JAERI-M
9306

ANDES : A COMPUTER CODE FOR FUEL /
COOLANT INTERACTION ANALYSIS UNDER
LWR AND LMFBR CONDITIONS
__ANALYTICAL MODEL AND CODE MANUAL —

February 1981

Toshio FUJISHIRO and Shinzo SAITO

B * B F Hh W R F
Japan Atomic Energy Research Institute



SO, AR A JAERIM L —F L7, R ATL T
Hietie s, A, ERIL S BS i, BURE R RS AR (R
Bl AT Y BT, BHIL I LB, '

JAERI-M reports, issued irregularly, describe the results of research works carried out
in JAERL Inquiries about the availability of reports and their reproduction should be
addressed to Division of Techinical Information, lapan Atomic Encrgy Research Institute,

Tokai-mura, Naka-gun, Ibaraki-ken, Japan.



JAERI-M 9306

ANDES : A Computer Code for Fuel/
Coolant Interaction Analysis

under LWR and IMFBR Conditions
- Analytical Model and Code Manual -
Toshio FUJISHIRO and Shinzo SAITO

Division of Reactor Safety,
Tokal Research Establishment, JAERI
(Received January 12, 1981)

A theoretical model for the analysis of transient behavior in fuel
coolant interaction has been developed. The program is applicable for
the combination of UOy fuel and water (LWR cases) and that of U0, and
sodium coolant (LMFBR cases).

It is assumed that the hot fuel fragments mix with the coolant in
a mixing region homogeneously, and results in prompt heat up and vapor
generation of the coolant, The expansion of the mixing region is treated
as being one dimensional along the coolant channel constrained acousti-
cally at first till bulk boiling initiation and then constrained inerti-
ally by the coolant slugs upstream and downstream of the mixing region.
Inertial constraint model can be chosen from the beginning of the transi-
ent by bypassing the acoustic constrained model calculation.

The effects of a fuel particle size distribution, mixing time, fuel-
coolant ratio, coolant channel dimensions, fuel and coolant initial
conditions and heat transfer coefficient at fuel-coolant interface can
be taken into consideration by the input. Temperature, pressure and
void fraction in the mixing region, temperature profile in the fuel
particles, energy transfer rate, and ejection speed of coolant slugs are
given as a major output at a specified time step. Plotting subroutine

is also accommodated in the program.

Keywords: Fuel-Coolant Interaction, Fuel Failure, Destructive Pressure,
vapor Explosion, Pressure Pulse, Acoustic Pressure Wave,

Void Fraction, Computer Code
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1. TIntroduction

In a postulated severe reactore core damage accident, generation
of destructive forces such as pressufe pulses and ejection of liguid
coolant are expected to occur by rapid thermal expansion of coolant or
prompt steam generation in the destroyed core regiom.

This phenomenon which is generally called as fuel coolant inter-
action (FCI) was first experienced in SL-1 accidentl), and were observed

2) and TREAT3). The

5)

in in-pile fuel destructive experiments of SPERT
in-pille studies are now continueing in NSRR4) and PBF”’ projects in
which LWR fuel rods are irradiated by a large pulse power simulating
prompt power burst in a reactivity initiated accident (RIA).

In FBR field, destructive energy generation by contact of molten
fuel and sodium {(Molten Fuel/Sodium Interaction) is regarded as ome of
very important aspects of postulated severe core damage accidents. The
in-pile experiments for FBR conditions are being conducted in ACRR in
Sandia Laboratories

The analysis code ANDES calculates the pressure pulse generation
and liquid coolant ejection process during fuel failure both in LWR and
IMFBR conditions mentioned above, The calculation model is based omn
homogeneous mixing of fragmented fuel and coolant at destructed core
region and on one dimensional expansion of the heated region along the
flow channel, As this situation of the model does basically simulate
the fuel disintegration by prompt power increase, the code is mest
suited to analyze the destructive energy generation during an RIA. By
setting a suitable boundary conditions by the input, however, the code
can be applied to a case of molten core drop into the coolant poel,

The ANDES has been developed by combining two FCI codes PULSE—27)

and BREEZEB). Acoustic constraint model of BREEZE was used for pressure
pulse calculation before boiling inmcipience and inertial constraint
model of PULSE~2 was applied for pressure accumulation and ligquid coolant
ejection dynamics after boiling. In combining the codes, the program
was reassembled to a modular system for the convenience of future modi-
fication, and free format input subroutine was introduced.

This report describes the analytical models, numerical solution
procedure in section 2 and 3, respectively. Input and output descrip-

rione are in se-tion 4 and 5. Numerical methods applied are shown in

the Appendix.
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2. Description of Analytical Models

2.1 Assumptions

The analysis models are based on the fellowing assumptions,

(1) The destroyed reactor core system can be simulated by one dimension-
al arrangement of interaction region and upper and lower intact
coolant channels connected to it as illustrated in Figure 1.

(2) Fragmented fuel particles mix homogeneously with the coolant in
the interaction region. Particle size distribution and mixing
ratio as a function of time are considered,

(3) The state of coolant in the interaction region is defined by average
values.

(4) The constraint condition to the interaction region is divided into
two phases: i.e. acoustic constraint before boiling occurrence
(Phase A) and inertial and frictional constraint after boiling
initiation (Phase B).

(5) In phase B calculation coolant vapor is assumed to keep thermo-

hydraulically equilibrium with the liquid coolant.

