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Abstract

A new code system of safety analysis for the FBR core accidents is
being developed by Power Reactor and Huclear Fuel Development Corpora-
tion. Supporting this project, Hitachi Research Laboratory of Hitachi
Ltd. developed az digital code; SUSIE, in 1970, to explain the sodium
boiling phenomena in a single chanunel by "single bubble model“,

Here, the above code is improved to calculate the reentry phenomena
of sodium into the boiled channel in case of heat up accidents of FBR
core. The new code SUSLE ~ IT can calculate the time intervals from
disturbance initiation to sodium boiling, growth rate of the bubble,
condition of sodium reentry temperature distribution of the fuel

and 80 on.
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PREFACE

ith respect to the sodium cooled fast breeder reactor (FBR) which
is now being developed, if no immediate and appropriate measures OX action
are baken in case of‘any loss of in-core coolant flow or an unexpected
increase of in~core power output by some reason, the accident may rapidly
precipitate and may cause the core melting, and further, even a serious -
super-criticality acecident.

Especially, even in case of a local chammel blockage accident whose
occurrence within a core can not be absolutely deniable, there is at
present no absolute guaranty of ite immediate prevention from propagat-
ing into a further serious accident,

With the conventional safety calculation, as it was difficult to
evaluate sufficiently the progress and behavior of this type of accidenfs,
it has been a general practice, after having evaluated and analized
the possible causes of accident, to analize the explosion energy assuming
that a substantial part of the core had melted and re—-assembled,

However, the quantitative eﬁaluation of the relation between the causes
of accident and the super—criticality accident has not yet been suf-
ficiently conducted.

In order to make clear of this relationship, and at the same tine,
%o assure by means of calculation that these super-criticality accidents
would never occure again, and by doing so, to eliminate them from the
future safety examination after the nresent FBR prototype MONJU", the
Power Reactor and Ifuclear Fuel Development Corporation (nereinafier
called PHC) has organized a special technical committee to have it engage
in the development of a comprehensive general code for analysis of in-
core accidents of the sodium cooled FBR.

At the first stage of the development of this integral code, for the
preparation of a prototype of this general code, the following several
codes are being prepared as a sub-routine of the general code: An
analysis code for various troubles leading to major accidents, a code to
calculate the development of accidents, and a code to calculated the
energy release.

Hitachi Itd, had undertaken under contract with PNC in 1970 the

development of an in-core fuel channel sodium boiling analysis code as



a sub-routine of this general code, and vprepared a code "SUSIE" to calcul-
ate a single chammel sodium boiling by a single bubble model.

SUSIE uses the single bubble model (piston model), which is supposed
to best fit the experiment data asmong the number of available hoil ana~
lysis models at present, to analize the sodium boiling phenomena occurring
in the fuel channel ag the result of an in~core power generation (calorific
value) variation caused by the reactivity input.

In 1970, a SUSIE prototype was prepared, and it has become possible
to calculate the in~chamnel tempersiure variation from the time of an
accildent occurvence in the channel %o the time of void appearance, the
growth of void after the commencement of hoil, and the temperature change
in the fuel and on the cladding materials. But SUSIE d4id not cover any
re—-entry of sodium once it had escaped from the channel., For this reason,
in 1971, an improvement of SUSIE was undertaken with more emphasis on its
performance to calculate the reentry inte the sodium channel after its
boiling., With respect to sodium reentry into channel, as thefe were con-
sidered existing several problems relating to determination of +ypes of
model, establishment of reentry conditions, etc., thesze problems were
first taken up for further study. This report, therefore, will cover
the handling of reentry, the basic formula and the description of the code,
its characteristic features, the form of input and output and how to use
them, and the calculation result and its evaluation. By calculating re-
entry, it can be expected from SUSIE that after the escape of wvoid, the
temperature rise on the cladding mat:rials which used to be calculated

by heat insulaiion can be substantially moderated.



1. Cheracheristic Features of SUSIE-IL

SUSTE~II is an improved version of the sodium boil analysis code
SUSTE developed by Hitachi ILtd. in 1970, Ls to the basic formulas of
caleulation, these will be described in the later chapter. Aunyvay, the
improved version SUSIT-IT is quite similar in substance to thé older
version SUSIE, except in the points that while SUSTE was unable to suffi-
ciently calculate the vibration at the end-faces of void and the cooling
efficiency by sodium reentry after void escaped from the channel, SUSIE-IT
is able to calculate all these phenomena. As said before, SUSIE-IT is
after all an improved version of SUSIE added with several new calculation
techniques and performa.ce functions.,

Pable 1-1 represents the major differences in comparison with SUSIE-IL
and SUSIE.

1-1, Calculation ilodels

i). As indicated by Figs 1~1, a cylindricel from nodel is considered,
where the ligquid film (emulsion) and sodium flow sﬁrround the
fuel pins and the cladding. The channel's outer diameter is

determined by the cross section of the sodium flow channel.

ii), The fuel, clad and the liguid fiim are considered as fixed.

Only the sodium other than 1iquid film flows.

iii). On the fixed side, the thermal transfer in the axial direction is

ignored.
iv). The temperature distribution of sodium in the chammel is measured
and caleulated by this model until an actual bolling takes place.
1-1,2. On the sodium side (Calenlation after boiling takes place).

i). As shown by Fig. 1-2, the liguid f£ilm is adhered to the cladding,

and changes its thickness as vold grows,.

ii}, The film thickness changes depending on the axial direction mesh,

while both keen changing every now and then.

iii)., ‘“Then the f£ilm thickness comes to zero, heat insulation on the

surface of the cladding meterials is considered,



1-1.3. Comnection Between Heat Generating Side and Sodium Side,

i). By uvtilizing the thermal flow flux on the surface of the liquid
film, the temperature of the fuel pins, cladding and of the liquid

film is obtained with the model of Fig, 1-~1.

ii). Utilizing the temperature on the surface of the liquid film,
the void wressure, volume, sodium temperature and the thermal

flow flux on the surface of the liquid¢ film are sought.

iii), Items of i) and ii) are calculated every hour repeatedly.

1-2, Reentry lodels.
1), Calculation on the heat generating side does not change,

ii). The void which comes out from the channel's exit is considered to

go up (come down) inside the assumed channel,

iii). The cross section of the sssumed channel iz the same as that of
the actual channel, and the temperature of its wall is constant
(equivalent temperature o that of the bulk sodium at the channel's

exit) in the axial direction.

iv). The sodium vapor condenses at the upper part of the assumed chamnel,
Fere, it assumed chamnel, Here, it assumed the void pressure
declines and this pressure decline causes sodium reentry into

channel takes place.
v). Calculisate the vogition of the end-feees of void and the void pressure
inside botk the channel and the assumed channel,
1-3, Tine Hesh,

Tn order to caloulate the vibration phenomenon occurring with the
reentry, as the conventional method of calculation by means of a certain
time mesh size was difficult to obtain a satisfactory result, the cal-
culation was performed by changing the time mesh size maintaing the void

pressure a P, within a certain limited range.

1.4, Accident Causing Factors.

i). Variation of heat seneration: The initial distribution of heat

generation distribution shouled be given, and the +time’ variation of
the absolute value is determined by the function which is given as

input.



ii). Channel blocksage: The flow volume veriation function arising from

channel blockage should be given by input.

iii). Presgure variation at chamnel inlet: The pressure variation

function at the chammel's inlet ariging from some pump iroubles:

should be glven by input.

1~5, Other Improved Points from SUSIE.

i), As the surface temperature of the liquid film was unstable fiuctuat~
ing largely at the time of vapor condensation, the clad and the
liquid film were combined to form a meen value of one mesh, In

reality, it is assumed that the temperature gradient can be negligible,

ii). Consideration of vapor condensation on the boundary surfaces below
and above void.
As the temperature on the boundary surfaces below and above void
was high, a vapor feedingz from this area was also considered.
The calculation technique is entirely the same as in the case of
evaporation from the liquid film, For the evaporation surface area,

the channel cross section is taken.

iii)., Change of liquid film thickness.
The thickness of the ligquid film changes according %o time and
location, Assuming the thickness S{t) of the liquid film at a

certain hour (t) as:

8t +at) =8(t) -~ 5ot (1-1)
There, 8 1t Variation rate of the liquid film thickness by
vaporization and condensation.
It is assumed that the liquid film thickness at the nesh point on
the cladding side ineluding the void's end-face wvhen void expands and
grows up is determined by the following process. In this case, the

liquid film thiclmess inside one mesh is considered tniforn:
s(t + & %) = |/S(1:) + {30 ~s(t))X 2z/(za+ & Z)j -sat  (1=2)

“There, So: Initial film thiclkness
Z: Length of void including its end-face at the time t in the
mesh,
aZ; v at,

v: Velocity of the end-face.



