occurrence of the
peakes is closely related to hydraulics. |In this sense, the reason why the
quenching was calculated to occur earlier than the experiment might be
attributed to hydraulics. For example, the calculated mass fluxes at the
core nodes might be overestimated from b to 6 sec.

As shown in Fig. 15, the calculated mass flux at core node 28 became
less than Gmin at about 10 sec. and coclant became almost stagnant at about
16 sec. In accordance with the decrease of the flow, the calculated coolant

quality again increased and the second DNB was calculated at 16 sec. under

the pool flow condition.
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(2) Refill-Reflood Phase

The calculated cladding temperatures at nodes 27 and 28, which are shown
in Figs. 13{a) and (b), respectively, started to increase again at about
30 sec. That was because that coolant became superheated and the calculated
heat transfer coefficients suddenly decreased as shown in Figs. 14{a) and (b).
After about 40 sec., ECC water began to flow into the core nodes and coolant
returned to be saturated. At about 50 sec., the coolant quality became below
5% and therefore the heat transfer mode changed to mode 4-5 (pool transition
boiling). Then the cladding surface temperature suddenly decreased and
finally the mode returned to mode 3 {nucleate boiling). The result showed
about 10 sec. delay for the final quenching as compared with the experiment-
al data. The delay parameters assigned to the nodes along the path of ECC
water have large effects on the time during which condensation processes
proceeded, so that the final quenching time is hoped to be improved by
introducing a realistic model to estimate the delay parameters. |t should
be noted about the observed cladding surface temperature that the thermo-
couples are attached on the outside surface of the cladding so that they

(15)

tend to indicate much faster quenching time, i.e. more than 10 sec .

6.2 ECC Water penetration through Core

The calculated mass fluxes and coolant enthalpies at the inlet and outlet
points of nodes 27 and 28 in the refill-reflood phase are shown in Figs. 21
and 22, respectively. It is clearly shown in these figures that the rapid
condensation processes were successively calculated at nodes 27 and 28. The
rapid condensation process first started at node 27 at about 50 sec. and
mass flow into the node suddenly increased until G27A - G27E|Q:180 kgm/mzsec.
if the non-equilibrium model were not to be used it might become much more
larger and the calculation might surely fail. After the maximum value was
reached, it was gradually decreased to zero. In this period, the equilibrium
void fraction Cys was already zero, but the non-equilibrium void fraction

a327 was still not zero and was decreasing obeying Eq. (24). Next the rapid
condensation started at node 28 at about 53 sec.
The maximum value of IGA - GE| and the time during which the condens-

ation proceeds are strongly dependent on the delay parameter. For example,
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if the delay parameters were assumed to be infinitely large, ECC water might
go through the downcomer, lower plenum and core rapidly. 1t is because no
mass accumulation is calculated, i.e. dE?dt = 0, Therefore, it is an impor-
tant problem to develop a model to evaluate the delay parameters. The
experimental results such as those in the LOFT program are hoped to give some
important imformation to improve or upgrade the THYDE-P code concerning the

non-equilibrium model.

6.3 Broken Loop Hot leg

The calculated mass flow rate and coolant density at the broken loop hot
leg are shown in Figs. 23 and 24, respectively. The calculated mass flow
rate, which is identical with the break flow, was overestimated from 4 to 12
sec. in comparison with the experimental data. In this period, the flow was
calculated by the Moody correlation 6) with the discharge coefficient ¢, = 0.8.
it could be said that the overestimation of the flow might be brought about
by relatively low enthalpy coolant from the core region. In fact the
calculated coolant density in this period was larger than the experimental
density as shown in Fig. 24. In the calculation, the core flow from 4 to 8
sec. was very large and the cootlant quality became low as mentioned in Subsec.
6.1.

After about 40 sec. in the experiment, ECC water was considered to be
entrained in the steam flow and to increase the mass flow and ccolant density
at the broken loop hot leg as shown in the figures. On the other hand in the

analysis, such phenomena were not calculated.

6.4 Broken Loop Cold Leg

The calculated mass flow rate and coolant density at the broken locp cold
leg are compared with the experimental data in Figs. 25 and 26, respectively.
A critical flow was calculated at the break point until 3.9 sec. by the
modified Zaloudek correlation(S) and from 3.9 to 18 sec. by the Moody correlat-
ion(s). After 18 sec., an inertial flow calculation 2) was made.

There are two prominent differences between the calculated and experimental

resuits as follows:
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(1) The calculated mass flow rate was underestimated at the early stage

of the blowdown,

(2) After about 30 sec., in the analysis, the coolant in the leg became

subcooled, but in the experiment it still remained saturated.

One of the reason for (1) is thought to come from the discharge coeffi-
cients. The method to connect the critical flows calculated by these two

correlations at the transition quality 0.02(2) should be modified since the

(5)

discharge coefficient for the modified Zaloudek correlaticn seems larger

than the present values when the calculated results are compared with the
experimental data. This underestimation of the mass flow rate in the broken
loop cold leg and the overestimation of the mass flow rate in the intact loop
cold leg, which will be discussed later, may have brought about the over-
estimated core flow in the blowdown phase.

As to the difference mentioned in {2), the nodalization of the downcomer
region might be relevant. [n the present nodalization, where the downcomer
was simulated by a single node, bypassing water to the broken loop cold leg
had to become subcooled soon after ECC water reached the downcomer top. The
fact implies that two-dimensional effects in the downcomer flow have to be
taken into consideration in some way. |f the downcomer is nodalized into
more than two nodes azimuthally, a reverse flow from the core, which has high
enthalpy and warmes bypassing water, is able to be simulated even in the
downcomer penefration period whereas the bypassing flow might become saturated.
Such a situation was calculated in an analysis made not for Test LZ-2 but
for a large scale PWR LOCA with split downcomer nodalization as shown in Fig.
27.

