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Analysisrof PKL -Test K9 by THYDE-P Code
(CSNI ISP NO.10 and THYDE-P Sample Calculation Run 70)
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D1v1510n of Nuclear Safety Evaluatlon,

Tokai Research Establlshment, JAERI
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- An analysis of PKL Test K9 is made by the THYDE-P. code.. Test K9
is.the Standard Problem Na. 10 of Commlttee on, the. Safety of Nuclear
_Installatlons (CSNI) 1n the Nuclear Energy Agency (NEA), OECD _The
objectlve of Test K9 1s to 1nvest1gate grav1ty~feed reflll and reflood
processes follow1ng a double ended gu1llot1ne break in a cold leg w1th
emergency coollng water being 1njected 1nto the 1ntact cold 1egs. THYDE—
P is a code to analyze both the blow—down ‘and reflll reflood phases of
Tloss—-of-coolant’ acc1dents (LOCAS) of pressurlzed water reactors (PWRs)
In this report, calculated results are compared with the experimental
data and discussed for the purpose of verification study and model
development of THYDE-P. A good agreement with the experimental data

was obtained using the best estimate (BE) options.

Keywords: LOCA, PKL, THYDE-P Code, PWR, Refill, Reflood, Verification
Study, ISP NO.1l0, Reactor Safety
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1. - Introduction

An ana1y51s of PKL (Prlmarkrelslaufe =lprimary loops) experiment
K9 has been performed Wlth the THYDE-P code(l) (6) to verify the system
performance of THYDE- P and also to obtaln better understanding of the
experlment. A o ) _

The PKL fac111ty is to 51mulate the thermohydraullc behavior during
a LOCA Wlth ECC water 1n3ect10n for typlcal West German 1300 MW PWRs.
The obJect1Ve of Test K9 was to 1nvest1gate the grav1ty—feed refill and
reflood processes, whlch was adopted as the OECD NEA CSNI ECCS Standard
Problem No 10(7) (10) | - _ _

_ THYDE- P has been applled to various experiment analyses for its
verlflcatlon and model reflnement. For example Loss-of-Fluid Test (LOFT)
experiments have been analyzed using THYDE-P by HiranoMet al.(B)’(a)’(6).
However, the refill and reflood processes with a long period of time
could not be in depth investigated in the above analyses. Thus the
present K9 analysis is one of the important mile stopes in the course
of THYDE-P development.

Test K9 was carried out with an initial condition corresponding to
the system status at the end of blowdown and just prior to the refiil
and reflood phase during a postulated double ended cold leg break. ‘On
the other hand, THYDE-P is not designed to start its calculation with
such an initial condition as above. Rather, THYDE-P has been developed
to have a capability a through analysis from blowdown to refill and
reflood phases. Therfore, a fictitious blowdown from a system pressure
of 160 bar was assumed in the present analysistto have occurred in the
PKL facility which was then analysed by THYDE-P. The conditions of
this ficitious blowdown were so adjusted that the analytical results at
the end of blowdown came as close as possible to the PKI experimental
initial condition. In this adjustment, particular attention was given
to the flow rate at the break, system pressure and the heater rod temper-
ature. After such preliminary procedures, the calculation was futher
performed to obtain the relevant results to the K9 experiment which
were then compared with the experimental results.

The thermal-hydraulic calculation in THYDE-P has in principle been
based on a homogeneous equilibrium model. However, a time delay model
for the density change has been incorporated in order to avoid the large
pressure drop due to very radid vapor condensation near the ECCS injec-

tion point. Since there is only limitted theoretical basis to determine

o
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the delay parameter so far, in the present calculation, the values of
the delay parameters were empirically determined. A physical model to
estimate the delay parameter is now under devélopment. Futhermore
several models newly implémented tphasé.separation model at the down-
comer.top and minimum film boiling temberaturé) are still rather crude
and futher investigations and developments are now in progress. There-
fore, the present analysis should be regarded as an interim one.

The outline of this report is as follows: In chapter 2 a brief
description of the Standard Problem No.10 is presented while the models
used in the present analysis and the preparation of the input data are‘
given in chapters 3 and 4, respectivély. In chapter 5, thé calculated

results are compared with the experimental data. Finally, in chapter 6,

we present our conclusions.



JAERI-M 82-115

22: - Brief Deséription of .PKL Test_Kg
é.li Erimé;y:Objectives and Featﬁres_

The objective of ‘the integral cold leg injection Test K9 (200%
double ended break) was to investigate the gravity-feed refill and
reflood processes at the later portion of a LOCA.in a PWR, and to
provide data primarily to verify computer codes describing the refill .
and reflood: phases in the course of the accident,

Test K9 differs from other cold leg injection tests in the same
facility in the: following aspects:

(1} A uniform radial power profile in the core.

(2) An increased temperature of injected Emergency Core Cooling . (ECC)
water from 35 to-53°C, -

(3) An injection mass flow rate was reduced to one third of which

‘history corresponds to that of a typical US-PWR.

(4) Somewhat higher maximum initial clad temperatures in the bundle
~(about 600°C) -
(5) A smaller.bundle heating power during the initial phase (1327 KwW) .

2.2 Test Faeility

PKL-facility simulates the essential primary system components of
a typical West German 1300 MW PWR with regard to their thermohydraulic
behaviour. The facility consists of the pressure vessel with the heater
bundle, the downcomer simulator, the primary loops with components of
the steam generator and pump simulator, the injection devices, the break
geometry simulator, the separators, and the test containment to maintain
a back-pressure at the location of break (see Fig. 2.,1). The number of
heater rods and the horizontal cross sections of the test facility are
scaled to 1:134 of a typical German PWR. The vertical geometries are
full scale (see Fig, 2.2).

Inside the pressuta vessel, the cylindrical core barrel is provided
which encloses tHe octagotial imner casing (see Fig. 2.3). The space
between the pressure vessel and the core barrel is sealed from the core
region inside the imner core casing and from the upper and lower plenum.
However, a prussure equdlization line at the upper end of the pressure
vessel 1s provided for ptessure balance between the upper plenum and

this annular gap. The rod bundle surrounded by the inner core casing
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consists of 340 rods,: 337 of which are electrically heated.

The downcomer was simulated by the downcomer nozzle region and the
downcomer U-tube (see Fig. 2.2); The cold leg injection took place hoth
directly in-the.downcomer nozzle region and the lines of the intact single
and double loops near to the downcomer nozzle region. A cylindrical
insertion and repulsing metal sheets are installed in the downcomer
nozzle region in order to aveid the emergency cooling water directly
flowing from the intact loop injection points into the broken loop (see
Fig. 2.4).

The testing plant consists of 3 loops: the brocken loop, the intact
single loop and the intact double loop which bas double capacity in order
to simulate 2 primary loops of a PWR. Cross-sections and lengths of the
primary loop lines have been designed so as to result in flow losses
being approximately equal to those arising in the corresponding lines
of the reactor plant. For simulating the double ended break, the break
location is in a cold leg between the pump simulator and the downcomer
nozzle region. The steam generator U-tube are inserted in the heat
exchangers and the number of U-tubes is scaled to 1:134 of the reactor
steam generator. The secondary side of the steam generators is fillgd

to above the tubes with water and over that with saturated steam.
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Fig. 2.2 Elevations of PKL-Components
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2.3 Initial and Boundary Conditions

As has been menticned in chapter 1, there are three kinds of
"jnitial conditions" in the present analysis as follows:
(1) the initiél conditions of the experiment.
(2) the initial conditions of the calculation which corresponds to those
of the experiment.
(3) the initial conditions of the fictious blowndown in the calculation
which is assumed in order to cobtain the imitial conditions (2) mentioned
above,

Initial and boundary conditions of Test K9 are shown in Table 2.1.
The brief comparison of the initial conditions between Test K9 and the

calculation, (2) above, are shown in Table 2.3. The initial conditions

of the fictious blowdown in the calculation are. shown in Appendix A,

together with other input data.