This hypothesis can be more precisely expresse! by the following

drayings:

So .
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2, Teentry Models and Reeniry Conditions.
2~1l, Study on Reentry lHodels.

The reentry model used in SUSIE-II was referred to in the previous
chapter. -There are several models considered other than those used for
this code. A model as is shown in Fig, 2-1 was studizd with respect to
the handling of void outside the chamnel outlet. ‘

i). This ig & model whereby it is considered that void is extended
for the same cross section at the upper section (lower section)
of the channel, and it is assumed = condensation takes place on
the surface due to the temperature difference between the vapor
inside void and the liquid surface, aand & hypothetic chammel is

comnected with the extended portion of the model chamnel.

ii). It is assumed that all such vapor of void which has escaped outside
from the upper or lower part of the channel will immediately con-
dense, 5ut the details of condensation process will not be
considered at this time here, By this, the void end-face will

never goes out of the charnel's outlet.

jii). It is assumed that the void is ejected out in a specific form
the channells exit. But its form has not been determined yet.
Therefore, drawing attention on its surface area, the surface
area iz calculated by multiplying the surface area of void which
is out from the model's exit by an appropriate factor, which is

stulied as a parsmeter.

The liquid film thiclmess which contributes to vaporization has a
limit., When there is no liquid film, evaporation will cease, and soon
condensation will cxceed evaporation, and as the result, the void pressure
will decline.

The models given by the above items i), ii) and iii) are respectively
to obtain the void pressure by the vaporization and condensation balance,
and are considered in the same handling in principle., Fig.2-l shows the
quantitative behavior of vaporization and condensation of each model,

For SUSIE-II, as approximately the similar models can be considered
from the models given in items i), ii) and iii) it was decided fto use

preliminarily the model of i), But as it is not so difficult to change



i) model for iii) model, a study may be made to switch to model iii) in

sone future.

2=2, Reentxry Conditions.

As void grows and expands from the void area into the sub-cooled
area; the condensation volume will surpass the vaporization volume, and
thus the pressure inside void will decline. When void vressure declines
smaller than the external pressure, the growing speed of void will slow
dovn, and soon the gsrowth stops. Further then, sodium will make &
reentry into void affected by the exiornal pressure difference. Consequent—

ly, the required conditions for reentry are:
P2 (exit pressure) >'Pv (void pressure)

In the actval case, when considering the inertia of the sodium
liquid column above and below the void, reentry is considered to take
place at the time somewhat delayed from the moment of Py Py

In this case, it is difficult to define the length of the liguid
column when void is outside of the channel's exit, However, with
SUSIE~IT, the length from the void end-face to the charnel's exit is
raken as the length of the liguid column so long as the void end-face
remaing inside the charnel, Although, the liguid column length will become
shorter as the void end~face approaches closer to the chammel's exit.

But in this nodel, the one-mesh length of the ligquid column will be taken
28 the minimum value. ZLlso with respect to the Yiguid column length in
éase that void has escaped outside from the channel's exit, this method
will be extended, and one-mesh length Wili be talten as the length of the
liguid column. In this code, the equations of notion as given in the

following chapter are solved by utilizing the above stated hypothesis.



3., Basic Forrmulss for Calculation.

This chepter describes the basic calculation formulas which are used
in this code. Calculations are performed separstely on the heat generat-
ing side and on the sodium side. But 8o long as no void is involved on
the heat generating side, it is possible to calculat the sodium flow om this
side, and there is no need of using the sodium side calculatior until sodium
boiling takes place. After the commencement of boiling, the heat-generat-
ing side calculation will cover up to the liguid film while the sodiun
volume including void belongs to the sodium-side calcrlation.

The heat gemeration calculation after the commencement of boiling is
further divided into two. Némely, the fuel section heat up calculation
and the clad calculation covering the cladding and the liquid film,

The reason for this division is to keep the key to a certain level of
frequency for the sake of calculation, and also to shorten the calcul-

ation time, The basic formulas are the same regardless of the division,

3=1l, Calculation of Heat Generating Side.

Fuel:
3% - %?['%6% (z 5= T)+q} (3-1)
Yhere, T: Temperature (OC)
N:  Heat generation rate (Keal/meh)
k: Thermel condvctivity (Keal/m h °G)
C: Specific heat (Kcal/kg OC)
p: Density (Ke/m)
t:  Time (n)
r: Distance from the center of fuel (m)
Betueen fuel and clads
9% = b (Tp - T;) (3-2)

Yhere, gut Thermal fluz between fuel and clad.
hG: Gap conductance.
Tp: Fuel surface temperature.

T,: Clad internal temperature,

Cladding and liguid films

8T _ I 1 3 BN -
o E = aL e T (v I T% (3-3)



Betwesn liquid film and seodium:
qr, = by, (T, - Ty) (3-4)

Vhere, 4y: Thermal flux frow the liguid film.
hL: Heat transfer coefficient on the surface of liguid film,
Filn surface temperature.

T2 Sodium temperature.

Heat transfer coefficient:
hy, = K /D (3-5)
Bu = 5,335 + 0,016 * (pe0+8) (3m6)

Vhere, Mu: Nusselt numbexr
D: Bguivalent diameter

Pe: DPecle number.

Sodium:
T _ 8T e2nrely 9 ) _
ot = ag2 5 o -~ 9z Tp g ¢ (3-7)

There, «: Thermal diffusivity

Z: Distance from channel entrance (m)

r,2 Liquid film's outer radius (m)
S: Channel's cross section (mz)
g+ Sodilum density (kg/m3)
U Flow volume (kg/n)

The gquantities or volumes under a regular or stationsry state are
obtailned by use of the equations of (3—1) - (3-7), and then introduced
into the calculations with the chaunge of flow or heat generation rate.
On the occasion, the temperature at the channel entrance flow and heat

generation rate should be given as input.

3.2, Calculation on Sodium Side.

Void section,

Evaporation volimes

1-0,5 £, Y2z R/a [ v Tp .

%
n =

- 10 -



Where, fz Evaporation volume (Kg*/mz h)

hfg: Evaporation latent heat (Kcal/kg*)
fj:  Condensation coefficient
R: Gas constant (Kg w/mol o¢)

Te: Film surface temperature (°C)
Ty:  Void temperature {og)
Ppy = f (Tf): Saturation relative equation (Kg /m2)
Pyg = F (Tv)‘ Saturation relative eqguation (kg /m2)

A: Sodivm weisht per mol (ke*/mol)

Thermal flux:

Gy = hpge B | (3=9)

Increase of vapor in void:

A n ds (3—10)

at o J surface
Status equation:
PyeV = IRT /A (3-11)
there, V: Volume of void (m3)
N: Vapor weight of wvoid (kg)
Increase in volume:
av/at = (vl ~volx 8 (3-12)
Yhere, 32 Channel cross section‘(mg)
vq: loving speed of void's upper end-face (m/h)

Vot lloving speed of void's lower end-face ()

Flow volume:

Uy = P8y, ' (3-13)
Wz = P8y ) (3“14-)
‘There, Wl, U2= Sodiwm flow at upper and lower part of void
(xg/h)
Sodium section.,
Homentrm equationss
g ¢ V1'V11 -
at e By 2 D (3-15)

- 11 -



dv P ~-P A, v |v |
2 v. 1 2 V2172 . :
= - - ———— "'CVQIVQ| (3"‘16)
dt I 2D
Where, Pv: Void pressure (xg weight /mz)
Plz Pressure at chamnel entrance (kg weight /m?)
P2= Pregsure at channel exit (kg weight /m2)
) % .
hy=hy - Cviet (i=1.2)
hy;: Length of solium colunn (m)
it  Pregsure loss coefficient
£i: Pressure loss coefficient at the blocking point ir

the channel,

Lnergy equations:

o
R

g T

st

Vhere, equation of (3~17) is for the gas-liquid boundary interface

equation, while equation of (3-18). is for the equetion in

q, 404 o 8T
2ZpC, T (p-22)2p C, N7 bz (3-17)
_» ra 0T (3-18)

(D22 )2p c, 8 72

other positions.