Concerning the difference (2), heat transfer between coolant and structures
might also be relevant. After 30 sec. in both the experiment and analysis,
the coolant in the broken loop cold leg tended to be almost stagnant. There-
fore the heat addition to the coolant from ducts might not be negligibly
small. Another reason for (2) also existed in the present break flow
calculation when a reverse flow was calculated. After 40 sec., reverse flow
was calculated for a considerably long time, during which subcooled water flowed
into the system according to the present break flow model. In the experiment,

however, steam or air-steam mixture might flow into the duct from the
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supression tank header when reverse flow occured. In the present analysis,
the effects of subcooled water flowed into the system was made small in
comparison with those of ECC water by a large loss coefficient at the break
node for a reverse flow. 1t is desired, therefore, to implement a discharge

tank model.
6.5 Intact lLoop Hot Leg and Pressurizer

The calculated mass flow rate and coolant density at intact loop hot
leg (node 11) are shown in Figs. 28 and 29, respectively, along with the
experimental data. The calculated mass flow rate did not agree well with
the experimental data at the blowdown phase. The reason is not clear because
of lack of the experimental data. In spite of the fact that the hydraulic
behavier in the intact loop hot leg is highly dependent on the pressurizer,
no qualified engineering units data (QEUD) is available for the pressurizer
and its surge line. The coverestimation of the mass flow rate in the intact
loop hot leg until 4 sec. seems to be due to large outsurge flow from the
nressurizer. Therefore, one of the reasons for the overestimation may exist
in the loss coefficients in the surge line, whose values are shown in Fig. 12.
The calculated results of ressure and water level at the pressurizer are
shown in Fig. 30. It should be noted that the definition of the water level(z)

in THYDE-P is different from so colled "mixture or collapsed level'.
6.6 intact Loop Cold Leg and Primary Coolant Pumps

The calculated mass flow rate and coclant density in the intact loop
cold leg at node 20, which is located between the ECC injection point and
primary coolant pumps, are shown in Figs. 31 and 32, respectively, along with
the experimental data. Both the mass flow rate and coolant density are over-
estimated at the blowdown phase. The reasons are not understood but the pump
performance might be relevant. As shown in Fig. 31, the calculated flow was
almost stagnant in the refill-reflood phase, while in the experiment, many
sharp peakes for flow and density were observed as shown in Figs. 31 and 32.
it implies existence of drops or slugs of subcooled water in this region in

the experiment.
In the refiil-reflood phase, the coolant behavier in the intact loop
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cold leg played an important role. The calculated mass fluxes and coolant
enthalpies at the inlet and outlet points of node 20 in the refill-reflood
phase are shown in Figs. 33 and 34, respectively. There are two prominent
negative and positive peakes in the calculated mass flux at the outlet point
of node 20 as shown in Fig. 33. These two peakes were calculated according

to the following sequence.

(1) At about 33 sec. at the outlet point of node 20, flow reversal was
was calculated to occur and subcooled ECC water started to flow into

the node, which was filled with superheated steam at the time.

(2) Once the flow reversal was calculated, a large amount of ECC water
flowed into the node until the node was completely filled with
subcooled water. In conjunction with this condensation process, an un-
realistically large pressure drop might surely be calculated without

the non-equilibrium model.

(3) At about 4] sec. also in node 20, boiling was calculated to start due
to high enthalpy steam from the steam generator through the pump nodes
until about b4 sec., when the cooclant at the outlet point of node 20

became again superheated.

During the period when ECC water flowed into node 20, the mass flow to
the core nodes considerably decreased. The phenomena had an effect to delay
the core reflooding time. One the other hand, the boiling calculated at node
20 supplied much water into the core region so that it had the opposite
effect. These processes descrived in (1), (2) and (3) are clearly shown in
the density change in Fig. 32, which shows coolant from about 33 to 4l
sec. were subcooled. In the experiment, however, such distinct over-all
condensation and boiling were not observed but existence of drops or slugs
were implied. These facts imply that non-homogeneous and non-equilibrium
effects might play an important role in this period in the experiment.

The calculated normalized pump speed is shown in Fig. 35 along with the
experimental data. In the present analysis, the pump speed is assumed to be
constant throughout the analysis. The calculated pump head is shown in Fig.

36. The calculated normalized pump volumetric flow rate and coolant quality
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at pump node 18 are shown in Fig. 37. Since the pump speed was assumed to
be constant, the pump head was calculated as a function of the pump flow
and void fraction only according to the homologous head curves. From about
40 to 44 sec., the coolant at the pump node became superheated, so that the
two-phase head multiplier m,_ was calculated to be zero as shown in Fig. 6.

In this period, the normalized pump flow is, as shown in Fig. 37, as follows:
w o 20

Then
a/w 2= 0.36/2.0
= 0.18

The homologous head curve indicated by HWN in Fig. 4 shows that

2
hhead/w a -0.6

which gives

hhead a =2.4 (-260 m)

This is the reason why the calculated pump head was negative and very large

in this period.
6.7 ECC Water Penetration through Downcomer

The calculated mass fluxes and coolant enthalpies at the inlet and
outlet points of downcomer node 22 are shown in Fig. 38 and 39, respectively.
The calculated mass fluxes indicate that the first flashing started at about
4.5 sec. at the early stage of the blowdown and the increase of the void
fraction continued until about 20 sec. Then effects of ECC water appeared
in the following way. Low enthalpy ECC water prematurely penetrated into the
downcomer node but was again pushed out due to a boiling process caused by a
high enthalpy flow from the core nodes. As shown in Fig. 39, such processes
repeated from 20 to 36 sec. Finally, at about 36 sec., a constantly forward
flow was established at the inlet and the final condensation process was

calculated to start. Therefore, we can define that the initiation of refill
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was about 36 sec., in the present analysis.

6.8 Steam Generator

The calculated coolant temperatures at the inplet plenum and outlet
plenum of the steam generator are shown in Fig. 4o, The qualified engneering
units data for these properties are not available. The calculated results

concerning the steam generator primary system were as follows:
(1) Flashing started at the inlet plenum just after the break,

(2} In the outlet plenum, the flashing started at about 3.7 sec., after

which the coolant temperatues at both inlet and outlet plenums became

nearly equal,

(3) At about 30 sec., the outlet plenum became filled with superheated
steam due to the heat addition from the secondary system, so that the

coolant temperature departed from the coolant saturation temperature.