Table 2.1 Initial and Boundary Conditions of Test K9

Test Parameters : Experiment

Location of break cold leg between pump and
reactor pressure vessel

Break size _ double ended guillotine
Initial pressure at break location 4.5 bar
Pressure history at the break see Fig. 2.5

{"containment pressure'’)

Total bundle power at initiation of 1.327 MW
test
History of heating power see Table 2.2

Power supply (initial value)
— inner zone 3.98 KW/rod
— middle zone 3.93 KW/rod
— outher zone 3.92 KW/rod

Initial heater rod temperature on the

average — in the final stage 410 = 3°C
— in the middle stage 600 £ 5°C
+ 3°C

— in the initial stage 340

Cold leg injectiomn

— broken loop no

—- intact single loop ves
— intact double loop yes
— downcomer nozzle region ves

—9—
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Hot leg injection

Temperature of injection water

Injection mass flow rates

Steam generator secondary side

broken loop — initial temperature
-—— initial pressure
— water level

. intact single loop

— initial temperature
—- initial pressure
— water level

intact double lecop
— initial temperature
— initial pressure
- water level

no

varies between 50.50°C and
53.6°C and is on the average
equal to (53%3}°C

shown in Fig. 2.6 (decreasing
from 22 kg/sec at the beginning
and constant =1.9 kg/sec from
appr. 30 sec on) :

267.5°C
53 bar
7.5 m

270.5°C
55.5 bar
7.8 m

270.5°C
55.5 bar
7.6 m

Table 2.2 History of Heating Power per Rod

time (sec)

0
1.8
63.0
75.0
100.0
125.0
150.0
200.0
250.0
300.0
350.0

power (KW)

0
4.0
4.0
3.91
3.75
3.62
3.51
3.34
3.18
3.05
2,87
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Table 2.3 Brief Comparison of the Initial Conditions

between Test K9 and the Calculation

(bar)

Parameter Experiment Calculation
Initial heater rod temperature (°C)
— MEL ~ 320 ~ 450
— ME2 ® 430 = 520
— ME3 = 520 = 570
— ME4 < 600 = 610
— MES5 = 540 = 550
— ME6 = 480 ¥ 490
— ME7 = 400 % 380
S.G. outlet temperature (°C)
— intact loop = 240 = 260
— broken loop = 220 * 260
S.G. outlet mass flux (kg/m?e+sec)
—— intact loop & 2 =-0.1
-— broken loop = 2 % 2
. Initial pressure at the break location 4.53 4.53
(bar)
“Initial pressure at the upper plenum 4.50 4,54
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3. Models in Present.Calculation

The models and methods of the THYDE-P code have been presented in
detail in refs (1) to (6). In this section, several models newly
developed for the present analysis are mainly described. These models

will be incorpolated in a future version of THYDE-P.

3.1 Heat Transfer Correlations

The heat transfer correlations used in the present calculation are

(3),(5)

summarized in Tables 3.1 and 3.2. As has been already pointed out
the heat transfer mode 4-4 (pool tramsition boiling) plays an important

role in the reflood calculation., In this mode, it is assumed that the

Bromley-Pomerantz's correlation(ls) is mot applicable when coolant quality

x is less than x.. For simplicity in the present calculation, the heat

c o

flux is set to be a constant ¢C as follows

P = ¢c when x <X, . .(3.1.1)
where

X, = 0.1 s

¢C = 50 kcal/m®+sec. (64,000 Btu/ft? sec.). (3.1.2)

Futhermore the idea of the minimum stable film boiling temperature

is newly impleménted (mode 4—5)5

¢ = ¢c when Ty <Tyepp .
where Tyopp is the minimum stable film boiling temperature which will

be discussed in detail in subsection 3.5.
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Table 3,1 , Heat Transfer Correlations

Hode -_ '. '..: -__ébn&ifioﬁS  “ _ Cbrrélatioﬂs.
.Cﬁblént Cénditian' _cher:CoﬁdiFians ' ' _
1 o éubcooléd f.=:“. Tw_ngsat _ Diﬁtﬁs—Boe;tef(ll)
2 subcooled T, > Toar Interpolation between
Model and Mode3
3 saturated . o< QCHF _ Jens—Lottes(lz)
4 satu;ated‘ - ¢ > ¢CHF 7 {see Table 3.4)
5 : supérheaFed Re‘53000m ) :McEligot(ls)
6 'éuperheated= 47 3000<<Re<<5000 McEligot(lB)
7 superheated  Re > 5000 McELigot (3

Table 3.2 Héat,Traﬁsfer Cprrélations_in Mode 4‘

" Mode Conditions Correlations
4-1 G>6G ., , X>»ZX Groenevelt
min c
4-2 G>G. ., , x <X Forced convection
min® . c .. N
L y “transition boiling
_ < _ (15)
4-3 Q“ Cpin® X 7 % Bromley Pome?anz
4-4 e <7Gmin’ x < x " 'Pooi_transition boiling
4-5 Tw<:TMSFB Pool transition b0111ng.

.fTW;_Wall.;empera;ure

G . ; Minimum mass flux (300.0 kg/m*<sec) ~
min

X_; Threshold quality (=0.1)

3.2 Drift Flux Model

Since a drift flux model is used in THYDE-P, the terms due to drift
velocity appear in energy and momentum equations. When the flow becomes

stagnant, namely G~ 0, the drift enthalpy flux I defined by

( - hfS) ] (3.2-1)

I= prs ugj hgs

14—
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where,
x 3 quality
pfs; density of saturated fluid

hgs;_specific enthalpy of saturated steam,

plays an important role.

Here the drift velocity ugj is assumed to be given by

r
golp, -p_ ) "
u o =u’ 8% =1.41] fs &8 7 g2 | (3.2.2)
g3 gl a 02 o
fs
's =1 - expl{l - (l-a 3y} : (3.2.3)
o 1-0, ’ _ e
where,

pgs;. density of saturated steam
g 3 _surface tension
£ : gravitatidnal acceleration
o 3 void fraction
The fécfdr Su is ihtroudced so as to avoid the'relative'velocity

defined by
w o= —B1 , (3.2.4)

to diverge at ti=1. The form of u_ 1 defined by eq.(3.2.2) is originally
applicable to-bubbly flow and not to annular flow regime (o > 0.8).

(5) have pointed out that by using the large

However, Scﬁimizu and Asahi
value of o, *0.99, the correlation given by eqs.(3.2.2) to (3.2.4) yields,
in the reflooding stage, relative velocities similar to those used to in
the RELAP4 code (18 which reflect the experimental air-water cocurrent
and countercﬁrreqt bubbly flow 'data and transparent vessel air-water
flooding data in;fhe annular flow region; In the present calculation
o, is taken to be 0.98. In evaluating the quantites I, ugj and urei’
average values of the quanties x, 0, pfs’ hgs’ hfS and o of -the respec-
tive node are used.

The direction of drift flux is treated as below. All the combina-
tions of two vertical or horizontal nodes are shown in Fig. 3.1, where
the vertical and horizontal nodes are expressed by solid and dashed

lines,
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(1) (2) (3)

=0
Of
Fig. 3.1 Direction of Dfift Enthalpy Flux for Normal-iunction

respectively. Since the drift flux model is essentially applicable to
the vertical nodes and not to horizontal oﬁes, it is taken into account
only in the cases of (1) and (4). In the case of (5), the drift flux
model is not applyed since the &rift‘flﬁk from each-sidé of nofmal junc-
tion is expected to cancel out. The directioﬁ of drift flux is assumed
to be independent of the direction of mass velocity. The drift flux

for mixing junct;on ig also determined in the same manner as normal

junction,

(M (2) (3)

Fe——— p—— =

I=0

RNVARE

=0

,‘Eigfﬁi.Z Direction of Drift Enthalpy Flux for Mixing Junction

which .is shown in Fig. 3.2.
© 3,3 Fnergy Equation

There are two kinds of junctions in the THYDE-P code: One is the

normal or injection junction which is without volume and the other is
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the mixing junction which is with volume. 1In the old version of the
THYDE-P code, energy was not strictly conserved at normal and mixing
junctions. This is due to the fact that during the short time after
the flow direction of a node changed, the outgoing enthalpy did not
strictly coincide with the enthalpy flowing into the adjacent node.
When core nodes are quenching, a severe fluctuaction of mass flow
occures at the core nodes. So for the present calculation, the code
was modified so that energy conservation at normal and mixing junction
holds strictly. '

At first the energy conservation at normal node will be discussed

below. As mass flow must be conserved in the normal junction we obtain
A G =A,G, (3.3.1)
n _ .

where An; flow area of node n
Gﬁ ; mass flux at inlet point of node n

GE ; mass flux at outlet point of node n

~noden ] node n'
| .k I
A E A E

Fig. 3.3 Normal Junction in THYDE-P

Futhermore, with the use of hE = hﬁt we obtain
E.E A _
AL GEhE = ALt Goohie (3.3.2)

We construct the drift enthalpy flow % = A I,, where the quantity I,
have been defined by eq.(3.2.1),

so as to be A, IE = A’ Iﬁ' . (3.3.3)
Therefére.we obtain
DAy A s A Ay (3.3.4)
where A is the.enthalpy flux defined by
Aecn+1

It is apparent from eq.(3.3.4) that energy is strictly conserved at

normal junction.
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Secondly the code was modified so as to satisfy the energy
conservation at mixing junction using continuity of enthalpy h, mass

flux G and drift enthalpy flow %, in the same as discussed above.