Qye

q s

C_:
P

Aceording to the calculation on the sodium side, after the liquid film
surface temperature is given by heat-generation calculation, the equations

of (3-8) = (3-16) are employed for calculation of the growth of void, then

Void's thermal fluz into void (Kcal/m® h)
Thermal flux from the liguid film (Kcal/m2 h)
Film thiclmess (m)

Specific heat (Keal/Xg ©C)

the sodium temperature is sought by equations (3-17) and (3—18).

%=~3, Time Hesh.

The %imne mesh

1 for caloulation is given the maximun value, and if

it does not satisfy the follwoing equation, it will be made smallex to

satisfy the equation:

e, SV P < e (5-19)



ihere, €7, €2 ¢ Upper and lovwer 1imit of pressure fluctuation.
A P¢t Preassure fluctuation of woid, )
Py: Void pressure,
Fuwd, Thiclmess of Liguid Film,
The initial film thickness is 3,.

i), The film thickmess S(t) at the mesh point with no void end-face

included is obtained by the following formilas
S{t + %) = 8(¢) ~ 6t (3-20)

Here, & : The film thickmess which changes at each time unit (m/h)}
5= hAp (3-21)
ii), The film thickness at the mesh point with void end~face included

(at the time of void growth):

S0 ~ 5 (%) )

8(t + at) = [5(t) + aZ ] = sat (3-22)

- (7 +o27)

AZ = vat (3-23)

Here, Z: Void length in the mesh at © {m)

v: HMoving speed of void end-iace (m/h)

-1% -



4, Descrintion of Calculation Code

The constituting sub-routines of SUSIE~-II are the same oo in the case

of SUSIE. But the details of each sub-routine is remodeled for calculation

use,

Fig, 4-1 shows the block drawing of SUSIE-II,

The funetions of each sub-routine are given as follows:

MAIN: Total control of Fig, 4-1 and adjustment of time mesh width,

INPUT: Input of data.

OUTEUT: Output prior to boiling,

STEADY 3 Temperatﬁre calculation in a stationary siate.

HEATUP:; Temperature calculation at transient time (only fuel tempera~
ture calculation after commencement of boiling).

ﬁABﬂIL: Void growth after commencement of boiling, temperature
calculation of sodium, and the output after boil commencement,

CLAD : Themperature calculation of the cladding and the liquid film

after boil commencement.

FLOWRT: Function of flow fluctuation.,

HEATVL: Function of heat generation change.

PRESSF: Function of pressure at channel entrance.

PRAPIA: Wa physical property velues.

PRﬁPFL: Fuel's physical »roperty values,

PRAPSS: Stainless steel's physical »nroperty values.

The adjustment index HNVAID is zero under a stationary state until

boiling tekes place. After the commencement of bvoiling, it is NNVﬁID = 1,

Then it is BNVﬁID = 1, namely, to be the time of boil commencement,

is when the maximum temperature of sodium exceeds the boiling temperature

plus a super heat temperature {(given by an input).

- 14 =



5. [Forxns of Input and Output and Their Descrivtions

5-1. Input Foxmat.

The input date of SUSIE-II is divided into the "library data" and
the "normal data", The 1ibrary data are used to obtain the relation between
saturation pressure and saturation temperature in the sub-routine PRﬁPNﬂ,
and are sufficient to make only one read-in prior to the read-in of the
normal data. Table 5~1 shows the library data currently used by SUSIE-II.

The input format of the normal input data (hereafter called "input
data") is as shown by Table 5-2, and the example of the sctual input date
writing is as showmn by Table 543,

Ag for the accident factors, it is deviced that the user himself
prepares the necessary functions of which coefficients are the input.
Already e number of functions have been prepared and are usable any time.
The types of function and the option codes are listed in Table 5-4.

The input limitation of SUSIE-II are as follows:

i} Radial direction mesh number < 20.

ii) Axial direction mesh number = 100.

iii) Axial direction region rumber = 10,

5-2. Output Format.

Table 5-5 ghows an example of output. This is nmade during the sub-
routine NABPIL after the commencement of boiling.

The meaning of the codes ave giveﬁ as follows:

SEC: Time of boil commencement ({sec)

I Time mesh number after boil commencement.

TIME: Time after occurvence of an accident. (sec)

TMESH: Time mesh width at I. (sec)

21,25t Location of void's lower end-face (1) and its upper end-

face {2) (m)
Wl,W2= HMoving speed of each void face (r/sec)
D% Length of void (m)

PGAS, TGAS, MGAS: Void's gas pressure (Kg/w®), tempersture (°C),
and mol number,
LW TEMLQD, UP TEMLQD: Sodium temperature at upper and lower liquid
columns, (The position is talken from void!s

end-face).

-15 -



TFUEL CENTER: Temperature in the center of fuel (°C).
TFUEL SURFACE: Temperature on the surface of fuel (°¢)
TCLAD: Temperature of the clad (°C).

TFILM: Temperature on the liquid film surface (°¢)
SFIIM: Thickners of liquid film (m)

QFILM: Thermal flux from liquid film (Kcal/ m2 h)

o

- 16 =



6. RBesult of Semple Caleulation and Its Dvaluation

6-1. EDvaluation of Input Data,

The following items were evaluzted as the posgible factors to affect
sodium reentry:

(1) Initial super heat

(2) Effective radius of the initial holiling nuecleus

(3) Condensation coefficient

(4) Thickness of the initial residusl liquid film.

The initisl super~heat of itenm (1) is the difference between the
liquid temperature required for oceurrence of a boil and the saturation

temperature, and may be defined by the following equation:

[

als 3 Tz - T, (6~1)

Here, o Ts: Initial super heat
Tg: Liquid temperature at the begimming of boil
Poatt Saturation temperature corregponding to the 1liquid
Pressure at the point where a boil +takes Place.

The value of an initial super heat is said to be especially high with
2 ligquid metal like sodium, But the numerous aveilable experimental data
vary greatly, So, in order to determine and grasp quantitatively what
factors are affecting, a mmber of researchers are devoting their efforts
in this work, ancd it is congidered the following =s the possible affect-
ing factors; impurities contained in sodiwm such as, for example, sodium
oxide, argon gas, the surface conditions of the heat transferring ares
(coarseness or material difference), thermal flux, pre-boil temperature
and pressure histories, etec.

In the calculation, the temperature value of 50°C was used, As to
the effective radius of initial boiling mucleus of item (2), there is no
other way than %o derive it by an inverse deduction by the following
equation which is theoretically introduced from a dynamic balance equation,
and Clapeyron-Clausius equations. But at the Present stage where the
experimental values of super-heat so highly vary, it may be inevitable
that an estimetion of boiling nmucleus radius is not quite accurate,
Nanely:

2Ry Ts2o

als = Jhe, T, Py

(6~2)
g

- 17 -



There, & Ts: Iaitial super-heat required for bubble production (°c)
Ps: Saturation temperature (OK)
o 1 Surface tensile force (Kg/m)
hfg: Bvaporation latent heat (Kcal/Kg*)
Ps: Saturation pressure (Kg/m?)
ro: Effective radius of boiling nucleus (m)

J: Joule's conversion coefficient (Kg m/Kcal)

As no r, valve estimation of sodium can be found in any of the
available literatures, a study-case of'botassium which is quite resembled
to sodium in property was quoted, and r, value was indicated by Hoffman
(B)and others ag distributing in between 10~2 mil and Bmil (namely from
0.25 # to 75 #), As to sodium, therefore, a value of 100 £ was employed
for the calculation as indicating the value of the above order.

The value of condensation coefficient of item (3) is presently being
determined both theoretically and experimentally through the research
and study of water vaporization. 3But unfortunately, the experimental
values are yet varying largely because of some problems of measuring
technique. According to the study of Miils & Sehan, (4) it is stated
that the reason for variation from 1 to 0.002 was because of poor arrange-
ment and adjustment cf the experimental wvaluves, that when these were
readjusted, all the values indicated close to 1, and that it was unbeliev-
able that they should depart too far from 1,

Jith respect to scdium, there has been performed no similar study
except such a study-case (B)Which was undertalken by use of a bhoil analysis
code NEMI by a single bubble model prepared and made in Italy to obtain
by a parametric change of the condensation coefficient, a2 wvalue of 0,01
for the condensation coefficient value at the time of the void position
corresponding to both the experimental and the theoretical values.