The calculated pressure at the SG secbndary and primary systems are shown
in Fig. 41. The secondary system behaved like a heat reservoir since feed
and outsurge flow were shut off just after the break. In the présent analysis,
the calculated pressure at the secondary system first increased due to the
heat addition from the primary system, and then gradually decreased from about
4 sec. due to the heat removal to the primary system. After the SG secondary
system changed from heat sink to heat source, the DNB was calculated at the
primary side wall. Therefore, the pressure difference between the secondary

and primary systems was calculated to be large in the refill-reflood phase as

shown in Fig. &4l.
6.9 Accumulator

The calculated mass flow rate and pressure at the accumulator are shown
in Figs. 42 and 43, respectively, along with the experimental data. Negative
values of the mass flow rate data indicate injection., The experimental mass

flow rate were calculated from the experimental volumetric flow rate data
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assuming the coolant density constant.

The time when the injection was calculated to start was a little earlier
than the experimental data. The fact implies that the pressure at the injection
point, i.e. mixing junction 26, was well simulated but a little underestimated
in comparison with the experiment. The calculated enthalpies at the accumulator,
the inlet and outlet points of node 40 are shown in Fig &4%. It took about 10

sec. for the enthalpy of node 40 (ACC side) to become equal to the accumulator

enthalpy (40 kcal/kgm).
6.10 Temporal Behavier of Pressure

Generally speaking, the calculated pressures at nodes in the hydraulic
network were in good agreement with the experimental data. The calculated
" pressure at just above the active core, i.e. node 31, is shown in Fig. 45

along with the experimental data. A good agreement was ohtained.
6.11 Time Step Width and CPU Time

The CPU time required for the present calculation by a FACOM M200

computer was about 2 hours. The maximum time step width allowed in the present

calculation was given as inputs as follows:

At =¢ 0.001 sec. for 0.0 <t < 0.3 sec,
0.004 sec, for 0.3 < ¢t

The whole calculation proceeded by the maximum time step width except when

rapid transients were calculated,
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7. Conclusion

Major problems pointed out in the preceeding sections are summarized

as follows:

(1) The calculated break flows were not in good agreement with the

experimental data especially at the early stage of the blowdown,

(2) The calculated core flow was overestimated due to the underestimated

break flow at the broken loop cold leg in the blowdown phase,

(3} The calculated results in the refill-reflood phase might be strongly

dependent on the nodalization along the path of ECC water,

(&) Coolant bypassing to the broken loop cold leg was subcooled in the

analysis, but was saturated in the experiment,

(5) Most of fuel rods have quenched at about 40 sec. in the experiment,

but about 50 sec. in the analysis,

{(6) The present non-equilibrium model was very simple. Since the delay
parameter had strong effects on the core reflood time, the physical

models to estimate the delay parameter are yet to be developed.

In spite of these facts, the major purposes of the present analysis were
thought to be successfully obtained. Much efforts, however, are needed to be

made in conjunction with the non-equilibrium model.

Acknowledgment

The authers would like to express their sincere thanks to Mr. K. Sato,
Chief of Reactor Safety Code Development Labolatory, for his valuable sugges-

tions to this work. The authers are also grateful to the members of the

labolatory for their useful discussions.
The authers' thanks are due to the members of Systems Section, Nuclear

Energy Systems Development Department, FUJITSU LIMITED, who gave us a number

of proper suggestions in performing the computer calculation.



JAERI-M 9535

7. Conclusion

Major problems pointed out in the preceeding sections are summarized

as follows:

(1) The calculated break flows were not in good agreement with the

experimental data especially at the early stage of the blowdown,

(2) The calculated core flow was overestimated due to the underestimated

break flow at the broken loop cold leg in the blowdown phase,

(3) The calculated results in the refill-reflood phase might be strongly

dependent on the nodalization along the path of ECC water,

{4) Coolant bypassing to the broken loop cold leg was subcooled in the

analysis, but was saturated in the experiment,

(5) Most of fuel rods have quenched at about 40 sec. in the experiment,

but about 50 sec. in the analysis,

(6) The present non-equilibrium model was very simple. Since the dela
Y
parameter had strong effects on the core reflood time, the physical

models to estimate the delay parameter are yet to be developed.

In spite of these facts, the major purposes of the present analysis were
thought to be successfully obtained. Much efforts, however, are needed to be

made in conjunction with the non-equilibrium model.

Acknowledgment

The authers would like to express their sincere thanks to Mr. K. Sato,

Chief of Reactor Safety Code Development Labolatory, for his valuable sugges-

tions to this work. The authers are also grateful to the members of the

labolatory for their useful discussions.
The authers' thanks are due to the members of Systems Section, Nuclear

Energy Systems Development Pepartment, FUJITSU LIMITED, who gave us a number

of proper suggestions in performing the computer calculation.



JAERI-M 9535

References

(1} McCormic-Barger, M., "Experimental Data Report for LOFT Power Ascension

Test L2-2"', NUREG/CR-0492 TREE-1322R, February 1379.

(2) Asahi, Y., '"Description of THYDE-P Code (Preliminary Report of Methods
and Models )'', JAER1-M7751, 1978.

(3)  Asahi, Y. and Hirano, M., "Verification Study of LOCA Analysis Code
THYDE-P (Sample Calculation Run 10)", JAERI-M8560, 1979.

(4)  Tolman, E. L., '"Cladding Rewets Observed in The LOFT Large Break Loss-
of-Coolant Accident Tests', Presented at The Seventh Water Reactor

Safety Information Meeting, November, 5-9, Gaithersburg, Maryland.

(5) Zaloudek, F. R., ""Steam-Water Critical Flow from High Pressure Systems'',

HW-68936, Hanford Works, 1963.

(6) Moody, F. J., 'Maximum Flow Rate of Single Component, Two-Phase Mixture'',

Heat Trans.-Trans. ASME, 87 nl, pp 134-142, 1965.

(7) Slifer, B. C. and Hench, J. E., "Loss-of-Coolant Accident and Emergency
Core Cooling Models for General Electric Boiling Water Reactors'',

NEDO-10329, General Electric Company, April 1971.

(8) MJREM : Water Reactor Evaluation Model {revision 1)'', NUREG-75/056,
USNRC, May 1975.