3.4 Phase Separation Model at Downcomer Top

In THYDE-P code, the specific.enthalpy of the outgoing flows from
the mixing junction is assumed to be equal to that of the mixing junction.
The-enthalpy of the mixing junction is calculated using the flowing eéﬁation
A (o, ) = ¢ gf A A - 3 A (3.4.1)
where

‘0. 3 density of mixing junction

]
h} ; specific enthalpy of mixing junction

<

i ; volume of mixing junction
A ; cross section area of to — or from — node

A ;3 enthalpy flux of to — or from — node

and the summation‘gr is.oﬁér'the flows coming into the junction, while
the summation Z igfover the flows outgoing from the junction. Futher
the homogeneougtmodel is applied in the mixing junction. It should be
noted, however, that tﬁefe may Be cases where the enthalpy of the
outgoing flow is quite different from that of the mixing junction due
to phase separation. For example, in the upper part of a pipe downcéﬁer
in PKL-facility (see Fig. 2.4), there are two incoming flows whose
enthalpies are quite different. One is the flow with high enthalpy
through the steam genefatorslof the intact loops and the other is the
flow of injected water with low enthalpy."Sinte the internals in the
upper part (internal annular baffle structure) ensure that emergency
cooling water cannot be bypassed directly to the broken loop, it may
be reasonable to assume that vapor with high enthalpy flows out to the
break and saturated liquid down to the downcomer pipe when flow becomes
stagnant. These physical phenomena may be partly accounted for by using
the drift flux model, It seems, however, that a model with very many
nodes is needed in order to describe such phenomena only with the drift
flux model. |

In this report, the following simple model is tentatively adopted.

We assume complete phase separation at the downcomer top in contrast
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to the homogeneous model:

oy = SG0) hg + (- 5G)) b (3.4.2)
where
exp{- "*E;*ié ic <x <1 (3.4.3)

The smoothing function S(x) is introduced in order to eliminate the
extreme enthalpy change of the mixing junction caused by mode change

(see Fig. 3.4).

O XC X 1
Fig. 3.4 Smoothing function S(x)

For the flows to the downcomer pipe (node 30) and to the break

(node 29), we adopt ic = 0.9 and 0.1, respectively, along with Ax=0.1.

3.5 Minimum Stable Film Beiling Temperature

The minimum stable film boiling temperature Tycoq is the temper-
ature of a wall which is required to maintain film'boiling. The data
support the phypothesis(lg) that two mechanisms compete to determine
T in pool boiling. The first is the classic film boiling mechanism

MSFB . (17) (18)
as originally analyzed by Berenson and later modified by Henry
to include the effect of the thermal properties of the surface. The

second mechanism is based on the phenomenon of homogeneous nucleation.
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Tn the present model we adopt the following formula recommended by -

(19}

Bjormard and Griffith for the homogeneous nucleation phenomena:

L
z

oy~ T LORC) 4 g/ (oRCR) g ] (3.5.1)

0 ; density

k ; thermal conductivity
;LCp;:Jsﬁecific hea£=gapaéity
liquid temperature

and TH is the homogeneous nucleation temperature of a fluid at which

N
nucleation will occur spontaneously in the liquid phase in the complete

absence of preferred nucleon sites. Tt varies from 307°C at atmospheric
pressure to the critical temperature (374°C) at the critical pressure

for water. The value of T is calculated assuming the following linear

EN
equation:

Ty (°C) = 307 + 2.87 (p (W/m’) - 1.01 x 105) . (3.5.2)

(19)

where we take the values Tun = 307 and 324°C at p = 1.01 x 10° and

N v - -
6.89 x 10° (N/m?), respectively. Under the conditions of this experi-

+ -~ [+] ." -~ Q
ment, we obtain Taij§2q”Q~anq TMSFBTJSSO,Cf
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4, Preparation of Input Data

A nordalization scheme in the present calculation is shown in Fig.
4.1. Nodes from 1 to 14 and nodes from 15 to 29 form the intact and
broken loops, respectively. The intact single and double loops are
sumed up to one loop in the present analysis. The pressure vessel is
expressed by an assembly of nodes from 30 to 46. The pipe—downcomer
is expressed by a single node 30. The nodes from 32 to 45 are the core
part, in which nodes 32 and 45 simulate the non-heated parts of the core.
Nodes 31 and 46 are the lower and upper plenums, respectively. The upper
rhead, pressure equalization line and annular gap are expressed by a single
linkage node 48. The likage node 47 is the ECCS injection line. The
special nodes 49 and 50 form the secondary sides of intact and broken
loop steam generators, respectively. Axial power profile and temper-
ature detector locations of PKL heater elements are shown in Fig. 4.2
with the corresponding nordalization. Futhermore, these heater rods
are nordalized radially into 5 nodes, as shown in Fig. 4.3. |

The input data used in the calculations are listed in app. A. The
major parts of them are summarized in this section. The geometrical

data and loss coefficients for each node are shown in Table 4.1 and 4.2,

respectively,
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Node Geometrical Data