2.2 Heat Transfer from Fuel Particles to the Coolant

2.2.1 Temperature inside the Fuel Particles

As the time scale of the destructive energy generation process
is of the order of milliseconds to scores of milliseconds, thermal
registance inside the fuel particles has considerable influence on
heat transfer to the coolant. Especially in the case of sodium/U0;
interaction of FBR's, mdjor resistance to heat transfer from fuel to
coolant is in the fuel side. Thus, the transient heat conduction cal-
culation in the fuel particle is conducted by treating a fuel particle
as an exact sphere,

3 Ts {r,t) Af 3 3 Tf (r,t)

1
= —_— r2 —_—
ot rgCs r? 3r ( ar ) 1

The boundary conditions are given as follows.

) Tf'(r,t) -0 )
ar r=0
Te(r, ) |, = Te,s(0) (3
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Tf(r,t)'|t=0 = T¢,0 (4)
where,

Tg(r,t) : Fuel temperature as functions of radius and time

Tf g(t) : Fuel surface temperature

Tf.0 : Initial fuel temperature

Af :  Fuel thermal conductivity

Pf ¢ Fuel density

Cs : TFuel specific heat

Surface temperature Tf g of the fuel particle of radius rgp is
obtained by solving Egs. (1) through (4). Then the heat transfer
from the fuel particle to the coolant is calculated based on the
temperature dif ference between Ty ¢ and bulk coolant temperature T..
The effects of particle size distribution are realized by classifying
the fuel particles into particle groups of different radius, and
solving the heat conduction equations for each group independently.

When the fragmentation process is introduced into the calculation,
Equation (1) is solved for each group of fuel particles which starts
to interact with coolant at different time. In this case, time t in
Equation (1) is rewritten as (t - 1), where Tqn is the delay time of
the contact for n~th group of fuel particles from the first contact

of fuel particles with coolant.

2.2.2 Heat Transfer from Fuel to Coolant

The heat transfer from fuel particle to coolant is one of the
difficult problems to be solved in FCI analysis. There are a few
experimental results which have been done in the field of transient
heat transfer between a small hot particle and liquid. Experimental
study of forced conduction heat transfer from sphere to water was
per formed by J.C. Hessen and W. Bloomg). They measured heat transfer
rate from 1/4 inch dia. silver sphere to water by Swinging-Arm experi-
ment. Figure 2 shows their test results at the sphere velocity of
13.9 ft/sec. Each group of data constitutes a boiling curve depending
on the water temperature and pre-test treatment. The comparison of
the boiling curves indicate that DNB (Departure from Nucleate Beiling)
and heat transfer rate in the film boiling region are strongly in-
fluenced by the water temperature and by degassing treatment of water

by boiling. The following equation for heat transfer rate before DNB

_3_
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was proposed.

1
q/a = 1,13 (UDo i ;pl A’L) i (Ty - Tg) (5)
or Nu= 1,13 (Re pr)?:3 (6)
where
q/A : heat transfer rate
Uw : velocity of the sphere

pg : density of water

CPE specific heat of water

dg i+ thermal conductivity of water
T,y : surface temperature of sphere
Tg : coolant bulk temperature

Nu = (hD)/k : Nusselt number

Re = (pVD)/u :+ Reynoclds number

Pr = (Cpu)/k : Prandtl number

h : heat transfer coefficient

u : viscosity of water

10)

Similar equations are developed by Hsu ~°, Eg.(7), and by Vliet and

Leppertll), Eq. (8) as follows.

Nu = 0.921(Re Pr)P%-° (7)

Nu(Pr)~9-35 = 2.7 + 0.12(Re) V-6 (8)

Heat transfer rate from a metal sphere to sodium was measured by
. 12) | . . .
Witte ) in atmospheric sodium using small tantalum sphere.

The following equation was proposed based on the experimental

data,

2
a=4rrge (Tes - Tna) (9)

where
rg @ radius of particle
Ty s + surface temperature of particle
Tya ¢ sodium bulk temperature

c,m : constants

The empirical constants ¢ and n obtained by Witte's experiment

are shown in Table 1. As these constants depend on sphere sperd and
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sodium temperature, other combinations of ¢ and n may have to be
introduced for the different conditioms.
In the present analysis the following equation was adopted as

the heat transfer correlation at fuel surface.

qlrf,t) = 47 ré‘c(Tf_S - Tc)n (10)

where T. is bulk coolant temperature, and constants c, n are specified
by input. Further, it is modified in the code to be able to switch
the constants at a specified temperature Tc.

The effect of vapor void is considered after bulk boiling

initiation by introducing the influence factor f(o) as follows.

qre,t) = 4m rf? o(Tg ¢ - Tc)n « £ (o) (11)
£(a) = ;—2 [(1 - o)y +ohyl | (12)
where
hg : thermal conductivity of liquid coolant
Ay : thermal conductivity of coolant vapor
a : void ratio in the interaction region

The total energy transferred to the coolant from the fuel particles
of various sizes can be otained by summing up the heat transfer rate

for all particle sizes.

imax
Q) = izl qi(rg i, t-T4) " nlre 1) (13)
where
qi(rf’i, t-1T;) : heat transfer rate from a particle of i-th
particle group at time t
n(rg i) : number of fuel particles of radius r¢ i

imax : total number of groups inte which fuel particles are

classified by the radius.