(9)  Kramers, H., Physische Transportverschijnselen, Technische Hogeschool,

Delft, Holland, pp 53-54, 1958.

(10) Dittus, F. W. and Boelter, L. M. K., "Heat Transfer in Automobile
Radiators of The Tubular Tube', 2, No. 13, pp 443-461, 1930.

(11) Jens, W. H. and lLottes, P. A., "Analysis of Heat Transfer, Burnodt,
Pressure Drop and Density Data for High-Pressure Water'', ANL-4627, 1951.

(12) Groenevelt, D. C., "An investigation of Heat Transfer in The Liquid

Deficient Regime', Report AECL-3281, Chalk Rever, Ontario, December 1968.

(13) McEligot, D. M., Ormand, L. W. and Perkins, H. C., J. Trans. Amer. Soc.
Mech. Engrs., 88, Series C, pp 239-245, May 1966,

(14) Biasi, L., et. al, "Studies on Burnout : Part 3", Energia Nucleare,

550-536, 1967.



JAERI-M 9535

(15) '"PBF-LOCA Test Series, Test LOC-1lc, Quick Look Report', TFPB-TR-261, 1980, or
S. C. Wilkins, "Enbedded Ciadding Surface Thermocoples on Zircaloy-Sheathed

Heater Rods'', TREE-NUREG-1072, 1977

(16) licAdams, W. H., "Heat Transmission", 3rd Ed., pp- 337, McGrow-Hill, 1954

(17) Reeder, D. L., "LOFT SYSTEM AND TEST DESCRIPTION (5.5FT COREI LOCES)*,
NUREG/CR-0247, July 1978.

(18) McDonough, J. B., Milich, W. and King, E. €., "Partial Film Boiling with

(19)

(20)

(21)

Water at 2000 psig in a Round Vertical Tube'', MSA Research Corp.,
Technical Report 62(NP-6976), 1958.

Moore, K. U. and Retting, W. H., "RELAP-4 Computer Program for Transient
Thermal-Hydraulic Analysis', ANCR-1127, December 1973.

Zuber, N., Tribus, M. and Westwater, J. W., "The Hydrodynamic Crisis in
Pool Boiling of Saturated and Subcooled Liquids'', International Develop-

ments in Heat Transfer, Part 11, pp 230-236, 1961.

Griffith, P., Auedisian, C. T. and Walkush, J. F., "Countercurrent Flow

Critical Heat Flux', presented at National Heat Transfer Conference,

San Francisco, August 1975.

(22) Thom, J. R. S., et al, "Boiling in Subcooled Water During Flow Up Heated
Tubes or Annuli', Proc. Instn. Mech. Engrs., Vol. 180, Part 3C, pp 226-
246, 1966

(23) Berenson, P. J., "Film-Boilng Heat Transfer from a Horizontal Surface'',

J. of Heat Transfer, Vol. 83, pp 351-358, August 1961.

._.66-



JAERI-M 9535

"

Appendix A Input Data List
—~ LOFT L2-2 ANALISYS BY THYDE-P (ODE -- L22P04 80.07.24 00000100
/ ‘ 00000200
/  xxxx DIMENSION DATA xxxx 00000300
8801 00000400
0O 0o 9 3 17 43 37 9 2 2 1 1 2 &6 5 3 00000500
00000600
7/ xxxx MINOR EDIT DATA zxxx 00000700
BBOZ2 00000800
PRE-30 PRA-08 PRA-07 GLA-21 GLE-07 GLA-08 GLE-35 GLA-23 GLA-23 00000900
/ 00001000
¢ xxxx TIME STEP CONTROL OATA =xxx 00001100
BBO3 00001200
$B0301 00001300
0.2 0.2 100. 00001400
SB0O304 00001500
30 3 50 0 1.0E-3 1.0E-6 0.3 0.1 000014600
SBO305 00001700
30 3 50 Q0 4.0E-3 1.0E-6 90.0 0.1 00001800
SBO308 00001900
40 1 1 0 4.0E-3 1.0E-6 2000.0 0.1 00002000
/ 00002100
/ xxxx TRIP CONTROLL DATA =xx= 00002200
BBOL 00002300
SB0O4BO 00002400
1 0 1 0 100C.0 0.0 00002500
SBo481 00002600
S 42 1 Q ¢.002 0.0 Q0002700
SBO4B2 00002800
218 1 0 1000.0 0.0 00002900
SBO4LES 00003000
2 1% 1 © 1000.0 0.0 00003100
SBO484 00003200
3 0 1 0@ 0.085 0.0 00003300
SBO48S 00003400
4 1 1 © 12.0 0.0 00003500
SBO4BS 00003500
4 2 1 0 29.0 0.0 00003700
SBO4SY 00003800
-4 1 1 0 1000.0 0.0 00003900
SB0O488 00004000
-4 2 1 0 1000.0 0.0 00004100
SBO489 00004200
6 1 -3 1 240.0 0.005 00004300
SBO49C 00004400
& 2 -3 1 250.0 0.0 00004500
SB0491 00004600
6 3 -3 1 380.0 0.0 00004700
SBO492 00004800
-6 1 3 1 350.0 0.0 00004900
SBO4F3 QQo0s5000



ORI DI S R
-5 2 3 1 305.0 0.0
SBO4LY4
-6 3 3 1 380.0 0.0
SBO4LYS
& 2 =2 1 160.0 0.0
SBOL96
-8 2 2 1 190.0 0.0

/
/  %xx% FLOW AJUST DATA x*xx*x=xx
BBOS
1 3.0644

/
/ xxxx NODE DATA =xxx
8B0O6
SBO601

1 1 22 29

329.2

0 154.526047915

SB060O2Z2
2 129 1 0 154.380793779

SBO&0O3
3 1 1 2 0 154.380788629

SBO604
4 1 2 3 0 154.331420869

5B0605
S 1 3 &4 O 154.145289496

SBO&0S
& 1 & 5 0 154.331409722

SBO&O7
7 1 S 6 0 154.471707114

SB0O&038
8 1 6 7 0 154.825070056

SBO&0O?
¢ 1 7 30 0 154.825070402

3B0s610
10 %t 30 27 0 154.825070395

SBO&11

11 1 22 23 0 154.14454
SBOé12

12 1 23 8 0 154.28B418

SBO613
13 1 8 9 © 154.27422

SBO&14
14 7 9 10 1 154.22380

580615
15 7 10 11 1 153.99431
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*————4---—:—-‘-5-~——x---wé——a-xw———?—R--*-———8
00005100