In this calculation, a value 0.1 was employed as one critsrion of
calculation,

The thickness of the initial residual liquid film is one of the
factors which will most seriously affect the reentry phenomenon., A
detailed description of this serviously affecting factor will be given in
the next chapter of "calculation results", In this calculation, its
effect was conspicuous in an in-core chammel blockage accident on which the

main emphasis of the experiment was placed.
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There is a theory that the thiclkness of liquid film is determined
from the very place of flow, and that the thickness of the bottom layer of
the laminar flow within the boundary layer is that of the liguid filim,
In this case, however, the flow speed immediately after the boil commen-—
cement is so small that it is doubtful whether the above theory can be
established. Dut at any rate, it car be regarded as one badis or criterion,
and its thickness is sought in the following manner: According to
Prandtl's boundary layer theory, the thickness of the turbulent Fflovw

boundary layer within a cylindrical tube given by

i1
b = 0379 Rg ~ 5% (6-3)
Where, R, = Wyx -
W : Average speed of flow (m/sec)

v 3 Kinematic viscosity coefficient (mz/sec)

¥ ¢ .Disvance in the axial direction from the charmel

entrance (m)
Ryt Reynolds' rumber (=)
& t Thickness of turbulent flow boundary layer,

There is a straight linear speed distribution region of the bottom
leminar flow within the turbulent boundary asrea, and its thickness
oL is; %L =80 (R,)" 59 (6-4)
Where the speed of the liquid column at both ends of void is )
w=1 m/sec, and taking the point vhich is 0.0lm distance from the
point where a bubble has produced. There, by use of the value of v at

the boiling point, o = 2.3 x 10"7 (22/8), Reynolds! numbers are;

i

R_=1x 0,01/2.3 x 10~7 = 4,35 x 10%

e

i

]

4

Il

]
0,379 (0.435 = 10%)"5 x 0,01 = 4,48 x 104 (m)
op=80 = (4,35 x 104)7 8 2 5,20 x 104 = 2.21 x 1076 (a)

Namely, at the initial stage, the boundary layer thickmess is 0.45 mm, and
the laminar flow bottom thickness is in the range of 2.2 pfboth of which
are extremely thin,

On the other hand, according to the s=odium boiling experiment, it
is assumed that the liquid film thickness at the initial stage remains
at spproximately 0.1 mm,  For this reason, the values of 0,lmm order

was employed in this calculation.
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6~2, Caleulation Results.

The following are the results of calculation made with use of SUSIE-IT
tith regardé to the analysis of FBR "MOHJU":

The design factors required for the caleulation are given in Table
6-1, and the channel dimensions and the heat generation rate distribution
are given in Fig. 6-1 and 6~2 respectively.

In order to examine the parameter, initial super heat & Ts, initial
liquid film thickness, 5, condensation coefficient C, initial bubble
radius r,, and to checlz on the effect of other factors such as blanket
heat generation rate Qb, axial direction mesh number MZ, ete., the
numbers as shown in Table 6~2 were employed as the input data.

The numbers used in Table 6-2 as the standerd case are those cale
culated with use of the design valves of MONJU reactor, a Ts = 50°C,

S = Oflmm, C = 0.1, Te = Oulum, Y = 0.07 Kif/cu, and MZ was divided into
10 mesh at the core and 4 mesh at the upper part of the blanket.

The axial direction pitch intervals on the side of fuel pins is
about 8.9cm and on the liguid sodium side is 4.4cm for the mesh width
together with the post-boil void's upper and lower liguid column,

The mesh width of liquid film formed by these voids adhering to the clad
is the same as the axial direction width of the clad, provided that only
such points where contact with both end-face of void (piston type upper

and lower ends), the length will change dependent on the movement of void.

6-2, l. Calculation Results in Standard Case,

In this chapter the time dependency of position of void end-face,
void internal pressure, sodium temperature, clad temperature, and of

the liquid film thickness in a standard case are given,

(1). The time dependency of the position of void end~face

and of the void internal pressure.

¥ig. 6-3 represents a plot drewing expressing the post boil time
lapse by second on the horizontal divection, and the upper end~face and
the lower end-face of void on the vertical direction by a2 metric unit
taking the entrance of the core as the origin of the axis of co~ordinstes.
Here, assuming that a foreign substance blocking the assembly eatrance,

and the flow dropped down step by step to 1% of the rated capacity, and
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that the blocking substance at the entrance could not be removed even

after a boiling had ocecurred, and in all this blocking phenomenon, the
diaphragmatic effect continued working. Consequently, the lower end-face
of void was almost stationary. This is obviously clear from the drawing

of Fig. 6-3. Hereafter, unless otherwise specifically mentioned except

in the case vhere a pumping trouble may have occurred and a study is nade
on a trouble involving a possibility of void moving downward, our attention
will be focused only on the upper end~face of void. 7

"x" marks appearing on the vertical line in Pig. 6-3 indicate the
dividing position of the clad in the axial direction, and thereby, these
indicate the dividing position of the ligquid film when void grows up.
Also, the numbers from (l) to (9) along the axial line aie the labels
indicating the axial direction position of the liquid film, Likewise, the
numbers from (l) to (9) given in parallel with the curve of moving void
upper end~face correspond to those on the axle.

The bubbles produced in the vicinity of 0.,935m of the core grow
acceleratedly bigger, and the upver ead-face of void goes past the core
into the upper section of the blanket after sbout 0.07 seconds, and in
0.10 seconds reaches the exit plenum passing through the upper pért of
the blanket, During this process, the sodium liguid column on the
upper part of wvoid is bushed out and is mixed with the sodium inside
the plenum,

As explained in the aforesaid calculation model, as a hypothetic
condensation of void of an ideal type at the upper plenum is consider
ed, the gas-liquid boundery interface is to be located at about the
upper part of the blanket from the point marked (9) in Fig. 6-3 o
0.12 seconds (time lapse is 0,098 sec).

Its position at 0.11 seconds reaches its hesk and thereafter nose-—
dives downward and quickly returns to the core, and the void vanishes
away in the vicinity of the bubble producing location. Its ascending
velocity is obtained by the gradient given in Fig. 6-3, and against its
meximum speed of about 10 m/sec, its reeniry speed is much faster,
precipitating at a speed of 20 m/sec.

Fig, 6-4 represents the time dependency of void's internal pressure.
The pressure which has been about lkg/cm2 abs prior to boiling increases

to 1,85 Kg/cm2 ebs within lm/sec with the guick growth of wvoid.
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Thereafter, the pressure gradually rises, but when the void boundary-face
reaches the vicinity of 0.07 sec which is the blanket region, the pres-
sure suddenly begins to drop with an accompaniment of wibration in the
range of 200 kHz down to about 1,6 kgz/cm? abs.

When void reaches the upper end of the blanket region, its pressure
rapidly decreases due %o a sudden anag guick condensation which takes place
at the upper plenum. Vhen it gets down to its lowest hottom of 0,15
kg/cm2 abs, it again starts to rise with a vibration up to a lkg em? abs
level.

According to a standard case calculation, its reentry completes in
the vieinity of 0,155 sec, and the bubbles disappear, At the time, it
may be expected that some shock pressure will appear cgused by the liguid
column collisions. But this has not been taken into account in the

case of this model.
| The reason for the faster speed of reentry than at the time of
ejection may be better explained by the pressure change given in
Fig, 6~4. That is, it is thought that since the mass of the moving Na
liquid column is initially large and becomes smaller as going upward,
its initiel acceleration rate is small, While at the time of its reentyy,
its initial mass is o small that it is guickly accelerated. The reason
for void having a negative pressure is that there occurs a condensation
in the core, at the blanket and at the sodium plemum, and when it is
considered that at about 0.1 sec time the clad temperature makes no much
change, it can be understood that the temperature distribution immediate-—
1y prior to the commencement .of boiling will constitute a significant
factor,

The calculation result of temperature distribution in the axisl

direction is given as follows:

(2) Sodium temperature and time dependency of clad temperature.