2.3 Pressure Accumulation in the Reaction Region

It is assumed that the coolant in the reaction region is heated
homogeneously by the fuel particles and keeps thermodynamic equilibrium

throughout the region,

If the average coolant temperature is lower than the sgturation
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temperature at the pressure of the interaction region, the coolant is
treated as a solid liquid which expands only by thermal expansion. The
pressure accumulation during this period is calculated by one dimensional
expansion of the interactioﬁ region against acoustic constraint at the
region boundary. (Phase A mode) When the coolant temperature exceeds
the saturation point, vapor-generation Is initiated, and the pressure
generation is calculated by the different model (Phase B). It is
assumed that the pressure is governed by the vapor pressure, and that
the vapor bubbles mix homogeneously with the coolant keeping thermodynamic
equilibrium. The vapor pressure is estimated by the saturation pressure
at the average coolant temperature in the interaction region, and all
other properties are calculated by the average value.

The equations to describe the above models are as follows.

2.3.1 Acoustic Constraint ModelS)

The temperature rise of liquid coclant in the interaction region

is given by

d Te _ dp
pc CpVe—gp = Q + Ve op Te gy _ (14)
where
pe ¢ density of coolant

Cp : specific heat of coolant

Vo ¢ volume of coolant in the interaction region
Te : coolant temperature in the interaction region
Op 3 thermal expansion coefficient of coolant

F (e

R P

p : pressure in the interaction region
The equation of state for liquid coolant is given by

dVe d Te dp
—% = g Vg == = By Ve 5 (15)
dt Pt T4 T e de
where
Br : isothermal compressibility of coolant
_o L2V
Ve 5P Tc

In order to incorporate the effect of noncondensable gases such as

helium and various fission gases, which were stored in the fue! rod
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before the rupture, noncondensable ideal gas of volume Vg is assumed to
undergo an adiabatic change in the interaction region.
Then the total volume of the interaction region and its change are

written as

Ve = Ve + Vg + VF | (16)
where _

Vi : total volume of the interaction region

Ve, Vg, VF ¢ volume of coolant, noncondensable gas and the fuel,

respectively.

The adiabatic change of noncondensable gas is described as

pvé1= Po Vgg = const. ) (18)

where
n : adiabatic ceonstant.
By differentiating Eq.(18) with respect to time, volume change of the

noncondensable gas is written as

1
av Po™ Vgo d
GVg . _ P . ap 1
dt np(l+1/n) dt (19)

Substitution of Eq.({19) into Eq.(17) gives
1
: P Voo
dvV¢ dve D E . dp (20)

dt dt np(1 +1/n) dt

The acoustic pressure generation caused by the expansion of the inter-

action region boundary is approximated by the following equation.

p(t) - Pg = 0gCp dzd(tt“)' (21)
where

p(t) : pressure at time t

Po : initial pressure

P : density of liquid coolant column

cq : sonic velocity in liquild coelant column

z(t) : position of the interface between the interaction region
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and the liquid coolant column measured relative to the
stationary midplane.

(see Fig.3)

The expansion velocity of region boundary dz/dt is related to the

total volume change of the interaction region by

%;} = (87 + SZ)’%g (22)
where
Si, S; : flow area at upper and lower boundary of interaction
region

Substituting Eq.(22) into (21), we have

.= Py co Ve
p(t) PO 51 + S; dt (23)

The pressure history in the interaction region will be obtained by
solving the Equations (14), (15), (20) and (23) if the heat input Q
is given as a function of time.

The sonic velocities for sodium and water are calculated by the

following equations,

(1) Sodium
cg = 2526,0 - 0.524 x (T - 97.6) (m/s) (24)
where
T : sodium temperature (°C)
{(2) WVater
2. 8 x 9.8
cg = J 07 x 107 x (m/s) (25)
PO
where
pg : density of coolant (kg/m3)

7)

2.3.2 Inertial Constraint Model
The upper and lower boundaries of the interaction region are
considered as the conttol surfaces., The equations of mass and energy

conservation are described as

-Edt—:—[(l—oz) p2h2+apv] - —‘Sf[(l-a) plh2+upv] (u; —us) =0 (26)
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El% [(1-a) 'pghl +upvhv] —%[(l -a) o£h£+upvhv] (uy —uyp) - % (27‘)

where
o : void ratio in the interaction region
Py Py densities of liquid and vapor
hg ,hy : enthalpy of liquid and vapeor
S : flow area of coolant
v : volume of interaction region
uy,us : coolant velocity at the lower and upper boundary of the

interaction region

The movement of lower and upper liquid coolant slugs is calculated by
the following one-dimensional momentum equations.

For the lower slug,

P
oy fzziln (_g_l;.p u‘%}dz + [p£g2]21n+7g' [fzii gu |u|dz
j
+ Z Elj'u1j'|ulj[] = Pjp — Pe _ (28)
for the upper slug
o) szOUt Ayl yaz [Gggz]zzut"“%g[fZZZOUt‘g‘.WIU['dZ
]
+ E2j'U2j'luzj|] = Pe ~ Pout (29)
where,
Py density of coolant
u : coolant velocity
z1,2; : axial positions of lower and upper boundary of the
interaction region
Zin, Zout axial positions of channel inlet and outlet
f : friction factor
d : hydraulic diameter of ccolant channel
£ : pressure loss factor for flow area change
P- : pressure at interaction region

PinsPour & Pressures at inlet and outlet of the channel

As the coolant velocity changes depending on the cross sectional area

of the coolant channel, velocity at position z is given by the following
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correlations.