- I S T A
Node Description Node Length Node Height Flow Area
Ho. L (m) HL (m) A (m?)
1 DUC T NQODE 2,.0350D+00( 3.71¢C60-01 1.517140-G2
2 | DUCT NODE 1.5780+0C 1.62300+0C 3.6305D0-02
3 S.G CHAMBER 2.5600-01 2.55000-01 1.79310-02
4 $S.G PRIMARY 9.6500-01 5.6500D-01 - 2.83520-04
S | S.6 PRIMARY  9.6500-01 9.65000-01 2.8352D~04
6 S PRIMARY - 6.7250+CC 6.51060+0C 2.8352D0-04
7 $.G6 PRIMARY  4.7250D+0C -4,51000+00 2.83520-04
8 $.G PRIMARY  2.00G0+00 -3,00000+00 2.83520-04
3 $.G PRIMARY  9.30C0-C1 -9.30UCD-01 2.8352D0-04
10 S.G CHAMBER 2.5600-01 -2.56000-0C1 7.79310-02
11 DUCT NODE 1.3360+00 -1.6230D+CO 2.6305D0-02
12 | DUCT NODE - 5.3220D+CC -3.92100+C0 1.5174D-02
13 | PUMP NODE 3,4450+00C 3.4450D+C0 1.5174D-02
14 | DUCT NODE 2.86C0D+CC 2.5000D-C1 1.5174D-02
15 | DUCT NCODE 2.5C030+00C 2,71060-C1 5.12750-C3
16 DUCT NODE . - 1.77C0D+CC 1.68100+00 1.22710-02
17 } S.G CHAMBER 1.58C0-01 1.58000~01 2.98640~-02
18 $«6 PRIMARY 9.65G0~C1 Y.6500D-01 2.83520-04
19 S.6 PRIMARY  9.65C0-C1 G.550G0D~C1 2.83520-04
20 S.G PRIMARY  6.7250+CC 6.51000D+00 2.83520-04
21 S.56 PRIMARY 4.7250+CC -4.510C0+00 2.83520-04
22 .6 PRIMARY 2.00CD+0C -2.0000D+0C 2.8352D0-04
2 $.6 PRIMARY  9.30CD-C1 acceo-01 2.83520-04
24 |.S.G CHAMBER . 1.9200-01 -1.98CC0-0Y - - 2.9864D-02
25 SUCT NODE 1.7380+0C  =1.6B1CD*CC 1.22710-02
26 | DUCT NGODE 5,270D40C ~3.698C0+00 .5.,1275D0-03
27 FUMP NCOE 2LA5TDA00 A.4570D+CC £.12750-03
28 DUCT NOUE 1.2%3D+0C 2.15000-01 5.1275D-03
29 JUCT NOUE 1.G280+0GC c.C 5.1275D-0C3
30 JOWN COMER £.359924CC ~7.334C0+CC 3.23650-02
21 LOWER PLENUM 2.035D+CGC 1.21150+00 1.44470-C1
32 | CCRE NGDE 2.3179-01 1.65000-01 1.13720-C4
33 | CORE NODE 3.0000-01 3.o6eup-01 1.13720-04
34 | CORE NOUE 4.000D-01 4.6G0CCD-01 1.13720-04
a5 CCRE NOUE 2,000D-01 3.00C00-01 1.13720-04
36 CORE NQODc 3.0000-0C1 3. cueub =01 1.12720-04
a7 CORE NODE 3.0000-01 3.60000-01 '1.13720-0%
38 CORE NODE 2.,000D0-01 3.00C00-01 1.1372D-04
29 | CORE NODE 3.0000-01 3.006CD-01 1.1372D0-C4
40 | CORE NODE 4.000D-01 4.00000-01 1.13720-C4
41~ | CORE NODE 2.0000-01" 3.0p000-01 1.13720-04
42 | CDRE NODE 3.0000-C1 3,00000-01 1.1372D0~04
43 CORE NOUE 4.000D-01 4.0060D-01 1.13720-04
44 | CORE NOOE 3.0060-01 3.00000-01 1.13720-04
45 CORE NODE 2.8230-01 2.50000-C1 1.1372D+04
46 UPPER PLENUM 1.6000+00 1.66250+00 1.19370-01
47 ECCS PIPING 2.0000+GU -1.60000+0C0 1.51740-02
48 ANNULAR GAP 1.043D+01 -6.7630D+C0 7.3488D-02

—24—
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Table 4,2 Loss Coefficients

Node.
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4.1 Core Data

The core power history has previously been listed in Table 2.1
and 2.2. '

Input data for the core nodes are:

Number of heater rods 337
Quter diameter of heater rods 5.375 % 10" ¥ (m)
Rod pith 1.43%107% (m)

Initial heat flux

Node NO. | Heat flux (kcal/m®sec)
32 non-heated
33 3.94
34 5.30
35 6.41
36 6.41
37 7.22
38 7.22
39 7.22
40 7.22
o4l 6.41
42 6.41
43 5.30
44 3.94
45 ' | non-heated
Density of Magnesia 3150 Kg/m3
Density of NiCr 80/20 : 8300 Kg/m®

Specific heat capacity of MgO

& (°C) 100 300 500 1000 1300

Cp (Kcal/Kg K) | 0.2483 | 0.2782 | 0.2916 | 0.3102 | 0.3186

Specific heat capécity of NiCr 80/20 0.12 Kcal/Kg K independent
temperature
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1 Thermal conductivity of Mg0

B (°C) 100 300 500 700 900 | 1100

k (Kcal/secem+K) x 1073 4,78 | 3.25 | 1.94 | 1.36 | 1.10 | 1.03

Thermal conductivity of NiCr 80/20

5 (°C) 20 250 550 800 | 1300

k (Kcal/sec m K) x 1073 2.87 | 3.90 { 5.11 | 6.12 | 8.08

4,2 Steam Generator Data

The primary and secondary systems of the steam generator in the

broken loop are simulated by nodes from 17 to 24 and mode 50, respectively.

Nodes 17 and 24 are the inlet and outlet chamber, respectively. Nodes
from 18 to 23 simulate the primary coolant in the U-tubes. Nodes from 3
to 10 and node 49 form the steam generators in both single and double

intact loops of PKL-facility. The input data for these nodes are:

broken loop intact loop

U-tubes

Number of: U-tubes 30 : 90

Inner diameter (m) 9.5%107° 9,5x107°

Height (m) 8.43 8.43

Pitch (m) - 3,64 x 1072 3.42 %1077
Secondary system

Pressure {atm) 54,04 56.59

Feed water enthalpy (Kcal /Kg) 273.7 273.7

Feed water mass flow rate (Kg/sec) 3.8 9.6

Volume (m*) 0.5352 1.366

Height (m) 8.576 8.586

Cross section : (m?) 6.24 %1077 1.59% 107!

Subcooled water level (m) 4,2 4.2

Void fraction of saturated region 0.99 0.99
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Initial heat flux for the fictions blowdown

Node NO. Heat flux (Kcal/m%sec)

Intact loop
4 _ sy
5 2.0
6 1.8
7 1.8
8 1.9
9. 1.9
Broken loop
18 2.0
19 2.0
20 ‘1.8
21 1.8
122 1 1.9
23 1.9

The time for feed water shut down is 0.4 ééc.'after the break.

4.3 Pump Data

. The PKL test facility does not include a pump. However, it is
'presumed in the THYDE~P steady state adjustment. IIN'THYEELP; a pﬁﬁﬁ
‘node is a variation of a normal‘node with a pump head. In the present

calculation, the pump head is assumed to be

H{t) = Ho exp {(-ot) . _ L ; -,,-  4.1
iwhere

Ho ; pump head determind by steady state adjustment

t -3 time after the break

o=0.1 (sec™)

On this assumption, we obtain H® 0 at the test initiation.
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4.4 ECCS Data

In the experiment, water was injected into both the single and
double intact loops through mozzles. In addition, water was injected
straight into the top of the downcomer on the same elevation as the
reactor primary loops (see Figs 2.2 and 2.4). However, ECC water is
assumed to be injected into a single junction 46 in the'present cal-
culations. The mass flow rate consistent with the experimental data
is used, which is listed in Table 4.3. In the present calculation,
injection starts at 35 sec. after the break, corresponding to the test
initiation.

Table 4.3 Total Injection Rate

Time (sec) 0 1.5| 5.0|10.2117.6]| 24.9| 26.0] 350.0

Flow Rate (Kg/sec) 22.0(22.320.3|17.5|14.8| 13.0 1.9 1.9

4.5 Break Data

The double ended break is assumed to occur at junction 27. The
break pressure is given to be consistent with the experimental data
(see Fig. 2.5). When a reverse flow is calculated at the break poiﬁt,
the enthalpy of the coolant which flows into the system, can not be
determined realistically because of a lack of a discharge tank model.
In the present analysis, the coolant enthalpy for the reverse flow is
obtained assuming quality x=0.9. This rough approximation may be
adequate in this case because the period of the reverse flow is short
(about 30 sec.) and because the amount of mass flow into the system
‘through the break point is rather small compared with that of injected

ECC water.
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5. Calculated Results and Discussion

The-calculated results will be compared with the'eaperimental'data
in this section. At first the detailed comparlson between the calcu-
lated results and the individual experlmental plots w1ll be made in the
follow1ng subsectlons. ‘Secondly effects of the phase separatlon at the
downcomer top w1ll be 1nvest1gated using a simple model. 'Finally we
will show the improverment of the quench front curve obtained by taking

account of the minimum stable film boiling temperature.