Fig, 6=~5 represents the time dependency of the axial direction
tenperature distribution of Wa ligquid columns at the upper part of void
after commencement of boiling. That is, sodium temperatures are given
along the traverse line and the axial direction positions are given along
the vertical line, while time is taken in parameter. The solid line

in the drawing represents the sodium temperature when void grows (ejection),
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and the broken line expresses the sodium temperature distribution when
void becomes smsller (reentry). “hat hag a direct effect upon the growth
and disappearance of vold is the sodium temperature contacting the void's
boundary~face, and the sodium temperature as the upper and lower parts of
void and the clad temperature (to be further described later), which is
equivalent to the temperature of ligquid film, constitute a major factor.
The dotted line represents the traced line of the liquid temperature,
namely, void, The reason for the changes of sodium témperatures in the
void boundary ss going alonz the line in the direction of (1) > (2) >

(3) 3 (4) » (5) » (6) = (7) » (8) » (9), is because that, in the case of
ejection, what changes reverse direction such as (8) > (7) 3 (6) %

(5) » (4) 3 (3) 3 (2) » (1) is in the case of reentry.

Fig. 6-3, which indicates a standard case, is further explained in
details as follows: ‘

Immediate after a boilingz, the temperature of Ha liguid column has
the same distribution pattern as shown by (1) in the drawing., The maximum
temperature is 950°C at the point when the hoil commences, and it comes
down to 895°C at the core outlet, 750°¢ at the blanket afea, and about
730°C in the vicinity of the blanket outlet,

With the lapse of time, the Na temperature is seen rising rapidly
when viewed from the co-ordinates fixed in the air. But when viewed from
the co-ordinates which is fixed to the upper end-face of void, namely, Na
liquid column, there is observed hardly any changes in the temperature
distribution, except only a minor one in the region in trensit to the
blanket from the core. This fact indicates that since the phenomenon is
in the level of 0.1 sec, any temperature fluctustion caused by the cladding
and & heat transfer may well be ignorable.

The sodium tempersture in the void boundary will rise so0 long as the
upper end-face of void remains in the neighborhood of (3) - (4). This is
considered as the result of being heated by the fuel in the core. But
the temperature rise is extremely small not more than 6°C. After (5), the
temperature declines, but at (9) and up to the blanket exit, it descreases
by only 20°C.

The void coming out from the plenum, condenses in the channel which
is hypothetically provided in the plemm, and the sodium release from the
channel is cooled by the surrounding sodium plenum of 640°C temperature,

and makes a reentry into the blanket area in 0.12 seconds after the boil
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hag talcen place (refer to (8), Fig., 6-3). The temperature at that instance
is 875°C at its end-face, Thersafter, as going dowmward the blanket, it

is cooled by still lower iemperature clad, and as it goes down through

(7) ~ (6) = (5) = (4) -~ (3) = (2) = (1), the temperature descends further
dowi,

As showm by Fig. 6-5, at the tire of the commencement of reentry,
the sodium temperature at the void boundary-face is about 860°C, while
the Na liquid columan temperature on the upper side of the void boundary-

face is about 640°C (the extreme left end of the broken line in the
. drawing).

Although this temperature increases as lia liguid column flows toward
the core from the blanket area, the increase volume is small, something
about 2500. The reason for the decline of sodium temperature in the void
boundary even it has entered into the core is that it is cooled by the
lower sodium temperature existing at the upper part of the void boundary,
while the in-core heating is unable to catch it up.

Fig. 6-6 is a plot drawing arranging against time the elad temperature,
which is one at a reprosenting point of the core, and the clad temperature
which is a representing point of the blanket section. In the drawing,
—-&-6-¢- mark represents the clad temperature at a distance Z of 1.02m
from the chemmel entrance, and *** mark is the clad temperature at the
point Z = 1,59m. Also, for the sake of comparison, the void temperature
is plotted in the drawing.

At the initiel stage of boiling, the in-core elad temperature is
higher then the wvoid temperature, and rises at a slow pace. The tem—
perature increase in this section upto 0.025 sec, when the upper end-face
of void has not reached the position where now our attention is foocused,
is because of the heating by the fuel, The interval between 0,025 sec
after commencement of boiling is the interval where the liquid column and
the ligquid film co-exist in the axial direction mesh of the clad to which
now our attention is focused, and the clad temperature has increased some
degree due to the proportinate balance between the film section and the
column section. At the a~mark in the drawing which is a 0,045 sec
region, the clad temperature shows a closely similar value to the void
temperature. Aftervard, however, the liguid film dries out and there is

almost no difference of void temperature up to C-point where exists an
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insulated state. At C-point, there is no cooling effect existing, and
temperature rises due to the heating by the fuel,

On the other hand, the clad temperature at the blanket will quickly
rises from its original 730°C being heated by the high temperature sodium
from the core, and at b-point, where contacting void, no difference of .
temperature from the clad temperature in the core will any longer exist,
Then, at c-point, different from the dried out core section, in the
blanket section as there remains liquid film, the temperature there is
set under the influence of the void pressure (consequently, by temperature)
up to d-point where the said temperature changes approximately in the same
manner and degree as that of the void temperature. d-~point is the point
where the clad is cooled by the cooled reentry sodiuvm liguid column,

As deseribed above, the liquid film is an important element.

The change of its thickness by vaporization and condemsation is given as

follows:

(3) Time dependency of liquid film thickness.

Fig., 6~7 is a plot drawing arranging against time the thickmess of
liquid film in the respective meshes in the axial direction, In this
drawing, although in order to avoid complications, a co-ordinates shaft
is shifted in each mesh along the horizontal line., The horizontal lines
which indicate time are the same with each other. The numbers in the draw-
ing represent the axial direction liquid film mesh number existing within
void.- In a channel blockage accident, where the liquid existing under
void will hardly move, the resh point marked with g will be the point where
is the first existing film, (1) ~ (5) in the drawing may be the points to
indicate the order of the birth of the liquid films (in other words,
where void has passed).

How then, considering a standard case, as the thickness of the initial
liquid film is set to C.lmm, the film thickness at (1) begins with O,lmm,
and with the lapse of time, although there may be a slight increase or
decrease, its thickness may continues to be about O,1lmm up to a 0,025 sec
region. Thereafter, the thickness continues to decline until it finally
wears out at around a 0,085 sec region, With regard to liquid films of
(2), (3), (4) and (5), approximately the gimilar trend is indicated. The

vibration which occurs in the process is considered due to the vibration
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caused by the void pressure (refer to Fig. 6~4).

6-2,2, Influence of Parameters,

L survey was previously performed on such parameters which were
considered to influence the ejection and reentry. Here, taking a standard
case as our target, we will investigute the effect of parameters by chang-
ing each of them., As one criteriou for making judgement of the degree of
influence, we will check on the relation between the position. of void

boundary face and the time.

(1) Initial super heat.

Fig. 6~8 represents the difference of void vosition in a case when
the degree of initial super-heat a Ts is changed to each of 5000, 100°¢
and 200°C, The results are obvious. The time lapse required by void to
reach the blanket exit when a Ts is 200°C is less than one half of the time
required when & Ts is 50°C. The time required for void to make reentry
into the blanket is 40m/sec when the super-heat is 20000, while it is
only 20m/sec at 50°C, Thus, there iz a tendency that a higher super-heat
takes a longer reentry time, But once a reentry is started, the time
requirement until the reentry is completed (timg from the commencement of
the liquid column entry into the blanket until the bubble collapse and
disappear) is 25m/sec at & Tg = 20000, while it is 35m/sec at & Pg = 5000,
thus showing a tendency that the larger is & Ts, the faster is the time,

T is also kunown that the highest point, %o which the void end-face
ascends inside the sodium plenum at the upper section of the blanket which
is hypothetically provided, is higher as the super-hest is larger.

The driving force of the liguid column movement is the vapor pressure,
of which general picture has been given in Fig. 6-4. Therefore, here,
Fig, 6~9 represents the o Ts of the initial stage { p sec order) and the
influence of the condensation coefficient wvalue C as described below.
By the drawing, it is noticed how big is the effect of & Ts. The dotw
chained line in the drawing indicates the saturation pressure against the
sodium temperature at the time of boiling by adding the excess heating
degree to the saturation temperature. That is, if the phenomenon is slow
and gradual, then as it is to show the pressure upon this dot-chained line,

it may be said that the difference between the bressure value calculated
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hereby and the dot-chained line represents the degree of a sudden boiling.
The effect of the condensation coefficient C is substantially large

so long as time is extremely short (about 10-15 sec), but afterwvard,

having saturated with o Ts Teatures, the difference becomes conspicuous.