For lower slug,

5(zy)
.u(z) = ‘-é—fé—)'— u] (_30)
for upper slug
S(Zz)
u(z) = -—E';"(—z)— us (31)
where
$(z) : cross sectional area of coolant channel at position z

Substituting Eqs. (30) and (31), Eqs.(26) and (27) are rewritten as

—_— = - P SE— .
dt QQ'L]_ll (Pin=P¢) g L 2Ly’ uj ]u1|
]. R I 2
“a“t‘lT(Ul’|U1|'u1n'|uin ) (32)
i NS USRS SN
,dt = plel pC, out ngl‘ 2L2| Uz |uz
1
- 'ﬁg-—(uout' lugue | - uze Juz ) (33)
where
Ly = z] - 24n (34)
Lz = Zout ~ 22 (35)
z1 S(zq) J 5(z1)
L' Azqs (36)
1 Zin S(Z) S(zlj) IJ
z S(z2) j s(z,)
' out “res/ _ _ . ]
Lo - 6 ) 5Caz7) 8zp 37)
z. f .5(z;).? j 5(z) .2
zi = 1,0 iS5Gy 2 T fufsa’
i £y S(z;) .2
=z (-*;5 pzyy+E15) {E;fEIES’} (38)
zout £, 5(22) 2 ] S(zp) 2
= L G + ]
22 Jéz d ¢ S(2) bdz + T Ep4d S(z2) )
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-1 <-§-§r~ hzps+Eaq )1 S—((f% b (39)
Eij : pressure loss factor at the boundary of flow channel
segment j
fi5 + friction factor for flow channel segment j
dij hydraulic diameter for channel segment j
Azqjy ¢ length of flow channel segment j

the friction factor £ is calculated by

f = 64 Re™! (Re < 3.2 x 10%) (40}

£ = 0.316 Re™® 25  (Re > 3.2 x 109) (41)
where

ud

Re = — Reynolds number

u : velocity

d : hydraulic diasmeter

v : kinematic viscosity

2.4 Physical Properties

2.4.1 Coolant Properties
(1) Water
Density, specific heat and enthalpy for water and steam are
calculated by physical property subroutine WATER and STEAM,
13)

respectively, which are programmed for EUREKA code based on
the JSME Steam Table. The relation between saturation vapor
pressure and temperature are also given by subroutine STEAM.
As the physical properties have td be recalculated at each time
step in transient calculation, the relations are rewitten into
quadratic expressions of temperature to save computation time.
Nine sets of equations corresponding to nine temperature ranges
covering from rvoom temperature to critical point are prepared by
least square approximation based on ten data sets for each
temperature range.

{(2) Sodium
Physical properties of sodium are calculated by subroutine

SODIUM(la), For use in transient calculation, the property
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equations are also rewritten by quadratic expression of tempera-

ture. A single equation is used for all temperature range.
The saturation vapor pressure is calculated by the following
equations.

For 97.81 < T < 976.7°C

logyoP(atm) = _'T€g¥€¥%§%f7 - 0.5 logy1(1.8T+491.7)

+ 6.4818 (42)

{(Ditchbarn and Gilmour's equation}s)

For 976.7°C < T

TogoP(atm) = - %%%‘ 0.61344 logp(l.8T +491.7)
+ 6.8377 (43)

(Stone's equation}ﬁ)

2.4.2 Fuel and Cladding Properties

Thermodynamic properties of UO; fuel and cladding are calculated
by the following equations.

Thermal Conductivity :

_ -3 _ -5 —a2 , 0.243786

dg = 1.0907 x 10 0.9311 x 107°T + 0. 31542 % 107°T -+ZE::§663— (44)

Agus = 3.602x 1073 +1.096 x 1075 (45)

Azry = 10.5462 + 0.010962 x T (46)
where

Af,Asus,A' 't thermal conductivities of fuel, stainless steel

ZYy
and zircaloy {kcal/m hr °C)

T : temperature (°C)
Density :

pg = 1.04x 10" - 0.312T (47)

osus = 7.82x 102 - 0.42228T (48)

Pzry = 6.55x 103 (49)
where

PfsPsussPzry * densities of fuel, stainless steel and zircaloy

(kg/m3)}
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T : temperature (°C)

gpecific heat :

C¢ = 0.0657 - 0.9556 x 1067 + 0.8123 x 107972 (50)

Cous = 0.12068 + 2.0053 x 107°T _ (51)

Cpry = 0.06805 + 2.3872 x 10-°T 52y
where

Cf,Chus>Cory specifié heat of fuel, stainless steel and
zircaloy (kcal/kg °C)

T : temperature (°C)

Latent heat

Latent heat of melting or phase transformation is considered as

follows.
for UO2 L = 64.8 kcal/kg at T = 2800°C (53)
for stainless steel

L = 65.0 kcal/kg at T = 1410°C (54)
for zircaloy¥®

L = 10.0 keal/kg at T = S00°C (55)

% Latent heat for a-Bf phase transformation. Due to lack of data,

latent heat is not considered at melting point for zircaloy.
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Table | Witte s Experimental Results

Sphere speed Sodium temperature c n
(ft/sec.) (°F)
4
10.0 572 2.98 x 10 0.88
4
6.0 572 2.23 x 10 0.88
4
10.0 842 4.34 x 10 0.77

{The unit of 9 becomes Btu/hr.)