5.1 Cladding Surface Temperatures and Heat Transfer Coefficients

The calculational results of claddlng surface temperatures at the
measurlng elevatlons (MEl to ME7) are compared with the expeérimental
results in Flgs. 5 l to 5. 7, respectlvely The experimental results
are shown by a scatter field of the measured values for d1fferent rods ‘
at the same elevatlon. Two calculatlonal results labelded by ME301 ‘
(node 35) and ME302 (node 36) are presented in Fig. 5.3 because the
measuring position ME3 is located at the intermediate elevation between
node 35 and 36 (see Fig. 4.2).  Also in Figs 5,4,and_5.5,itwg‘results
are shown, in the same way as Fig. 5.3, L ' _ g

 Before considering the individual numerlcal results more in detall
a brief overview on the results will be_glven,._The end of refill time
that means the time when the ECC water enters the heated regien of the
heater rods in the core was well predicted by the calculatlons. Ihe
safety relevant maximum. claddlng surface temperature (677 C) was measured
somewhat above the middle of the heated length after 82 sec. The maximum
temperature is well reproduced by the THYDE-P code {about 660°C).
However, the calculational results for the time when the_maximum temper-
ature occurs is considerably different from the experimental value. In
addition to the maximum temperature, the residence time {(during this time
high temperature is existent) are somewhat influencing the oxidation
process and the deformations of the cladding tubes in the reactor cores.
The residence time above 590°C is largely underestimated by the calcu-
lation.

In addition to numerical values for the maximum cladding surface
temperature and the maximum quenching time, the cladding temperature

histories up to quenching are also important. Of cource, they are in

—30—
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direct relation with the hte's.

Beginning with the lower powered MEl and MEZ, it 1s seen that
initial surface temperatures are higher by about 100°C than the experi-
mental values. But the behavior of the cladding temperature histories
is well predicted by the calculation. The scatter field of the measured
values is relatively small.

As for the refill and reflood processes, the typical history of the
cladding surface temperature in the middle of the rods is devided into
5 phases as follows(5):

Phase 1. The cladding temperature increases quickly caused by poor vapor

_ cooling during the refill period.

Phase 2. The cladding temperature increases much slowlier immediatly
after the beginning of reflood up to the turn-around point,
due to higher steam production and water entrainment.

Phase 3. The cladding temperature decreases by continuously improved
heat transfer due to such as rise of the oscillating water
level with increased water entrainment and local film boiling.

Phase 4. The cladding temperature decreases increasingly faster due to
film cooling and transition boiling.

Phase 5. Finally the cladding temperature is quenched down to the

saturation temperature.

The comparison between calculated and experimental results is shown
in Fig. 5.4. The calculated initial temperature increase and steep
temperature drop during the quench are in good agreement with the experi-
ment. It is however apparent that the experimental history of phases 2
and 3 is not reproduced. The calculational results show rapid decreas-
ing temperature after the beginning of reflood without slow increase
(phase 2). The same tendency is observed in the calculational results
at ME3 and ME5 though not so remarkable.

The calculated histories of heat transfer coefficients are shown
in Figs. 5.8 to 5.14, along with the experimental data. The temper-
ature histories are directly dependent on the htc histories. Similar
to all other ME, three levels of hte can be realized from the experi-
mental data (see Fig. 5.11). During the refill phase, the htc has an
average of about 10W/(m?K), after that till quenching about 100W/ (m*K)
and shortly after quenching (2700 * 300) W/ (m°K). It is found that the
calculated results after the beginning of reflood (rapidly decreasing

temperature) correspond to the overestimation of the htc's by two or
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three times.

5.2 Quench Ffoﬁts

Experimentally observed the quench fronts propagate from the both
ends, bottom and top, into the core, The former by the ECC water flow-
ing through the lower plenum to the rod bundle and the latter by the
water, which is entrained by the wvapor produced in the lower part of
the rod bundle and then deentrained in the upper plenum. In the test
the lower quench front propagation is slightly faster than the upper
one. TFigure 5.15 shows the comparison between the calculational and
experimental results. In the analysis the lower quench front propagation
is calculated by the mode change of heat transfer from mode 4.3 (pool
film boiling) to mode 4.4 (pool transition boiling) due to the ECC water
flowing through the lower plepum. On the other hand the quenching in -
the upper part of the rod bundle occurs when the cladding surface temper-
ature. decreases below the minimum film beoiling temperature {mode 4.5).
Although the slightly faster quenching is obtained in the middel part of
the tod bundle, the calculated curve of the quench fronts is in good

agreement with the experiment.

5.3 Differential Pressures

Pressure différerices between downcomer nozzle region and break

"(DPRRC)" and between upper plenum and break (DPOPC) are calculated and"

cOmpére& with the experimental data in Figs. 5.16 and 5.17, respectively.
From the stationary initial value these pressure differences drop-
down very rapidly because vapor in the primary system condensates at
the cold injection water in the downcomer nozzle region and in the
intact loops. This vapor is supplied from the intact loops, pressute
vessel and mainly from the containment through the break. - Shortly after
reflood begins, the-ﬁressure difference increases very rapidly caused
by vapor production and increased pressure losses. - The vapor streaming
from the containment is finighed slowly and then the flow reverses, now
directed to the break. . Later on the pressure difference increases
slowlier indicating the increasing pressure losses in the steam gener--
ator and mainly in high pump resistance. These experimental behaviors

are well reproduced by the calculation except for three respects:
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(1} The calculated pressure drop due to vapor condensation is about:
twice as large as the experiment, suggesting the inappropriate
value of the delay parameter T,

(2) The time when the system pressure increases very rapidly is about

in a non-equilibrium model.

ten minutes late.
(3) The calculated pressure differences of DPRRC and DPOPC after the
beginning of reflood are by 0.15 bar larger-than the experimental

data.

5.4 Mass Flow Rate

Except during refill, measured curves for mass flow rate in all
loops: show nearly the same character: Shortly after the beginning of
reflood, 'the mass flow rates increase steeply and then increase slowly
till about 160 sec. From that time on, they still increase slowlier

up to a.more or less stationary maximum value. These are closely .related

_to the pressure difference between thé pressure vessel and the break.

Mass flow rate in 'the broken loop is in excellent agreement with the

experiment as shown in Fig. 5.18. Deviation from the experimental.

-value appears in the same respects as in the pressure differences dis-

cussed in subsec. 5.3.

Experimental mass flow rate.in the intact single and double loops

is unable to be compared directly with the calculational results, because

the intact loops are sumed .up to one_loop in the present calculation..
However, the caloulated mass flow rate in the intact loop is in good
agreéement with the sum of the mass flow rate in the experimental intact
single and double loops.-

As for mass flow rate in downcomer-tube, the experiment. shows at:
first a high negative value (see Fig. 5.19). After the mean flow rate
is zero it becomes positive (directed to the_pressure_vessel) and
increases to a stationary value of about 2.3 Kg/sec from.160 sec. on.
Osc1llat10ns caused by U- tube system (downcomer and pressure vessel)
are seen 1n ‘the experlmental curve. In the present calculation downcomer-

tube 1is 31mulated by a 51ngle ‘node and its mass flow rate is assumed to

be an average of those at the upper ‘and lower ends. Because mass flow

rates at the upper and lower ends of the downcomer—tube are qulte
dlfferent, it does not seem 1nstruct1ve to compare the calculated mean

mass flow raté with the experiment. It is desirable to simulate the
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downcomer—-tube by several nodes.

5.5 Phase Separation Effects at the Downcomer Top

In the upper part of a pipe downcomer in PKL-facility, the phase
separation is expected to occur when the flow becomes stagnant as has
been discussed in subsect. 3.4. In this subsection we will examine the
phase separation effects at the downcomer top.

The calculated results of the cladding surface temperatures and
quench fronts without the phase separation model at the downcomer top
are compared with the experimental results in Figs. 5.20 to 5.23. Tt
is found that the quenching time at the higher measuring elevations (ME
5 to ME7) is considerably delayed. 1In order te investigate the reason
why this delay occurs, the calculated results of the water level in the
downcomer-tube with and without the phase separation model are compared
with. the experiment in Fig. 5.24, since the water level in the downcomer
has a considerable influence on the quench front propagation. The water
level in the downcomer decreases after 50 sec. when the phase separation
is not taken into account. The reason is easily understood from Fig.
5.25, where the mass flux at the downcomer top is shown. The calculated
curve of the mass flux flowing into the downcomer-tube decreases after
the reflood begins and becomes almost zero, when the phase separation
model is not included. This underestimation of the mass flux corresponds
to the overestimation of the mass flow rate at the break compared with
the experimental data (see Fig. 5.26). If the phase separation model
is taken into account, the flow with high enthalpy goes out .to the break
as shown in Fig. 5.27. This seems to cause the reduction of the mass

fiow rate at the break.