Furthermore, during the initial 10™° sec, it does not necessarily influence

the phenomenon because of the force of inertia, The next drawing shows |

the effect of C as a proof of this fact.

(2). Condensation coefficient.

Pig. 6~10 indicates the difference of C value when taken a2t 0.1 and
0.5 respectively, of which result can be said nearly correct. Particularly
at the initial stage of ejection, it is in a complete concordance, In
the latter part of ejection and at the time of its reentry, the size of
the condensation coefficient has a great bearing, and the resulting

differences are as shown in the drawing.

(3) Initial liquid film thiclmess.

Fig, 6-11 shows how will affect the difference of thickness of
liquid film., Liquid film is regerded as the source of vaporization,
Therefore, if there is no liquid film, the growth of wvoid can be con-
troled or prevented. In this sense, if a liquid film can be dried out
at its early stage, a change may be brought upon a phenomenon. As
indicated in Fig, 6~7, it is after 0.85 sec (at 0,1mm thickness) that
liguid film dries out., VWhereas, if there is any effect wrought upon, it
must be after that. The drewing obviously indicates this fact. The
thicker is the liquid film, the slower is the drop of void pressure,

and consequently the reentry time also delays.

(4). Heat generatiqn rate at the blanket section,

It is considered that in case the heat generation rate at the
blanket section changes, the axial direction temperature distribution of
the sodium immediately prior to boiling and of the cladding also will
change, and will affect the void growth,

Fig. 6-12 figures out the difference of void position in case when
the blanket power is changed to 0.07, 0.14, and 0.21 Kw/cm. Generally,
the blanket section has a lower temperature prior to boiling than in the
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core, and the void partially condenses at the blanket section. If the

blanket power is high and the clad temperature prior to boiling is also
high, the condensation capacity becomes smaller and the hampering effect
upon void growth reduces, The'drawing ¢clearly indicates this fact, but

the effect is not so large.

(5) Space mesh number.

As this code is seeking the numerical keys by a2 method of finite
difference of a momentum energy equation, it is necessary to examine that
the mesh number does not affect the keys.

Fig. 6-13 is the result obtained by doubling the mesh number (10 at -
the core and 4 at the blanket upper section) in a standard case and com-
pared against t-ose of a standard case. The reason for the time lag of
boil commencement is because the positioning is determined by the mesh
loop, while as the difference of ejection time is because of the time
lag of boil commencement, it is not necessarily an essential element,
and it may be said the concordance is satisfactory. But with respect
to reentry, there is observed a substantial discrepancy, which may posec

gsome future problems,

(6) Size of boiling nuclcus

The size of the initial void was compared with 10~4 and 1072 (m)
values as it was feared to be affected by the void pressure change in
the early stage of boiling., There however, no effect by void position
was seen. This may be because of the same reason that the size of the
condensation coefficient has no much effect due to the early boiling stage.
That is, it may be that the degree of void pressure in its eerly stage
{of 10"6 sec order) has no appreciabie effect due to the influence of

the inertia of liquid.

6~2,3. Boiling Arising from Pumping Trouble.

The phenomenon of flow deterioration and subsequent boiling arising
as the result of a channel entrance blockage has been analized in the
chapters of 6-2.1 and 6~2.2, In this case, void has not grown up in the

lower part of the channel due to the effect of the channel entrance
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blockage and by the effect of the pressure at the channel entrance being
maintained at its vrated capacity. As the result, the reentry is seen being
made only from the uﬁper section.

In the case where the channel entrance Pressure is approximately
equivalent to the pressure at the channel exit, and when there is no
blocking obstruction, void is expected to grow at both the upper and the
lower sections. The trouble in the case may be such ones, for instance,
as a glow-down of flow possibly caused by a pump trip. That is, by some
reagons, if a pump loses its pumping pressure by certain constant time
number, the pressuré at the chamnnel entrance is considered to lose the same
certain time constant.

Here, in the case that the certain time constant r of the pressure
decreaseris i.O sec and also with respect to the case of 0.1 sec, an analy-
sis of boiling phenomenon was conducted. With the decrease of pressure at
the chammel entrance, the chamnel flow deteriorates, The calculation
with SUSIB-II gives the function of pressure decrease and the subsequent

flow.deterioration by the following equations:

Pinlet = (PL - Byle™% 4+ B, (6-5)

P |
W= [ (Pp = P, ~ phg) * (2Dp5%)/i1 j (6-6)

Vhere, P inlet ¢ Fressure at channel inlet (Kg/m2)

Pl: Pressure at channel inlet under normal condi'io

Po: Pressure at channel outlet under normal coﬁd1%§oﬁm2)
7t Time constant of cos} down (sec) (Kg/cn?)
et Average density of sodium (Kg*/cmB)

gt Acceleration of gravity (m/n?)

D: Equivalent diameter of channel (m)

S: Channel cross section (m?)

h Channel length (m)

4: Channel pressure drop coefficient

The calculation result is given in Fig. 6-14. In the case of 7 = 1.0
sec, the flow volume is about 20% at the time of boil commencement, and
partly due to the influence of inertia of a fluid, void does not grow in

the lower part, instead it goes into the blanket region and collapses and

disappears,
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In the case of ¥ = 0.1 sec, at the time of the boil commencement,

the fluid has become slmosi zero; end the pressures at both the entrance
and fhe exit of the channel are nearly the same. As seen from Pig., 6-13,
the void is vibrating, and after once passing through from the lower
part, it vanishes at about 0.4 sec after the boiling has commenced. The
calculation results of r = 0,1 sec and of a channel blockage accident
are compared iﬁ Fig. 6-15. TFrom this comparison, the following matters
are made clear:

i)} The void occurring points are all nearly the same,

ii) During the blocking of channel, the void growth is only in the
upper section. But when pressure decreases, it happens in both
the upper and the lower sections.

iii) The life of a single void under a pressure drop is about three
times as long as that in the case of a channel blocking.

The above mentioned phenomena of ii) and iii) have a correlational
relation. Namely, as voids do not grow in the lower section in the case
of a channel blockage, the ratio of the hot zone in the core section out
of the void region reduces as void becoming larger. By the time when a
reentry beging, a part of the core has already been dried out. Conseguent-
1y, no sufficient heat generation rate can be obtained to produce and grow
volds again, and therby voids venish in practically a short time,

On the other hand, in the case of a pressure drop, as void grows in
the lower section, the ratio of void in the core section is larger than in
the case of a chamnel blocking, and the vaporization volume becomes
larger for that ratio, and thereby, the life of a wvoid, though vibrating,
extends further. At any rate, it is hard to consider that such a pres—
sure drop at the channel entrance such as r = 0.1 sec would occur as a
reality of an accident, and rather a case of channel blocking may be

considered as more general,



Conclusion

By virtue of SUSIE-II Code which was prepared as the result of the
development qfforf undertaken under contract this time, it was possible
that the boiling behaviors inside a single channel including reentry were
sought by calculation,

- The main items which were known and clarified by this study and
experiment are és(follows:

(1) In the case of a channel entrance blockage (flow deterioration
to 1% of the rated capa01ty) there occurs without failure a sodium
reentry into the core within the scope of the parameters as hereby
considered,

(2) In the case of a pressure drop at the chennel entrance by,
for example, a pump trip ttouble, the positions of the upper and the
lower end-faces of void vibrate at times, and also it happens that some—
times the void end-face passes through downward,

(3) The typical demonstration of void movement is shown by Fig.
6=3 in the case of a channel blockage accident, and by Fig. 6-14 in the
case of a channel entrance pressure drop accident,

(4) The largest phenomenon controling factor is a super heat,
and not deﬁendent so heavily upon condensation coefficient. Iikewise,
the liguid film thickmess and the difference of immediate pre-boil tempera—
ture distribution also are the causes of substantial effect,

The following may be considered as the future problems:

(1) Hendling of voids outside the blamket region affecting end
disturbing the reentry timing must be further rearranged and coordinated
to match the actual situwation, ‘

(2) An appropriate consideration must be provided for the handling
of such situation where a bubble, which has once vanished after making a
reentry, is reborn and grows at the same position or at other posmtlon,
and thereby a boiling oeccurs., In this case, there may arise a problem of
stability since there is a possibility of plural number of bubbles
(piston type void) being produced,

(3) Further check on various parameters which are used as input
must be made so that they will concur with the actual situation.