Tiquid coolant

fuel particle interaction region

!

!

liquid coolant

Fig. 1 Schematic fuel-coolant
interaction model
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acoustic constraint
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3. Numerical Solution Procedure

Flow chart of numerical solution procedure is shown in Figure 4,
In the preliminary calculation, quadratic equations of physical proper-
ties are prepared either for water or for sodium depending on coolant
selection. The time mesh size specified by input is examined by the
following stability criterion. If the specified time mesh does not

satisfy Equation (56), it is halved until it satisfies the criterion.

Stability Criterion

hpbt

chf(ﬂfmin)z < 0.5 ' (56)
where

Af : thermal conductivity of fuel

PE : density of fuel

Ce : specific heat of fuel

At : time mesh size

Armin: minimum dimensional mesh size in fuel particles

Since a simultaneous sclution of all the equations governing the
FCI phenomena is not possible, heat transfer process from fuel particles
to the coolant and the hydrodynamic procedure in the coolant are sclved
separately. At first, temperature profile in the fuel particle and the
heat transferred from fuel particles to the ccolant are calculated based
on the environmental conditions at the preceding time step. Then
thermo-hydrodynamic calculation of coolant is performed using the heat
transferred to the coolant from the fuel particles as the input.

Before starting the hydrodynamic calculation, selection of phase A
or phase B model is decided based on boiling initiate condition. As
this code has a plotter subroutine, the calculated results can be
plotted as a function of time.

Total construction of ANDES is summarized in Figure 5. The

definitlon of subcodes shown in Figure 5 is listed in Table 2.



ANDES
BLKDT1
CLEAR
CLR
CNTRL
COEF
CWATER
EDIT
ESUF
FLUID
FUEL

HTRC

IDENT
INCHNL

INDIM
INDSTR

INFORM
INHTC

ININIT
INISET
INP

INPART

INPLOT
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Tabkle 2 Definition of Subcodes

Main routine to control the total calculation procedure
Subcode which sets data in common blocks

Subcode which sets all the data in common blocks to zero

Zero clear subroutine

Subcode which determines calculation time step

Subcode which determines coefficients of quadratic expression
to represent sodium or water physical properties

Subcode which gives physical properties of compressed water
Subcode which prints minor and/or major edit, called from TRAN
Function subroutine which gives enthalpy of steam for given
temperature and pressure

subcode which calculates coolant hydrodynamics, called from
TRAN

Subcode which determines fuel particle geometries, called
from PRECAL

Subcode which defines coefficients for heat transfer equation,
called from TRAN

Subcode for identification of line in data plotting

Subcode which reads upper and lower channel geometry data,
called from INPUT

Subcode which reads miscellaneous control data (100Q), called
from INPUT |

Subcode which reads destruction region data (1300), called
from INPUT

Subcode which sets information for axis plot

Subcode which reads heat transfer data (1500) and (1550),
called from INFUT

gubcode which reads initial condition data (140Q0), called
from INPUT

Subcode which determines initial conditions

Subcode which constructs a data array from input cards
Subcode which reads fuel particle data (16xx), called from
INPUT

Subcode which reads plot information data (1700, 13Q0, 19xx},
called from INPUT

{(continued)



INPUT
INP2

INTSTP

INTVAL
IRANGE
LINES
LOCAL

NORMI.Z

PLLINE

PLOSS

PLOTER

PRECAL .

PRTINI

PVT

QUAFIT

READIN

SEARCH
SETFCT

SETPDT

SETUNT

SLUGL

SODIUM

SSATT

-

.

.
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Table 2 (continued)

Subcode which controls input procedure, called from MAIN
Subcode ta transfer data from input’ card buffer to designated
storage area in core

Subcode which reads time step control data (1001), called
from INPUT

Subcode which defines minimum and maximum data

Function subcode which sets temperature range

Subcode which updates line counter _
Subcode which calculates local wvelocity and pressure, called
from PRTINT and FLUID '

Subcode which normalizes data for plotting

Subcode for line plotting

Subcode which calculates friection pressure loss, called from
PRTINI and FLUID

Subcode which controls figuire plotting

Subcode which controls preliminary calculation, called from
MATIN

Subcode which prints physical properties and the coefficients
for quadratic expression, called from PRECAL

Subcode which gives thermodynamic properties of water or
steam for a given temperature and pressure

Subcode which determines the coefficients for quadratic
expression using least square approximation method.

Subcode which reads plot data from MT and generates the
files for figure plot

Subcode which searches minimum and waximum data of series ID
Subcode which determines minimum data and delta x or y for
plotting

Subcode to set plot data to common working are for plotting
Subcode to determine coefficient for uvnit plotting

Subcode which calculates coolant slug length, called from
FLUID

Subcode which gives sodium thermodynamic and physical
properties _

Subcode which gives temperature of saturated steam as a
function of pressure

(continued)



STEAM

STEAMP

STEAMT

TEMP

TRAN

TSAT

TSTP

WAKT
WATER1

WATER2

XAXIS
YAXIS
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Table 2 (continued)

Subcode which gives thermodynamic properties of steam as a
function of temperature and pressufe

Subcode which gives pressure of saturated steam as a function
of temperature by §. Sugawara's equation

Subcode which gives temperature of saturated steam as a
function of pressure by'S..Sugawara's equation