5.6 Effects of Minimam Stable Film Bolling Temperature

When will examine the influences of the minimum stable film boiling

:temperature (MSFBT) on the histories of the cladding surface temperatures

at the hlgher measuring elevations and the quench fronts. The calculated
results of the cladding surface temperatures without the MSFBT model are
compared with the experimental results in Fig. 5.28 to 5.31. 1In this
case the quenching time at the higher élevations (ME5 to ME7) is con-
siderably delayed because the quenching is caused only when the quality

of a core node under consideration decreases below 0.1. If the MSFBT
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model is taken into account, the quenching occurs when the cladding
surface témﬁerature decreases below 350°C, since TMSFB is about 350°C
under the conditions of this experiment. This improves the calculated
results for the histories of the cladding surface temperatures at the
higher elevations and the quench fronts, as has been shown in Figs. 5.1
to 5.7 and 5.15. '
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6. Conclusions

The major conclusions are as follows:
(1) The BE option of THYDE-P has predicted the overall trends of the
éxperiment reasonably well. .
(2) The maximum turn-around temperature is calculated at about 660°C,
compéred to the°experiméntal value of 677°C. o
(3) However, the time when the maximum temperatﬁre occures and the
residence time above 590°C are considerably underestimated by the cal-
culation.with the THYDE-P code, |
(4) In;the:présenf analysis, two types of quenching occur. One is
caused by the:mode change of the heat transfer from mode 4.3 (pool film
boiling) to mode 4.4 (pool transition boiling) due to the ECC water
flowing into the rod bundle through the lower plenum. The other is
éalculated when the claddiﬁg surface temperature decreases below the
minimgm film boiling temperature. The calculated results reproduce
véfywwell-the experimental curve of the quench frounts.
(5) The flued dynamics and the system pressure history are satisfac-
torily predicted.‘ | |
(6) The calculated break flow and water level in the downcomer after
the reflood started are in good agreement with the experimental data

only when complete phase separation is assumed to occur at the down-

comer top.
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Appendix A -Input:Data List

/. : . 00000010
PKL-REFLOOD EXPERIMENT(TEST K9¥) ANALYSIS BY THYDE-P CODE 00000020

/ xxxxx DIMENSICN DATA #xxx= ' 00000030
BBO1 . 00000040
¢ 0 9 3 8 51 47 2 1 2 0 2 4616 5 51 0000CC50

/ 00000060
/ xxxxx MINOR EDIT DATA *xxxx : 00000070
BBO2 ' 00QCC080
PRE-28 GLE-28 GLA-29 GLE-30 GLE-11 GLE-25 TMP=-11 TMP-25 TL1-0¢ 00C0C0S0
/ : : o 00C00100
/ _kxxxx TIME STEP DATA xxxxx 4 . 000CC110
8B03 00CC0120
SBEC301 : 0000C130
' 0.2 0.2 100.0 _ 00000140
SBO3G2 00000150
30 10 50 ¢ .1.0E-3 . 1.0E-¢ (0.3 0.1 - " 00000160
SBO303 : , ‘ - 00000170
. ‘30 10 50 0 4 .0E-3 1.0E-6 1.0 0.1 0000018¢C
580304 . _ o . . 00000190
. 30 5 10 0 16.0E-3 1.0E-6 2000.0 0.1 00000200

/ ' . 00000210
/ xxexx TRIP CONTROL DATA #axsxs _ 00000220
BBRO4 - S 2 . 00000230
S80410 00000240
' o1 0 1 -0 1000.0 0.0 & T 00000250
$g0420 ‘ - ) : 00000260
5 49 1 0 0.4 0.0 00000270

580430 L B : . : PR 00000280
., 5 SO 1 0 0.4 . 0.0 - : . 00000299
SBO440 00000300
- A 1 100 80.0 0.0 : o . 00000310
SBOLSO g _ : oo 00000320
A 1 1 0 1010.0 0.0 00000330
580460 s : Lo e SUER L. 00000340
: .30 1 0 0.0 . 0.0 L - 00000350
$B0&470 . Co0003580
-, 2 2v 1 0 - 0.1 .. 0.0 - e - L 00000370
580480 e . - CO0C00380
o s2 13 1 0 0.1 0.0 00000390
; ‘ : oL e . s e ‘ s £ 00000400
BBOS P . EAE I L Q0000410
o 1 7000.0 3460.0 00000420
FAE wT T L . R R oLy 00000430
/. xxxxx LOOP NODE DATA xxxxx . L I 00000440
BBOS ) 00000450
$50601 - - o o - U 00000460
Lo 1.1 44 1 0 160.000 0.139 0.0 3.035 0.371 Q0000470
0.5 1.0 0.0 0.0 00000480

Ssbgdé' _ —— TS oo T © o - p0C004%0

—55—
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2 1 1 20 159.9203 10.215 0.0 1.878 1.623 Go000500

0.887 0.0572 a. Q. 000005140

SBC&03 ceooos20
1 2 3 ¢ 159.8145% 0,313 g.¢ Q0.256 . Q0.256 00000530

‘ 2.48 1.83 3.38 F.52 CQG00540

, 3BO4OS ’ ‘00000550
| 4 7 3 4 1 159.6327 0.019 0.0 0.965 0.965 CoC00560
B 0.0 Q.¢ .0 0.0 QQCo0s70
SBC&OS c0QQQ580
5 7 & 31 159.4117 0.019 ¢.Q 0.965 0.963 CCeoossQ

: Q.0 0.0 0.0 0.0 Q0CC0&00
3BO&TE - 00CQ0s10
& 7 S 46 1 159.1907 0Q.01¢9 0.0 6.725 6.510 00000620

0.¢C o.C a.c 0.9 000004830

$BOSG7 CCCC0&40Q
- 77 & 7 1 158.244% 0.019 0.C 4.725 -4.,510 0CCC0650
0.0 2.0 0.0 Q.0 00000660

SBQs08 Q00C0470
g 7 7 8 1 158.20%3 0.019 0.0 3.0 -3.0 00000680

¢.0 0.0 0.0 c.0 Q0000&%0

5B06OY i 20000700
97 8 9 1 158.1376 0.019 0.0 C.930 -0.930 ooQoov10
: : Q.0 0.0 0.0 0.0 00QQ0720
§80610 00000730
0 1 9 10 0 158.0230 ©0.315 ¢.0 C.256 -Q0.256 00000740

g.52 3.38 1.83 2.48 Q0Q00750C

SBO611 coo007460
11 1 10 11 0 157.9631 0.215 ¢.0 1.83¢ -1.623 0C000770

. ‘ ¢.0 .0 . 0.0572 0.887 QQ000780
sBoslz2 cCoQo79e0
' 12 1 11 12 0 157.7450 0.139 0.0 5.322 -3.921 CCCCO0800
. ' C.C c.o 0.0 0.0 cgQoecs8lo
SBOs613 coeeoszo
13 8 12 13 0 157.1085 '0.13% 0.0 3.445 3.445 00000830

o 0.0 0.C g.¢ 0.0 0Q0Q0840
SBQ&14 oQQQC850
14 1 13 45 0 164.5077 0.139 .0 2.860 0.25 0Qcee8s0

| 9.¢ G.C 1.0 0.3 ' 0000C870
} SBC&1S 000090880
15 1 44 14 0 140,000 0.0808 0.0 2.503 0.371 000008%0

0.3 1.0 0.0 0.0 Q0000900

SBO&1S : 00000%10
: 16 1 14 15 ¢ 159.9048 0.125 0.0 1.770 1.681 00000920
0.756 0.0573 0.0 0.0 00000930

3BO&17 00000940
17 1 15 16 ¢ 159.792%9 9Q.195 0.0 0.198 c.198 QQQ00950

3.59 2.37 4.44 12,3 00000960

5B0&18 00000970
18 7 16 17 1 159.61186 0.019 0.0 0.965 C.965 00000980

o 0.0 - 0.0 Q. 0. 00000990
SBC&1F - Q0001000
19 7 17 18 1 159.4178 0.019 0.0 0.965 0.945 00Q01010

Q. 0. 0. Q. Qooo1020

SBO&2D 00001030

56—



20

§B0621
21

SBo&22
22

5BO&23
23

380674
24

SBO&2S
25

580424
: 26

SB0s27

27

580428
28

380429

29

SBC63O
30

880631
31

3BC632
32

SBOS3E3

33

5B0634

34

SBO635
- 35

3B0&636
38

SBO637
37

$B0&38

18

19

20

21

22

23

24

23

26

27

45

28

29

30

31

32

33

34

19

20

21

22

23

24

25

26 .