00005200

00005300

00005400

00005500

00005600

00005700

00005800

00005900

00006000

00006100

00006200

00006300

00006400

00006500

0.2842 0.0 1.332 0.0 00006600
0.4 .8 0.0 0.0 Q0006700
00006800

0.2842 6.0 0.6965 0.0 00006900
0.0 0.0 -1.0 -1.0 0Q007000
00007100

0.1032 0.0 1.517 0.7174 00007200
-1.0 -1.0 1.52 1.09 Q00073C0C
00007400

0.3485 0.0 3.228 2.705 00007500
0.0 0.0 189.0 189.0 00007600
00007700

0.3485 6.0 3.228 -2.705 00007800
0.0 0.0 142.0 198.0 00007900
00008000

0.1272 0.0 2.423 ~2.0394 Q0008100
0.0 c.0 20.0 20.0 Q0008200
coo08300

0.1032 0.0 1.883 1.322 Q0008400
0.0 0.0 ~118624.588 0.0 00008500
00008600

¢.1032 0.0 "Q0.4877 0.0 00008700
0.0 0.0 0.0 0.0 00008800
00008900

0.2842 0.0 0.6965 0.0 00009000
-1.0 -1.0 ¢.0 0.0 00009100
00009200

0.2842 0.0 0.9510 0.0 00009300
0.0 0.0 3.58 10.0 00009400
QQ009500

0.2842 ¢.0 2.616 0.0 00009600
0.4 0.8 0.0 0.0 00009700
’ 00009800

0.2832 0.0 2.643 0.2432 00009900
0.0 0.0 -1.0 -1.0 00010000
00010100

0.9084 0.0 0.5175 0.5175 00010200
-1.0 -1.0 -1.0 -1.0 00010300
00010400

0.01021 0.0 2.568 2.483 00010500
-1.0 -1.0 -1.0 -1.0 00010600
00010700

0.01021 0.0 2.568 ~2.483 00010800
-1.0 -1.0 -1.0 -1.0 00010900
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5BO616 00011000
16 1 11 12 0 154.13590 0.9084 0.0 0.5175  -0.5175 00011100
-1.0 -1.0 -1.0 -1.0 00011200

5B0617 00011300
17 1 12 24 0 154.09992 0.2941 © 0.0 2.426 -1.523 00011400
-1.0 -1.0 0.0 0.0 00011500

5B0618 00011600
18 8 24 25 0 154.25687 0.3468 0.0 1.867 1.2807 00011700
0.0 0.0 0.0 0.0 00011800

$SBO619 : 00011900
19 8 24 25 0 154.24707 0.3043 c.0 3.111 1.2807 00012000
0.0 0.0 0.0 0.0 00012100

SB0620 00012200
20 1 25 26 0 154.97917 0.2757 c.0 1.399 0.0 00012300
0.0 0.0 0.0 0.0 00012400

sBOs21 00012500
21 1 26 27 O 154.98417 0.2842 0.0 0.5313 0.0 00012600
0.0 0.0 3.58 10.0 00012700

SB0s22 00012800
22 4 27 13 0 154.80960 0.45190 0.0426 4.256 -4.256 QQc12900
0.62 0.62 3.5 3.5 00013000

SB0O623 ~ 00013100
23 5 13 28 0 155.0864 1.004 0.0 0.7318 6.0 ' 00013200
0.0 0.0 0.0 0.0 00013300

SBO&24 : 00013400
24 1 28 14 0 155.0770C 0.4417 0.0 0.4285 0.4285 00013500
0.0 0.0 -1.0 -1.0 00013600

SB0625 00013700
25 2 14 15 0 154.9449 1.0 0.0 0.09423 0.09423 00013800
-1.0 -1.0 0.0 0.0 00013900

$BO&26 00014000
26 2 15 16 1 154.9022 1.0 0.0 0.4191 0.4191 00014100
0.0 0.0 0.0 0.0 : 00014200

SB0627 00014300
27 2 16 17 1 154.8312 1.0 0.0 0.4191 0.4191 060014400
0.0 0.0 0.0 0.0 00014500

$SB0628 00014600
28 2 17 18 1 154.7579 1.0 0.0 0.4191 0.4191 00014700
0.0 0.0 0.0 0.0 00014800

SB062Y 00014900
29 2 18 19 1 154.6882 1.0 0.0 0.4191 0.4191 00015000
0.0 0.0 0.0 0.0 0Qe15100

SBC&30 00015200
30 2 19 20 O 154.6167 1.0 0.0 0.01753  0.01753 00015300
0.0 0.0 -1.0 -1.0 00015400

SBC631 00015500
31 1 20 22 O 154.5833 0.5513 0.05486 1.668 1.668 00015600
-1.0 -1.0 0.0 0.0 000157¢C0

SB0632 00015800
32 1 28 22 © 155.0770 0.0779 0.0 4.164 4.164 00015900
0.0 0.¢ 0.0 0.0 ' 00016000

SBUO&33 00016100
33 13 22 37 0O c.1 0.5419 0.0 0.9144 0.9144 0.0 0.0 0.0 0.0 00016200
SBO&34 000146300
34 13 29 35 0Q 0.1 0.222 0.0 4.048 0.8620 0.4 ©.8 0.0 0.0 00016400
SB0635 00016500
35 13 30 36 O 0.1 0.222 0.0 4L_B40 0.6075 0.4 0.8 0.0 0.0 000164600
580636 00016700
36 13 23 21 0 10.0 0.043 0.0 4.592 0.4255 0.4 O0.B 9.0 9.0 00016800
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$BO&37 00016900
37 13 21 34 0 10.0 0.043 0.0 L.767 0.7678 0.0 0.0 0.0 0.0 00017000
SBO&3B 00017100
38 13 26 31 0 10.0 0.089 0.0 5.5 0.0 0.4 0.8 0.0 0.0 00017200
SEQ&639 00017300
3¢ 13 26 32 0 10.0 0.089 0.0 5.5 0.0 0.4 0.8 0.0 0.0 00017400
SBO&640 00017500
40 13 26 33 O 20.0 0.089 0.0 58.0 0.0 0.4 0.8 0.0 0.0 00017600
/ 00017700
/ xxxx JUNCTION DATA =xxxx 00017800
BBO7 00017900
1 1 0.0 00018000