Subcode which calculates heat conduction in fuel particles,
called from TRAN

Subcode which controls transient calculation, called from
MATN

Subcode which calculates saturation temperature of sodium
vapor for a given pressure

Subcode which turns over time step data, called from TRAN
Subcode which controls X and Y axis plot

Subcode which calculates coefficients for combined physical
properties of water

Subcode which replaces coefficients for combined physical
properties of water for use in transient calculation

Subcode which executes X-axis plotting

. Subcode which executes Y-axis plotting
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( START )

READ INPUT DATA

& INPUT
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PRELIMINARY
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Properties

Physical
Property
Eqs, for Water

Physical
Property
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Phase B Pressure
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l

Fig. 4-a

®

Solution procedure flow chart
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Recalculate Heat

Transfer Coefficient

Stability Control t =t + At

t > tmyNo
Yes
WRITE OUTPUT
EDIT
PLOT OUTPUT
PLOTER

END

Fig. 4-b  Solution procedure flow chart
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ANDES —— INPUT INP
INDIM
INTSTP
TNCHNL
INDSTR
ININIT
INHTC
INPART
TNPLOT
frem PRECAL——— INISET CWATER
Ity TRANGE
COEF  —d — QUAFTT
— SODIUM PVT ESVF
— STEAM
L STEAMP
}— PRTINI ——— CWATER
FTP
L LOCAL
- STEAM
STEAMP
- TSAT ——— STEAMT —— SSATT
L WATER1
— CNTRL
— TRAN —1— TSTP
—— EDTIT
—- TEMP ———— WATER
—— FLUID FTP
LOCAL
PLOSS
SLUGL
TSAT ————— STEAMT —— SSATT
—— HTRC
| PLOTER ——— READIN
L SETPDT
— SETFCT
— WAKU
——— INFORM
}——NORMLZ
———SETUNT
— XAXIS
— YAXIS
— PLLINE
—— IDENT

Fig. 5 Congtruction of ANDES code
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4, Input Description

This code incorporates "Free Format' input routine, i.e. each input
datum in a card is identified only by the order. Consequently, word
number is specified in stead of column number in the following descriptiom.

Input data have to be in metric unit which is specified for each
data. Input format is indicated by I and R. An 1 denotes that integer
numbers are to be input. No decimal point or an expoment can be present.
% denotes no restriction. Both floating point numbers and integers are
allowed. Each piece of input data must be separated on both sides by at
least one blank card column or a comma. _

The input data deck starts from a title card which must have a
" = " sc the first non-blank character. Comment cards are allowed and
are identified by a "#" as the first non-blank character. All the input
data cards must have a four digit card number as the first entry on the
card, since the data are identified by the card number and the order in
the card. Data on a card may be continued on a following card by enter-
ing a plus sign as the first non-blank character on the continuation

card.

The last card in the data deck must have a "." character in column 1.

Card 1 Title Card

This card must have the "=" symbol as the first non-blank character,
usually placed in column 1. The remainder of the card is used to specify
the problem title, which will be printed at the top of each page of

computer printout.

Card 2 Dimensional Data - Card number 1000
Data Field Format Name Quantity
1 I IFLG Coolant specification
If IFLG = 0, Sodium is selected.

If IFGL # 0, Water is selected.

0, plotting is omitted.

1

2 I IPLT If TPLT
Input for data plot, card number 1700
to 19xx, are not needed,.

If IPLT # 0, output data are plotted
according to the specification given

by the card 1700 to 19xx.
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Data Field Format Name Quantity
3 I NTC Number of time step cards
(NTC < 10)
4 I KIMAX Number of axial nodes in the coolant

slug at upstream of the interaction

region (KIMAX < 40)

5 I K2MAX Number of axial nodes in the coolant
slug at downstream of the interaction

region (K2MAX < 40)

6 I KFB 1f KFB = 0, switching of heat transfer
coefficient by DNB condition is not
performed.

Input data of card number 1550 is not
read in this case.

If KFB = 1, heat transfer coefficient
at fuel surface is switched to a new

value as specified by the card 1550.

7 I IR Number of fuel particle group
(IR < 20)
8 I JFLG If JFLG = 0, calculation by phase A

model is omitted.
If JFLG = 1, transient calculation
starts from phase A and then switched

to phase B.

9 R HTIME Time at which heat dissipation from

fuel particles to the coolant is ended.

[sec]
10 R FINTIM Final problem time [sec]
Card 3 Time Control Data =~ Card number 10xx

xx = card sequence number 1 < xx < NTC

Data Field Format Name Quantity
1 I NMIN (xx) Number of calculation time steps at

which interval minor output are printed,
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Data Field Format Name Quantity

can
and

the

the

and

If NMIN = O, NMIN is adjusted to 1.

2 I NMAJ (xx) Number of minor output printout at
which interval major output are printed.

If NMAJ = 0, NMAJ ix adjusted to 50

3 R DELTT (xx) Calculation time step [sec]
4 R TLAST (xx) Final calculation time [sec]
Card 4 Upstream Coolant Channel Dimensions - Card number 1llxx

xx = card sequence number 1 < xx < KIMAX

Coolant channel at upstream and downstream of the interaction region
be divided into flow channel segments which have different diameter
length. Pressure loss coefficient can be given at the boundarj of
segments as shown in Figure 6.