27 o

43

28 O

29

30

31

32

33

34

35

159.2240
0.

158.2782
0.

158.1767
0.

© 158.10%90

0.

- 158.027%9

12.3

157.9631
0.

. 157.75347

c.

~157.0536

C.

164.2838
c.

163.6850. .

0.0

163.45%4.

0.3724

163.7843
0.

162.7152
8.68

162.5006
0.

162.4771
Q.

162.3470
o.

142.2234
0.

162.0897
¢.
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©.019
C.

0.01¢9
c.

- 0.019

0.

0.019

- 0.

0.195. .
4.44

0.125
Q.

c.0808
o.

0.C808.
C.

0.0808
0. .

0.0808
,1- -

-0.203

0.6850

0.42889
Q.

0.24585
8.90

0.24585
0.

0.24585
0.

0.24585
C.

0.24585
c.

0.24385
0.

0.0
0.0573

6.725

0,930
c.

0.198
3.59

1.738
0.756

5.370
Q.

0.3CC

0.400C

Q.

0.300
0.

0.300
0.

Q.300
0.

6.510

-4.310

~0.198

-1.681

-3.898

3.457

0.215

0.400
0.300
0.300

0.300

00001040
00001050
00001060
00001070
00001080
00001080
00001100
00001110
00001120
000011390
00CC1140
00001150
00001160
00001170
00001180
00001190
00001200
0000121¢
0000122¢C
00001230
00001240
00001250
00001260
0000127¢
00001280
00001290
00001300
00001310
00001320
Q0001330
00001340
00001350
00001340
0CCC1370
00C01380
00001390
00001400
00001410
Co0C1420
POO01430
00001440
00001450
00001460
00001470
00001480
00001490
00001500
00001510
000015290
00001530
00001540
00001550
00001560
00001570
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38 2 35 36 1 161.9760 0.24585 0.0 0.300 0.300 ' 00001580

0. 0. 0. 0. 00Q013590

SBC&3? 000012400
39 2 36 37 1 . 161.8522  0.24585 0.0 0.300 0.300 00001410

0. 0. a. 0. Q0001420

SBO640 00001430
40 2 37 38 1 161.7284. 0.24585 c.C 0.490 0.400 00001640

Q. C. g. 0. 00001650

SBOs&41L 00001640
41 2 38 39 1 161.5980 0.24335 ¢.0 0.300 0.300 00001470

G. c. 0. Q. 000C1680

SECé42 00001470
420 2 39 40 1 161.4741 0,245853 0.0 Q.300 0.300 . 00001700

: c. 0. 0. Q. : 00001710
SBO&4L3 00001720
43 2 40 41 1 161.3501 0.24585 0.¢C 0.400 0.400 00001730

0. 0. 0. 0. Q0001740

$BO&GS . 0000175¢C
442 41 42 1. 161.2196 0.24585 Q.0 C.300 ¢.300 00001740

: 0. 0. 0. c. Gooo1770
$B0645 oc001780
45 2 42 43 0 161.0956 0.24585 0.0 .2823 0.250 - CCO0179C

L 0. 0. 3.98 .79 cooC1800
SBOé46 00001810
L6 6 43 44 O 160.6530. 0.38987 0.0 1.6 . 1.6625 00001820

o 0. 0. 0. C. 00001830
380647 Q0001840
4713 43 46 0 - 1.0 0.13%9 0.0 2.0 . =1.0 ) co0018350

a3 0. 0. ’ Q. Q. 00001840
SBO&4LEB-- coeo1870
48 13 44 47 Q 2.5 - 0.30589 ¢.0Q 10.432 ~6.763 - . Qcecgetraso

: 1.3 1.5 ¢.. . 0. T Q0Qoisgo
/ 0Cceoi?00
/- xxxxx JUNCTION DATA =xxxxx C Q0QC1g10
BBO7 : 00001920
00CQ1930
Q0001940
00001950
00001960
00001970
00001980
00001920
Q00G2000
00002010
00002020
Q0002030
Q0002040
00002050
Q00020640
00002070
00002080
00Q020%0
00002100
oooe2110

N O

LI}

eI o BN SRV I R VA \S B

OO o000 Q00000 OO0 COaO0
T T T T .

>
o
[ R T el e e Y =SS S e

+
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T T T T S T S S Y

*

R T T SR B

*

"
COOMNMOCOO0OO000OoO0DO0OOCQO00COCOOO0O0O0000

12

(2]

F.
Q0 ~LGAE R 2 s 1 12 1 1 e 3 P P e B R P R R P e
[egeogeNeRejoNoRegoReNeRoRoNoloRaRoNoNoNoNoloBoNeRalle e Ne

/ .
/ sxxxx MIXING JUNCTION DATA =xxxxx
BBCB ' ’
SBO80C1 . . : -
44 3 1 15 48 Q0 0.75 0.25 0.0 0.0
SBO80OZ
45 2 30 47 O o 1.0 c.0 0.0 0.0
/ .
/7 =xxxx PUMP INJECTICON DATA xxxxx
BBC?
SBOS01 .
1 46 .50.488.
3 o : . .
0.0 10.12 1.5 10.26 5.0 ?.34 10.2 8.05
17.6 6.81 24.9 5.98 26.0 1.920. 200C.0 1.9
/
/ xxxkx PUMP DATA xxxxx
8B10 : .
381001 - . [T R . : '
27 1 1185.0 5.58 4.33E4 105.0 749.0 1150.0° 3460.0 -0.5 0.0
sB1002 .
1% 1 1185.0 16.74 &.33E4 105.0 749.0 1150.0 3460.0 -0.5 0.0
/ srxxx PUMP DATA TABLE =xxxxx
2811 e T R .
381101

~59—

cgocz2120
000Q2130
00oCo2140
cooQ2150
coo0zl1sd
coo02170
Q0002180
00002190
00002200
Q0002210
00002220
0000223¢C
00002240
00002250
00002240
0000227C
00002280
Q0Q0o2290
00002300
00002310
00002320
00002330
Q0002340
00002350
00002360
00002370
00002380
00002390
00002400
00002410
00002420
Q0002430
Q0002440
00002450
000024460
0o002470
0CQ02480
GoQQEL70
0Qo02500
Q0002510
QQoQ2s20
Q0002530
QGQQ2540
00002550
00002540
00CC2570
oooe2s580
0o0C25%0
go002600
Q0002610
00002620
000024630
CQQQE440
oo0025650
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1 00002660
14 00002670
-1.0 1.56 0.18 -0.85 1.33 0.34 -0.8  1.28 0©.40 =-0.72 00002680
1.30 0.48 -0.62 1.35 0.556 -0.5 1.36 0.67 ~0.34  1.34. 00002690
0.77 -0.21 1.29 0.84 -0.11 1.23 0.89 0.0 1.22 0.95 00002700
0.25 1.16 1.16 ©.5 1.13 1.35 0.75 1.07 1.82 1.0 "0.98 1.940000271C
11 : 00002720
-1.0  .0.18 1.56 -0.75 -0.13 1.12 -0.50 -0.32 0.9 ~-0.32 -0.4 0.82 00002730
0.16 ~0.42 0.76 0.0 ~-0.39 0.71 0.16 -0.28 0.71 0.32 0.16 0.76 00002740
9.5 ° 0.C1 C.90 ©0.75 0.4 1.33 1.0 0.98 1.%9¢ 00002750
14 00002760
1.0 0.7 ~1.42 -0.9 0.7 -~1.32 -0.8 0.68 -1.23 -0.7 0.863 -1.14 00002770
0.6 0.53 ~1.07 -0.50 0.47 -0.9% =0.4 0.46 -0.91 -0.3 0,45 -0.84 00002780
0.2 0.45 -0.77 0.0 0.48 -0.64 0.25 0.55 -0.49 0.5 0.66 -0.34 00002750
0.75 0.83 -0.2 1.0 1.C2 -1.10 00002800
13 00002810
-1.0 -1.42 0.7 =0.8 ~-1.12 0.5 =0.6 -0.82 0.4 -0.5 -0.68 0.39 00002820
‘0.4 -0.55 0.38 -0.2 -0.28 0.33 0.0 -0.08 0.28 0.11 0.0  0.25 00002830
0.25 0.12 0.22 ©0.50 0.33 0.14 0.75 0.61 0.03 0.92 0.82 0.01 00002840
1.0 1.02 -0.10 00002850