2 1 0.0 Q0018100

3 1 0.0 00018200

& 1 0.0 00018300

5 1 0.0 00018400

& 1 0.0 000618500

7 1 0.0 00018600

B8 1 0.0 00018700

2 1 0.0 00018800

10 1 0.0 00018900

11 1 0.0 00019000

12 1 0.0 Q0019100

13 1 0.0 00019200

14 1 6.0 00019300

1% 1 c.0 Q0019400

16 1 ¢c.0 00019500

17 1 0.0 00019600

18 1 0.0 00019700

19 1 0.0 Q0019800

20 1 0.0 00019900

21 1 0.0 00020000

22 4 0.1937 Q0020100

23 4 0.04149 00020200

24 4 0.05040 00020300

25 4 0.04644 00020400

26 4 0.08948 00020500

27 4 0.18 00020600

28 4 0.064 00020700

29 4 Q.04474 00020800

30 & 0.04L474 g0020900

31 7 0.0 00021000

32 7 0.0 00021100

33 5 0.0 00021200

34 é 0.0 Q0021300

35 8 0.0 00021400

36 8 0.0 00021500

37 8 0.0 00021600

/ 00021700
/  wxxk MIXING JUNCTION DATA *xxxzx 00021800
BBOSB 00021900
$BOB01 . 00022000
22 3 1 11 33 0 0.001 0.999 0. 0. 00022100
SBOAG2 00022200
23 2 12 36 0 0 1.0 0.0 0. 0. 00022300
SBO8O3 00022400
25 2 18 19 0 0 0.5 Q.5 0. 0. 00022500
SBOBO&L 00022800
25 1 20 0 0 0 1.0 0.0 0. 0. 00022700

P



JAERI-M 9535

-——-*———-1-—-~*----2——-—*----3-~--t——--4——--*--—~5——--:---—6—-——*----?*R——t--——8
$B0OBOS 00022800
26 4 21 38 39 40 1.0 0.0 0. 0. 00022900
SBOBOG 00023000
27 1 22 0 o 0 1.0 0.0 a. 0. Q0023100
sSBoao? 00023200
28 2 24 32 0 0 0.97 0.03 0. 0. 00023300
$B0808 Q0023400
29 2 2 34 0 0 1.0 0.0 0. 0. 00023500
SB0O809 . 00023600
30 2 10 35 0 0 1.0 0.0 0. 0. 00023700

/ QU023800
/ xxxx PUMPED INJECTION DATA =xxxx Q0023900
BBOY 00024000
SB0901 00024100
1 31 24.0 00024200

10 00024300
0.0 0.00 2.0 1.80 4.0 1.47 8.0 1.50 00024400

2B8.0 1.560 &4 .0 1.70 72.0 1.00 120.0 1.00 00024500
140.0 1.50 200.0 1.50 0Cc024600
SB0Y02 00024700
2 32 24.0 00024800

10 Q0a24900
0.0 0.00 3.0 3.50 7.0 4.80 11.0 5.30 00025000

14.0 5.60 20.0 3.60 27.0 5.20 43.0 6.50 00025100
$9.0 7.00 200.0 7.40Q Qo025200

/ 00025300
/  xxxx PUMP DATA xxxx 00025400
BB10O 0og2s5500
$B1001 Q0C25600
18 1 1 3530. .3155 500.24 108.1 613.73 1269.7 1.4328 .0 .0 i. 00025700
SB1002 D0025800
19 1 4 3530. .3155 500.24 108.1 613.73 1269.7 1.4328 .0 .0 1. 00025900
/ 00026000
J/ xxxx PUMP DATA TABLE x*x=x 00026100
BB11 Q0026200
$81101 00026300
1 00026400
12 00026500
-1.0 2.4722 -0.80574 2.0474 000265600
-0.6096 . 1.831 ~0.40683 1.8624 Q0026700
-0.200171 1.4705 c.0 1.4036 Q0026800
0.19061 1.3636 0.38963 1.3186 Q0026900
0.4118 1.3 0.59396 1.2328 00027000
0.7902 1.1336 1.0 1.0078 Q0027100
12 00027200
-1.0 -1.0 -0.80574 -0.6 coQ27300
-0.60%6 -0.3 -0.40683 ~0.05% QQC27400
-0.200171 0.13 0.0 0.25 co027300
0.19061 0.28 0.38943 0.34 0po27600
0.4118 0.2768 0.593946 Q.46 Qoo27700
0.7902 Q.70 1.0 0.9465 00027800
17 40027900
-1.0 -1.0 -0.82297 -0.98 00028000
-0.63332 -0.95 -0.45534 -0.90 00028100
-0.27109 -0.82 -0.17726 -0.78 0028200
-0.09073 =-0.72 0.0 -0.47 ¢0028300
0.091099 -0.60 0.186509 -0.52 00028400
0.271762 -0.42 0.45582 -0.21 Q00028500
0.574406 -0.02 0.740576 0.26 00028600
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0.766619 0.36 0.871471 0.63 00028700
1.0 1.0078 00028800