Numbering of the segments igs to be done in the order starting frqm
interaction region to upstream or downstream. Segment length CL1(01)

CL2(01) include half the length of the interacticen region.

7;7‘ Z2(03) : —
22(02) ?z:- CL2(03)
// .
CL2(02)
L/
—172(01) ——
// CL2(01)
Interaction Region Sf::fff:i
pj CL1{0L)
/210y B
/|
CL.1(02)
Zl(O%/// I
1.1(03
¥ HLC (03
/ z1(03) /, CL1{04)
' Z1(04) _

Fig.6 An example of flow channel configuration
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Data Field Format Name Quantity
1 R CL1{xx) Length of flow channel segment [m]
2 R SG1 (xx) Crogs-sectional area of flow channel

segment [m2]

3 R DEL (xx) Hydraulic dimaeter of flow channel

segment [m]

4 R Z1 (xx) Pressure loss factor of outer (lower)

end of a flow channel segment

5 R ZRY (xx) Pressure loss factor at outer end of
the flow channel segment at reversal
flow

Card 5 Downstream Coolant Channel Dimensions - Card number 12xx

xx = card sequence number 1 < xx < KZMAX

Data Field Format Name Quantity
1 R CL2 (ux) Length of flow channel segment [m]
2 R SC2(%x) Cross-sectional area of flow channel

segment [m?]

3 R DE2 (xx) Hydraulic diameter of flow channel

segment [m]

4 R Z4 (xx) Pressure loss factor at outer (upper)

end of a flow channel segment

5 R ZR2 (xx) Pressure loss factor at outer end of
a flow channel segment at reversal

flow

Card 6 Interaction Region Data - Card number 1300

Cross—sectional area of the interaction region is assumed to be
equal to SC1(01), the area of innermost flow channel segment. The
coolant volume is calculated by SC1(01) x CLO, where CLO is the length
of the interaction region. The amount of fuel and cladding is specified
by the cross-sectional area. The length of the broken fuel rods is
assumed to be the same as that of the interaction region, CLO. The

volume of the fuel and the cladding is, then, given by multiplying CLO



to the cross-sectional area.
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In order to apply to a case of partial

interaction, a factor which is defined as a volumetric ratio of effec-

tive to total fuel in the interaction region is to be specified.

2]

2]

(NH)

Tf¢.g = surface temperature of a

T, = average coolant temperature

Data Field Format Name. Quantity
1 R CLO Length of interaction region [m]
2 R SFO Cross-sectional area of fuel [m
3 R SKO Cross—-sectional area of cladding [m
4 R FACT A volumetric ratio of effective to
total fuel in the interaction regiom
Card 7 Initial Conditions Card number 1400
Data Field  Format Name Quantity
1 R TCO Initial temperature of coolant [°C]
2 R TF1 Initial temperature of fuel [°C]
3 R TF2 Initial temperature of cladding [°C]
4 R PO Pressure at coclant flow chanmel exit
[kg/cm?]
5 R uo Tnitial flow velocity of coolant [m/s]
Card 8 Heat Transfer Cecefficient - Card number 1500
Data Field  Format Name Quantity
1 R TSP Coolant superheat temperature at which
phase A calculation is switched over
to phase B.
2 R EN Constants for heat transfer equation
3 R uN q/a = (HN) x (Tf g -Tc)
where g/A = heat flux [kcal /m2hr]
_fuel particle [°C]
[°c]
Card 9 Heat Transfer Coefficient for Film Beoiling Regime

- Card number 1550
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If a large change of heat transfer coefficient at fuel particle
surface by film boiling initiation is to be assumed, the constants for
heat transfer equation, HH and HN, which are specified by card 8, are
replaced to HHF and HNF respectively. This replacement is initiated
when the calculated bulk superheat temperature of the coolant exceeds a
threshold value TFB.

If KFB = 0 in the card number 1000, this option is omitted.

Data Field Format Name Quantity
1 R HFN New constants for heat transfer coef-
R HNF ficient equation to be replaced.
3 R TFB Threshold value of bulk superheat for

the transition [°C]

Card 10 Fuel Particle Data Cards - Card number 16xx

xx = card sequence number 1 < xx < IR

In order to give a fuel particle size distribution, the fuel and
the cladding particles are divided into groups by the diameter. The
distribution is specified by the typical diameter and the weight per-
centage of each group.

The mixing process between the fuel particles and the coolant is
realized by giving a different contact time to each particle group. A
complete set of particle data for ome group must be placed on one card

shown as follows.

Data Field Format Name Quantity
1 I NREG (xx) If NREG = O, particles are identified

as fuel,

If NREG = 1, particles are identified
as stainless steel,

If NREG = 2, particles are identified

as zircaloy,

2 I NR (xx) Number of radial mesh in a particle
(NR < 9)

3 R R(xx) Particle radius [m]

4 R WF (xx) Weight ratio of xx-th particle group

5 R TPS {(xx) Contact time with the coolant [sec]
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Card 11  Plot Selection and Figure Size - Card number 1700

If plots are not wanted, set IPLT = 0 in card number 1000, and omit

the cards of number 1700 through 1900.

Data Field Format Name Quantity
1 I NFIG(1) If Fig.K is wanted, set NFIG(K) # O.
to 6 to NFIG(6) Fig.K will be omitted, if NFIG(K) = 0.
7 I TAUTO If TAUTO = 0, scale of X and Y axis

will be adjusted automatically based
on the maximum and minimum value of
the data to be plotted.