(4) Bvaluation and gtudy of technigue and method applicable to the
analysis of phenomena of one assembly unit (multichannel) may have to be

undertaken,

- 31 =



Tords of Appreciotion

This code has been developed and prepared as the results of a work
performed under contract with Power Reactor and Muclear Fuel Development
Corporation (PNC). _

Je, the authors, hereby wish to express on this occasion our most
sincere appreciation of the advice, assistance and cooperation provided
to us all through this development work by the members of the FBR Safety .
Research Technical Committee, particularly by Messrs. Narihiro An and
Shunsuke Kondo of the same Committee.

Also, we wish to thank Messrs. Osanu Kawaguchi and Akira Ohisubo
of the ¥BR Headquarters of PNC for their positive cooperation in providing

us the necessary data for the development of this code,

References

(1) R.M. Singer and R.E. Holtz; On the Role of Inert Gas in Incipient
Boiling Liquid Metal Boiling, Int, J. Heat Mass Transfer 12 (1969),
pp.1045-1060,

(2) R.E. Holtz and H.K. Fauske; The Prediction of Incipient Boiling
Super~heats in Liquid Metal Cooled Reactor Systems, Mfuclear

Engineering and Design, 16 (1971) pp.2535-265.

(3) Edoward and Hoffman; Superheat with Boiling of Alkeli Metals,
ANL-7100 (1965) p.515.

(4) A.F.Mills and R.A. Seban; The Condengation Coefficient of Water,
Int, J. Heat Mass Transfer, 10 (1967), pp.1815-1827.

(5) Pezzilli et al.; The NEMI Model for Sodium Boiling and Its Experi-
- mental Basis, ASME 1970, Vinter Meeting,

(6) JM.Kay; Fluid Mechanics and Beat Transfer, Cambridge Press,
(1957), p.170.



ce

LIST OF CODES

Temperature

Time

Specific heat

Thermal conductivity
Heat generation rate
Radial direction distance

Gap thermal flux

Gap conductance

Thermal diffusivity

flusselt's mumber

Peclet's mumber

Equivalent diameter

Distance from channel entrance
Flow rate

Channel cross section
Evaporation rate

Evaporation latent heat
Condensation coefficient

Gas constant

Iiquid film surface tempersture
Void temperature

Sodium weight per mol

Vapor weight volume inside void
Yoid volume |

Moving speed of void boundary face
Gravity acceleration

Pressure drop coefficient
Orifice coefficient

Thickness of liquid film

- 35

(°c)

(h)

(Keal/ke °C)
(Kcal/mn ©C)
(Kcal/m3 h)
(m)

(Keal/n? h)
(Kcal/m2 h °¢)

(m2/n)

()

(m)
(Kg/h)
(n?)
(Kg/n? h)
(Kcal/Kg)

(Rg weight m/mol °C)
(oc)

(oc)

(Kg/mol)

(Kg)

(m3)

(m/h)

(1/n2)

(m=t)

(m}



Table 1-1,

Main Differences betweenr SUSIE and SUSIE-II

Ttens

SUSTE

SUSIE-IT

Bagie calculation

model

Aocident factors

Reentry

Temperature calcu-—
lation of film and

clad

Time mesh

Single bubble model

Channel blockage.
Heat generation rate

increase .

Kone

Bach separately calw

culated for ecach mesh

Cut into certain

interval of time

Single bubble model

Channel blockage.
Heat generation rate

increase.

Pressure change at Chan-

nel entrance,

Reentry calculation is

poasible.

Both integrally and ave-
ragely calculated.

(Filn and clad are of
the same temperature.
only for post-boil cal-

culation)

Automatic adjustment wi
with the mesh width.
(Dependent on void pre—

sure change)
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me(c)

0,560E+03
0.,6208+0%
0.630E+03
0.7408+03
0, 800E+03
0.8608+0%
0. 920E+03
0. 9800+03
0,104E+04
0.110E+04
0.118E+04
0.122E+04
0.1288+04
C.1408+04
0,155E+04
0. 170E+04
(0, 185E-+04
0, 200E4-04
0. 215E+04
0. 230E+04
0.245E-+04

ve (1o /K¢ )

0,175E+03
0.6828+02
0.301E+02
0.1478+02
0.781E+01
0.445E+01
0.2718+01
0.174E+01
0.116E+01
0.805E+00
0.578E+00
0.425E+00
0.318E+00
0, 191E+00
0.111E+00
0,695E-01L
0, 464E~01
0.329E-01
0.244E-01
0.189E-~01
0.151E-01

Table 5.1

Library

PROPERTIES OF SODITM

P (ATH)

0.183E-01
0,.4428-01
0. LO6E+00
0.2278+00
0, 448E+00
0,821E+00
0,140B-+01
0, 227E4+01L
0.351E+01
0.525B+01
0. T51B+01,
0,1058+02
0.1428+02
0.245E+02
0,4380B+02
0, 7078402
0. 1078+03
0.,1528+03
0. 2078+03
0. 2725403
0.3458+03

e (¢)

0.580E+03
0. 640E+03
0, T00E+03
0. 7601+03
0.820E+03
0.880E+03
0.940E+03
0,.100E+04
0.106E+04
0,112E+04
0.1185+04
0.124E+04
0. 130E+04
0.14558+04
0, 160E+04
0.175E+04
0,1905+04
0, 205E+04
0.2208+04
0,2358+04
0, 2500+04.

ve(13/Ke)

0.,128E+03
0,51304+02
0.235E+02
0,118E+02
0.845E+01
0.375E401
0.233E+01
0,1518+01
0,102E+01
0.T18E+00
0,518LE+00
0. 384E+00
0.291E+00
0.158E+00
0, 939E~01
0,603E-01
0.411E-0L
0,296E~01
0.223E~01
0,174E-01
0.141E~01

Ps (ATH)

0.231E-01
0.599E~01
0. 138H+00
0, 285E+00
0.552E+00
0. 937E+O0
0,185E+01
0,264E+01
0.503E4+01
0.592E+01
0.84284+01
0,118m+02
0.1575+02
0.3018--02
0. h178+02
0,81L7E-+-02
0.121E+03
C. 1T0E+03
0. 228E+03
0.295E+03
0.371E+03

¢ (¢)

0, 6008+0%
0,660BE+0%
0. 720E+03%
0, 780E+03
(0 .3408+03
0, 900B+03
0, 960E+05%
0, 1028+04
0. 108E+04
0, 114E+04
0.120E+04
0.126E+04
0.135E+04
0. 150E+04
0.165E+04
0, 1808+04
0.1958+04
0.210E+04
0, 2258404
0. 2408-+04

G (M3/%G)

0,918E+02
0.391E+02
0,185k1+02
0. 9568+01
0.53%E+01
0.318E+01
0.2013+01
0.132E+Q1
0. 906E+00
0.642E+00
0. 4685+00
0.3498+00
0.,2348+00
0.131E+00
0.804B-01
0,527E=-01
0.367E~01
0. 268E-01
0.205E-01
0, 162801

PS(aTi)

0.322E~-01
0.861E-01
0., 1788+00
0.361E+00
0.6768+00
0.1188+01
0. 194E+01
0,3055+01
0, 4608+01
0, 668E+01,
0.941E+01
0.1298+02
0,198E+02
0,364E+02
0.607E+02
0.937E+02
0.1365+03
0.1388+03%
0, 2498+03
0.320E+03



Tahle 52,

Tnput Formaet of SUSIE-IT (1)

..9£...

15) Coefficient of oubpui distribution

in region

I

Wotes OQutput is given by equation.