17 00028900
-1.0 2.4722 -0.82297 1.99468 cQoQ29Q00
~0.63332 1.5897 -0.45534 1.3279 Q0029100
-0.27109 1.1949 -0.17716 1.0405 00029200
-0.09073 1.0156 0.0 0.934279 00029300
0.0910%9¢9 0.9229 0.186509 0.8963 00029400
0.271762 0.875 0.45582 0.8433 00029500
0.574406 0.8355 0.740576 0.8466 00029600
C.76661% 0.8469 0.871471 0.8838 00029700
1.0 0.9445 00029800
14 00029900
-1.0 1.9843 -0.80094& 1.394 0030000
-0.460638 1.0975 -0.40686 0.822 oge3olo0
-0.30 0.71 -0.19928 0.6648 00030200
-0.10 0.61 0.0 0.6032 00030300
0.1930 0.6325 0.393 0.7349 00030400
0.5¢0 0.79 0.59552 0.8381 00030500
0.79782 0.922%9 1.0 0.9672 00030600
14 00030700
-1.C -1.0 -0.80096 -0.98 00030800
-0.60638 -0.94 -0.40686 -0.91 00030900
~0.3C -0.90 ~0.19928 -0.70 QQe31000
-0.10 -0.51 0.0 -0.45 00031160
0.1930 -0.37 0.393 -0.26 00031200
0.50 -0.01 0.59552 0.06 00031300
0.79782 0.21 1.0 0.356%9 00031400
17 00031500
-1.0 -1.0 -0.82234 ~-0.98 00031600
-0.63371 -0.94 -0.45853 -0.92 00031700
-0.267023 -0.91 -0.176107. -0.85 00031800
-0.08%310 -0.80 0.0 -0.67 00031900
0.0%90643 -0.59 0.18856% -0.50 00032000
0.27347 -0.40 0.455869 -0.053 00032100
0.57448 0.28 0.73816 0.52 00032200
0.76852 0.61 0.870057 0.74 00032300
1.0 0.9672 00032400
17 00032500
-1.0 1.9843 -0.82234 1.8308 00032600
-0.63371 1.6824 ~0.45853 1.557 00032700
-0.267023 1.4362 -0.176107 1.3879 00032800
-0.089310 1.3481 0.0 0.23361 00032900
0.090643 1.1965 0.188569 1.1096 00033000
0.27347 1.0416 0.455869 0.8958 00033100
0.57448 0.7807 0.73816 0.6137 00033200
0.7685¢ 0.5849 0.870057 0.4877 00033300
1.0 0.3569 00033400
12 00033500
-1.0 -1.15 -0.9 -1.24 -0.6 -2.8 -0.5 -2.9 00033600
0.4 -2.7 c.0 0.0 0.12 0.8% 0.2 1.1 00033700
0.5 1.02 ¢.7 1.0 0.9 0.93 1.0 1.0 00033800
4 00033900
-1.0 0.0 0.0 0.0 0.5 -0.8 1.0 -1.46 00034000
7 00034100
-1.0C 0.0 0.0 0.0 0.1 -0.02 0.2 0.0 00034200
0.3 0.1 0.9 0.78 1.0 1.0 00034300
12 00034400
-1.0 -1.15 -0.8 -0.5 -0.6 -0.2 -0.4 0.03 00034500
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/
/  xxxx ACCUMLATOR DATA #==*=xx
BB12 -
SB1201
432 33 2.63 1.05 28.7 L0.562 0.9 0.1
/
/  x*%x%xx BREAK POINT DATA *xxx
BB13
& 2.0E-3 0.1 0.8 0.8 0.6 0.8 0.8 0.6

2
0.0 5.0 1006.0 5.0

/
/ xxxx PRESSURIZIER DATA xxxx
BB14
41 T4 1
1.0 1.0 1.0
0.313 0.313 0.313

2
0. 1.0 1.0 1.0 1000. 1.0 1.0

7235 1.00 0.88
.0 0.0737 0.0737
0 1.0

.557
.0
.0

e O

/

/ sxxx STEAM GENERATOR DATA xx%xx
BB15

SB1501

42 1845 14 15 2 1

0.12
-1.46

0.18
0.82
0.08

3.0650E-5 7.7239E~-5 1.3263E-4 1.94460E-4 2.6207E-4
4L _B660E-5 1.2261E-4 2.1053E-4 3.0996E-4 4.1602E-4
6.3760E-5 1.6066E-& 2.7S587E-4 4._.048B5E-4 5.4514E-4
7.7239E-5 1.9463FE-4 3.3419E-4 4.%044E-4 6.6037E-4
8.9628E-5 2.25B5E-4 3.87BOE-4 5.6910E-4 7.6631E-4

0
G

1.589 4.188 1.0 1.0 0.01905 0.005105 4.469 0.6 196.0

Q.000 0.99 462.467
-60.0 -20.0
0.001 80. 0.5 0.5 0.5
3
c.0 1.0 1.0 1.0 1.0 1.0 1.0 1.0 1000.0 1.0 1.0
/
/  xxxx CORE DATA =xxxx
BB1& .
1300 25 30 ¢ 2000.
5.359E-3 6.172E-4 4, ALTE-3 1_43E-2 0.6 12.52E-6
0.0124 2.395E-4 0.0305 1.58¢97E-3 0.111 1.423E-3
0.301 2.869E-3 1.14 8.347E-4 3.01 3.048E-3

0.0

000344600
00034700
00034800
00034900
00035000
00035100
00035200
00035300
00035400
Q0035500
00035600
00035700
00035800
00035900
00036000
00036100
00036200
00036300
00036400
00036500
00036600
00036700
00036800
00036900
00037000
00037100
00037200
00037300
00037400
00037500
00037600
00037700
Q0037800
Q0037900
Q0038000
¢0038100
.01 00038200
.0737 0CO038300
00038400
c0038500
00038600
00038700
0ac38800
00038900
00039000
00039100
12.67 00039200
00039300
0003940Q0
00039500
00039600
00039700
00039800
000359900
00040000
00040100
Q0040200
00040300
0o040400
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5.0 0.6 L,91E-04 3_.41E-C6 1.2 1.54E03 00040500
0.0 73.645 124.217 96,702 31.394 0.0 00040600