2 00002860
0.0 1.0 1000.0 0.5 00002870

2 00002880
"-1.0 -50.0 1.0  50.0 00002890
6 & 00002900
6.0 0.2 0.4 0.6 0.8 1.0 00002910
0.6 0.0 0.0 0.0 0.0 0.0 0.0 00002920
0.2 0.0 3.0658-5 7.7239E-5 1.3263E-4 1.946E-4 2.6207E-4 00002930
0.4 0.0 4.866E-5 1.2261E-4 2.1053E-4& 3.0996E-4 &4.1602E-4 00002940
0.6 0.0 &.376E-5 1.4066E-4 2.7587E~4 4.C4BSE-4 S3.451LE-4 00002950
0.8 .0.0 7.7239E-5 1.9463E=4 3,3419E-4 4.904LE-4 6.6037E-4 00002960
1.0 0.0 &.9628E-5 2.2585E-4 3.87BE-4  5.691E-4 7.6431E-4 00002970
A - o oo 00002980
/ . xxxxx BREAK POINT DATA xxxxx 00002990
BB13 : 00003000
27 0.0 0.4 0.8 0.6 0.6 0.8 0.4 0.6 00003010

.18 - : 00003020
0.0°1.0 7.5 2.7 15.0 4.69 40.0 4.69 80.0 4.69 00003030
$0.0 4.45  100.0 4.26  110.0 4.01  120.C 3.85  130.0 3.78 00003040
155.0 3.71  180.0 3.71  205.0 3.67  230.C 3.57  28C.0 3.46 00003050
280.0 3.20 430.0 3.06 1000.0C 3.06 00003060

/ S ‘ o 00003070
/ xxxxx STEAM GENERATOR DATA xxxxx ‘00003080
8815 00003090
551501 : © 00003100
29 ¢ 4 9§ & 1 0.1591 8.5858 1.0 0.5  ©.034167  0.00%95 00003110
12.94 4.2 273.7 9.6 0.99 0.2077  56.59 00003120
-2. -2. -1.8 . -1.8 -1.9 =-1.9 ' : 00003130
3.0E-5 80.0 6.5 0.5 0.5 00003140

3 : g o - 00003150
0.0  1.C 1.0 1.0 1.0 1.0 1.0 1.0 1000.0 1.0 1.0 0.0 00003160
$SB1502 . - - 00003170
50 30 18 23 & 1 0.0624 8.57628 1.0 0.5 0.03638 0.0095 00003180
5.38 L.2 273.7 3.8 0.9%  0.2459 54.04 06003190
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-2. -2. -1.8 -1.8 -1.9
1.0E-5 80.0 0.5 6.5 0.5

0.0 1.0 1.0 1.0 1.0 1.¢ 1.0 1.

/ xxxx CORE DATA =x%xxx

BB1é
337 . 32 45 1
5.375E-3 1.43E-2 c.0

.0 _3.94  5.30 6.41 .41 7.22
6.41 5.30 3.94 ¢.0
1 1 2 1 2
0. 0. 1.0 0. O.
/
/ xxxx HEATER PHYSICAL PROPERTIES #xxxxx

2817
/ -- HEATER POWER DATA --—
2
0.0 2.0 2000.0 2.0
/ -— DENSITY DATA -- NO.1
2
10.0 31S0.0 2000.0 3150.0
/ =-- DENSITY DATA -- NO.2
2
10.0 8300.0 2000.0 8300.0
f == CP DATA -- NO.1
5
100. 0.248 300. 0.278 500. 0.292  1000.
/ -- CP DATA -- NO.2
2
100. 0.12 1300. 0.12
/ -— CONDUCTIVITY DATA -- NO.1
12 2

10C¢. 200. 300. 400. 500, 600. 700.
1100. 1200. ‘

-1.

0

0.

9

1000.0 1.0 1.0 0.0

310 1300, 0.319

800. $00.

200C. 4000. 2000. 4000. 200C. 4000. 2000. 4000.
4000,
4000.

2000. 4000. 2000. 4000. 200C. 40Q00. 2C00.
2000, 400C. 2000, 4000. 2000. 4000. 20Q0.

4.78E-3 4.7BE-3 4.02E-3 4.02E-3 3.25E-3
2.51E-3 2.51E-3 1.94E-3 1.94E-3 1.5BE-3
1.36E-3 1.36E-3 1.20E-3 1.20E-3 1.10E-3
1.056-3 1.0%5E-3 1.03E-3 1.03E-3 1.03E-3

/== CORDUCTIVITY RQATA -- NO.1

5 2 :
20. 250. 550. 800. 1300.

1000. 10000. 1600. 10000. 1000. . 10000,

1000. 10000. 1000. 10000.

2.89E-3 2.89E-3 3.90E-3 3.90E-3 5.11€E-3

6.12€-3 &6.12E-3 8.08E-3 B8.08E-3
/
/ xxxx OTHER DATA *xxx

BB22
0. 1.4 1.4 0.
BEND
5
0 0 O O 55000 80.
0. 17. 0. 0. 17. 17.5
0
20 0.04 _
13 14 29 30 31 45 47 32
0.5 0.5 0.1 1. 0.5 0.3 1. 0.3
35 36 37 33 39 40 41 42

0.3 0.3 0.3 0.3 0.3 0.3 0.3 0.3

33

0.3
43
0.3

3.25E-3
1.58E-3
1.10€E-3
1.03E-3

S.11E-3

34
.3
4é
¢.3

1000.

00003200
00003210
00003220
00003230
QQQQ3240
00003250
00003260
Q0003270
0000328¢0C
Q0003290
00003300
00003310
0000332¢
00003330
00003340
000033350
00003360
00003370
00003380
00003390
00003400
00003410
00003420
00003430
00003440
00003450
Q00034460
00003470
00003480

00003470
GCO003500
c0003510
Qc003520
QCQ03530
00Q03540
00003550
QQCQ03560
00003570
00003580
CpO03590
Q0Q03400
00003610
CCCC3620
Q0003630
00003640
00003450
00003660
Q0003670
00003680
00003490
Q0003700
0000371¢
Q0003720
Q0003730
00003740
Q0003750
QQ003760
00003770
00003780
QQ0037%0
00003800
00003810
00003820
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Appendix B Nomenclature

Alphabetic Symbols

Greek Symbols

A Flow area

Cp Specific heat capacity

g Gravitational acceleration

G- Mass flux

Gpin Minimum mass flux for forced convection condition
h Enthalpy N

hfg Latent heat

oo Outlet enthalpy

I Drift energy flux

[ Drift energy flow

k Loss Coefficient

k Thermal conductivity

L Node length -

p: . Pressure

T Temperature

TﬁN Homogeneous.nuhleation temﬁeratﬁfe
TMSFB Minimum stable film boiling temperature
ugj  Drift wvelocity .

Uy Relative velocity. -

"X Equilibrium qualify .
%o Threshold quality defined in eq. (3.1.2)
§C Threshold quality used in eq. . (3.4.3)

(3.3.3)

o Equilibrium void fraction

O Threshold void fraction used in eq.
Equilibrium density
Heat flux
Heat flux defined in eq. (3.1.2)
Surface tension '
Enthalpy flux
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Subscripts

CHF Critical heat flux

fs Saturated flux

gs Saturated steam
3 Junction number
1 Liquid phase

n Node number

sat  Saturated property

Superscripts

A Inlet point of node

E Qutlet point of node

f Forward flow
Junction number

n Node number

r Reverse flow