(Distance from the channel entrance) (m)

1
T;TLE ) 1 LOx,14A5
1) Title '
revEL2) RoroF 2 roror, 4 piror 5) | 10z
2) Fuel radius {m)., 3) Clad inrer vadius (m). 4) Clad outer radius (m).
7)
wrFUEL ©) MCLD MLIQ 8) 10%,6110
6) Fuel's radial direction mesh number 7) Clad's radisl direction mesh number,
8) Film's radiug direction mesh number.
uzm 9
10x,6I10
g) Axial direction region number,
10) ‘ 10x,
ZREG(T) I=1, MZNE ! 6E10.3
10) Axial direction length of region (m)
1) | 1.1, wam ﬁl
MZRE(T)} =1, - 10x,6110
ll) Megh capacity of region ( (kW/cm)
priyprt?) | 10x,
. 6E10-3
12) Distance between pins (m)
mmnr (1) 230 | mmaver(r) 14) ‘HEATAA(I) 15)‘ 10z,
1%) Heximum cepacity of vegion I (kW/cm) 14) Location of maximum output in region I 6B10,3



1) 2)

THODEM DENFR

(2)

L ——

1) Theoretical density of fuel (Kg/mB).

pRis2 5)

6)

FLOW apawr 7

3) Temperature at channel entrance (OC). 4) Pregsure ot channel entrance
5) Pressure at channel exit (

8)

HPACL

9) 19)

SPHEAT CPT

6) Channel flow volume (Kg/n). 7) Chonnel pressure loss coefficient
: 8) Fuel and clad gap conductance (Kc

P4 11)

12) 13)

DTIME TMAX

9) Super-hect (°¢).  10) Condensation coefficient.

nps 14)

6)

ISKIT 15) ITIMEM 1

12) Time mesh width (sec) 13) Calculation stop time (sec).

15) Time mesh skip of output.

|
WR_\EJ]:?)

2) Ratio against theoretical fuel demsity

(Kg Weight/mz)

11) Initial bubble diameter (m).

14) Leeuracy of constant value
checking and calculation

16) Breakdown of time mesh at initial boiling.

17) Types of acclident and trouble.

18)

| ,
mverst®)  vavn) P 1e1,7

Kg weight/m?)

al/m2 h OC)

18) Pattern of accident function.

Wote: Output is given by

equation.

19) Coefficient of equivalent pressure function.

10=x
6810.3

10x,
6E10,.3

10=x,
6E10.3

10x,
6E10.3

10x,
fEL0.3

10x,6110

8x,12,
TELO.3

8x,12,
TE10.3
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MONJU~Z SATFRTY

2
0

0,270B-02

10

3
0.356E+00

4
0,750B-02
0.700E~-01
0.402E+00
0. 7O0E-0L
0, 110E+05
0.390E+03
0.379E+03
0.50058+02
¢, 1008~02

50

0.3348+00

Table 5.3

0.250E-02
3
0
0. 900E+00
10

0. 350E+00
0, 800E+00
0,125E+01
0.850E+00
0.374E+05
0.0
0.1CCE+Q0
0.100E+02
1600

0.0

ANALYSIS

0.550E+Q0
' 4

0. 100E+00
0.216E+01
0, 100E+00

0,1548+05
0.7328+04
0.1008-05
0.100E-01

0.0

0.0

Branple of Input Data

PUMP TRIP ACCIDENT
0.3158-02 . 0,100E-03
2

0.0

0.0

FEB. 21, 1972

0.0



Table 5-4. Accident Types and Their Functions

HVRVL Types IKVRVL Function
1 Flow decrease 0
(By chammel blockage)
1
f represents flow
variation rate
2 Pressure change at 0
entrance
Pl, P represent the
initial pressure at
entrance and exit
3 Orifice diameter change
8t chammel entrance
4 Heat generation rate 0

change *

h represents heat

generation rate change

# When reasction feedback or a scram is considered, NVRVL shall

NVRVL INVRVL
42 0

- 39 =

be applied with a number of two figures.

P = (Pl-

The presently applicable ones are the followings:

Function
P2)e

mVRVL(l)"t+ 5

After commencement of boil,
scram works at VRFL(B) sec.

h =

e-VRVL(4)*t
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Table 5.5 Example of Output

SEC= 0.8608~02

Z1,72,W1,W2,DZ
PGAS,TGAS,NGAS 0,1878+05 0,950E+03 0.458E~07 . '

LOW TLGD 650,019 936,739 936,150 907.072 905.027 862.661 858,454 805,339 798.351
LOW TLQD 727.327  656.591 642,536 498,636 404,110  460.585 459.799 455.449  454.810
LOV TLQD 446.413 393,708

UP TLQD -~ 950,578 948,047 948,025 929,043  928.850 895,652 894,449  TA7.565 738,481
UP TLQD 726,368  729.933  7%0.077 733.943  727.598 :

TPUEL CENTER 558.985  564.875 570,125 575.551 1283.984 1575.135 1842.615 2048.649 2179.201

TFUBEL CENTER 2180.797  2654.808  1858.403 1611.599 865.324 369.595 874,176 878.756
TFUEL SURFACE. 485,843 492,922 497.914 501,948 797.415 91%,267 1011.305 1090.088 1145.183
TFURL SURFACE 1182.415  1161.859 114,912 1048.635 T74.675  765.055 768.208 776,409

TCLAD 449,063  457.297  462.416 = 465.838 654,369 741,919 516.202 870.908  927.238
- TCLAD 974,393 972.261 949,988 916,516  T46.,431 729,869 732,424 743,427
TPIIM 950,578 850,019 950,578
SFIIN 0.98%E-04 0,160B+13 0,1618+13
QFILM 0.1108+07 0,1658+07 0.110E+07 -
SEC= 0.860E~02 1= 4301 TIME= O731E+00
71,%2,W1,%2,DZ 0.937 0,942 0.057 1.564 0,574E~02
PGAS,TGAS,NGAS 0,187E+05 0.950B+05 0.458E-07
LOV TLQD 950,019  936.739 936,150 907.072 905,027 862,661 058,454 805,334  798.391
LOW TLGD 446,419 393,708 ‘
UP  TLOD 950,578 948,047  948.025 929,048 928.850 895,652 §94.449 T4T.565 738,481
UP TLCD 726,868 729.933 730,077 733.943  727.598
TFUEL CENTER 556.060  564.898 570,146 575.573 1284.617 1579.163 1842.839 2098.669 2179.219

TFUEL CEYUTER 2160.814 2654.826 1858.422 1611,620 865,340 869,609 874,188 878.769
TFURL SURFACE 485,857 492.566 497,930 501.963  T797.466 013.335 1011.38% 1080,174 1146.273
TRUEL SURFACE 1132,904  1161.948 1114.,988 1048,703 774,707 765.072 7T768.22% 776,430

TCLAD 449.065 457,297 462,416 465,839 654,370 741,925 816,208 878,919 927.250
TCLAD 974.405 972,274 949.994  916.324 746.431 729.809 732,424 743,427

TFILM 950.578 950,019 956.578

SFILM 0.983E-04 0,160E+13 0,161E+1%

OFTLM 0.110E+07 0.165E+07 0,110E+Q7



Table 6«~l. Input Data for MONJU

Radial direction mesh

Axial direction mesh

Pin pitch

Fuel density

Channel entrance temperature
Chammel entrance pressure
Channel exit pressure
Channel flow volume

Gap conductance

Super-heat

Condensation coefficient

Initial bubble redius

Fuel (10), Clad. (3), Film (2)
Lower part of blanket (5)
Fuel (10), Upper part of
blanket (5)

0.00790 m

Theroretical density (1.10 x
104 kg/cm’) x 0.87

390,0°¢C

4,12 x 104 kg/cm?
1.0 x 10t kg/cm2

3.76 ¥ 10° Kz/h

7.33 x 10°  Keal/m? h

50°¢

0.1

1.0x 1074 n

“ 41 =



Table 6.2 Parameters
Case alsa 3 G T Qb M7 Ref Dwgas
Unit ¢ mm mm  [Ew/cn
Standard 50 0.1 0,1 0.1 | 0.07 |In~core up Blnkt 6.3
sec
10 4
Super-heat 100 * * * * W*
effect 6.8
200 * * * * *
Film thick- * 0.5 * * * *
ness effect 6,11
* 0.5 % #- * *
Condensation * % % ® %
coefficient Oe5 6‘10
Size of boiling 2 " % 1 % % -
nucleus
Heat generation * * * * 0.14 *
rate blanket 6.12
% % * * 0.21 %
Axial direction * s » % * 20.8 6.13
mesh number

Note: * Indicates the same values as those of the standard case

- A2 -
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