1.0000E-07 1.00E-07 1.00E-07 1.00E~-07 1.000E-07 1.0E-7 G0040700

1.0C00E-Q7 1.00E-0G7 1.00E-07 1.00E-07 1.000E-07 1.0E-7 00040800

1.0000E~Q7 1.00E-07 1.00E-07 1.00E-07 1.000E-07 1.0E-7 00040900

1.0000E-07 1.00E-07 1.00E-07 1.00GE-0Q7 1.000E~-07 1.0E-7 00041000

/ 00041100

/ x*%x* SG RELIEF VALVE DATA =xxxx 00041200

Ba17 00041300

6 00041400
0. 0. 0.1 ~14. 0.18 -32. 0.34 -—~6&2. 0.5 -~-94. 0.58 -179. Q0041500
4 Q0041600
50. -0.00030 380. -0.00022 1200. -0.00015 2280. -0.00008 00041700
9 00041800
0.0 0.C Q0.2 -0.2 0.4 -0.4 0.6 ~-1.4 0.8 -2.6 00041900
1.0 -5.6 1.2 =-12.6 1.4 -15.4 200.0 -15.6 Q0042000

/ 00042100

/ LR L3 xExx 00042200

BB18 00042300

1.54E03 0.775E~04 2.29E04 Q0042400

/ 00042500

/ =xxx FUEL GAP DATA *xxxx 00042600

8819 0004270G0

S.7E~4 0.0 5.493E-6 0.0 0.0 00042800
0.0 0.0 0.9 .75 0.0 00042900
0.887 0.0355 (C.0063 0.0 0.0712 00043000
c.0 0.0 00043100

/ 00043200

/ RERR XEEX 00043300

BB21 00043400

2 2 5.00E7 &.96E-08 2.87E4 - 2.86E-03 1.15E0 1.528EOQ 00043500

1.49E-07 2.0E-0B 1.2%E-16 1.B5E-01 B8.CE09 3.3E-03 00043600

/ Q0043700

/ =xxxx OTHER DATA =x=xxx 00043800

BB22 : 00043900

0. 1.4 1.4 0. 00044000

BEND 00044100

5 Q0044200
0 0 0 o] 0 0.0 Q0044300
0. 1.E-5 0. C. 0. .0 00044400

END 00044500

END 00044600

LIST 00044700

HIGHEST SEVERITY CODE=GO

00000170

- END

STATISTICS: HIGHEST SEVERITY CODE=00
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Function Codes of Experimental Data in Figures

Fig. No System Detector Function Code Location

13{a) TE-2H14-028 TECTD215 Cladding on Fuel Assembly 2, Row H,
Column 1% at 0.71m above bottom of
fuel rod

13{b) TE~2H15-041 TECTD218 Cladding on Fuel Assembly 2, Row H,
Column 15 at 1.04m above bottom of
fuel rod

23 FR-BL-216 FRBKD216 Broken loop hot leg

24 DE-BL-002B DEBTGOO06 Broken loop hot leg

25 FR-BL-116 FRBKDI16 Broken loop cold leg

26 DE-BL-105 DEBKD105 Broken loop cold leg

28 FR-PC-202 FRPKD202 Intact loop hot leg

29 DE-PC-205 DEPKD205 Intact loop hot leg

31 FR-PC-102 FRPKD102 intact loop cold leg

32 DE-PC~105 DEPKD105 Intact loop cold leg

35 RPE-PC-002 SRPTDLIB Pump speed-primary coolant pump |

42 FT-P102-36~1 FVFTDO16 Accumulator A in 6-in. line down-
stream of orifice

43 PT-P102-043 PAFTD115 Accumulator A, 0.69m above water

' outlet
Lg PE-1up-001A PAUTD103 Above Fuel Assembly 1 upper end

box, high range
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Appendix C Nomenclature

c.1 Alphabetic Symbols

a Normalized pump speed

EN Normalized initial pump speed 2 ) 3

aj» a, Quantities defined in Eq. (21), s°/m” and kgm™/m~ kcal

A Flow area, m2

b Normalized pump hydraulic torque

c Quantity defined in Eq. (26}, s

D Diameter, m

Db Diameter, cm

i Function defined in Eq. {(20)

F Function defined in Table 4

g Gravitational acceleration, m/s

9. Dimensional conversion ratio, kgm/kgf m/s?

G Mass flux, kgm/mzs

Gb Mass flux, gm/cmzs

Gmin Minimum mass flux for forced convection condition, kgm/mzs

h Enthalpy, kcal/kgm

hfg Latent heat, kcal/kgm

hhead Normalized pump head

ht Function defined in Eq. (7)

hy, Heat transfer coefficient, kcal/mzs °c

Ah Enthalpy difference, kcal/kgm

H Function defined in Eq. (4)

HL Node length, m

JC Dimensional conversion ratio, J/cal

k Loss coefficient

kg’ k] Thermal conductivities of gas and liquid phases, respectively,
kcal/m s °¢

L Node length, m

Lb Length, m

My M Two-phase pump torque and head mulitliers, respectively

p Pressure, Pa

Py Pressure, ata
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Pressure, psia

Pressure difference, Pa
Reynolds number

Time, s

Time step width

Temperature, °c¢

Wall temperature, °c

Wall temperature, °F

Wall superheat, °c

Wall superheat, °F

Quantity defined in Eq. (9), °F
Node volume, rn3
Dimensionless node volume defined in Eq
Normalized pump volumetric flow rate
Mass flow rate, kgm/s

Equilibrium quality

Quantity defined in Eq. (26)

Quantity defined in Eq. (13)

inlet quality

Qutlet quality

Function defined in Eg. (3)

Greek Symbols

Equilibrium void fraction
Non-equiltibrium void fraction
Quantity defined in Eq. (18}
Equilibrium density, kgm/m3
Non-equilibrium density, kgm/m3

Heat flux, kcal/mzs

" Heat flux, Btu/ftzhr

Surface tension, kgf/m
Delay parameter, s

Quantity defined in Eq. (11)

. (33)
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.3 Subscripts and Superscripts
Subscripts
coolant Coolant
core Core nodes
CHF Critical heat flux
ECC Emergency core cooling water
fs Saturated fluid
gs Saturated steam
g Gas phase
| Liquid phase
n Node number
pzr Pressurizer
sat Saturated property
h-d Evaluated in heat transfer mode 4-1
4-2 Evaluated in heat transfer mode 4-2

Superscripts

A inlet point of node

E Outlet point of node

f Forward flow

j Junction number .
n Node number

new Present time

old Time which is one time step past

r Reverse flow

1¢ Single-phase

29 Two-phase