If TAUTO # 0, scale of the axia should
be specified by card 1800 and 1900.

8 I NPARTI Number of a fuel particle group whose
temperature profile plot is wanted.

(1 < NPARTT < IR)
9 T LNGTHX Length of X-axis* [cm]
10 I LNGTHY Length of Y-axis* [cm]

* If LNGTEX or LNGTHY < 0, it is interpreted as LNGTEX or LNGTEY
= 20.
Note that LNGTHX and LNGTHY have to be integer type input.

Card 12 X Axis Data - Card number 1800

1f TAUTO = O, omit this card.

Data Field TFormat Name Quantity
1 R KMIN(L) Minimum time of phase A [sec]
2 R XMAX (1) Maximum time of rphase A [sec]
3 R XM IN(2) Minimum time of phase B [sec]
4 R KMAX (2) Maximum time of phase B [sec]
Card 13 Y Axis Data - Card number 1%yy

yy = card sequence number 00 < yy < 99

If JAUTO = 0, omit this card.
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Data ¥Field Format Name : Quantity
1 R YMIN(L) Minimum pressure in phase A (Fig.l)
[kg/cm?]
2 R TMAX (1) Maximum pressure in phase A (Fig.l)
[kg/cmz]
3 R YMIN(2) Minimum coolant temperature in phase

A (Fig.1l) [°C]

4 R YMAX (2) Maximum coolant temperature in phase

A (Fig.1) [°C]

5 R WMIN(3) Minimum surface temperature of the

fuel particle in phase A (Fig.l) [°C]
Y
) R YMAX (3) Maximum surface temperature of the

fuel particle in phase A (Fig.l) [°C]

7 R YMIN(4) ~ Minimum pressure in phase B (Fig.2)
[kg/em?]
8 R YMAX (4) Maximum pressure in phase B (Fig.2)
[kg/cm?]
9 R YMIN(S) Minimum void ratio (Fig.2)
10 R TMAX(5) Maximum veid ratio (Fig.2)
11 R YMIN(G) Minimum coolant temperature in phase

B (Fig.2) [°C]

12 R YMAX (6) Maximum coolant temperature in phase -
B (Fig.2) [°C]

13 R WMIN(7) Minimum surface temperature of the .

fuel particle in phase B (Fig.2) [°C]

14 R YMAX(7) Maximum surface temperature of the

fuel particle in phase B (Fig.2) [°C]

15 R M™IN(S) Minimum velocity of upper coolant
slug (Fig.3) [m/sec]

16 R YMAX (8) Maximum velocity of upper coolant
slug (Fig.3) [m/sec]

17 R YMIN(9) Minimum velocity of lower coolant
slug (Fig.3) [m/sec]
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Data Field TFormat Name

18 R WMAX (9)

19 R YMIN(10)
20 R YMAX (10)
21 R YMIN(11)
22 R YMAX (11)
23 R. YMIN(12)
24 R YMAX(lZ)
25 R YMIN(13)
26 R YMAX (13)
27 R YMIN(14)
28 R YMAX (14)
29 R YMIN(15)
30 R YMAX(15)
31 R TMIN(16)
32 R YMAX (16)

Quantity

Maximum velocity of lower coolant

slug (Fig.3) [m/sec]

Minimum length

(Fig.3) [m]

Maximum length

(Fig.3) [m]

Minimum length
(Fig.3) [m]

Maximum length

(Fig.3) [m]

Minimum tempera

of upper ccolant slug

of upper coolant slug

of lower coolant slug

of lower coolant slug

ture in the fuel

particle group which is specified by

NPARTI in card

1700 to plot radial

temperature profile (Fig.4) [°C]

Maximum temperature in the fuel

particle group

(Fig.4) [°C]

specified by NPARTI.

Minimum pressure (Fig.5) [kg/cmz}

Maximum pressure (Fig.53) [kg/cmz]

Minimum pressure integration (Fig.53)

[kg.sec/cmz]

Maximum pressure integration (Fig.5)

[kg.sec/cmz]

Minimum specific work of fuel (Fig.5)

[cal/g]

Maximum specific work of fuel (Fig.5)

[cal/g]

Minimum specific work of coolant

(Fig.5) [cal/g]

Maximum specific work of coelant

(Fig.5) [cal/g]
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Data Field Format Name
33 R YMIN(17)
34 R YMAX (17)
35 R YMIN(18)
36 R YMAX (18)
37 R YMIN(19)
38 R TMAX(19)
39 R YMIN(20)
40 R YMAX (20)

Quantity
Minimum coolant temperature (Fig.6)
[°ci

Maximum coolant temperature (Fig.6)
[°cl
Minimum surface temperature of fuel

particle (Fig.6) [°C]

Maximum surface temperature of fuel

particle (Fig.6) [°C]

Minimum heat flow rate from fuel to

coolant (Fig.6) [cal/sec]

Maximum heat flow rate from fuel to

coolant (Fig.6) [cal/sec]

Minimum heat flow rate to coolant
from a fuel particle group which is
specified by NPARTI in card 1700
(Fig.6) [cal/sec]

Maximum heat flow rate to coolant
from a specified fuel particle group

(Fig.6) [cal/sec]
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Qutput Description

The output is done by the line printer.

| plot the data as the functions of time.

5.1 Line Printer Output

follows.

A
B

Besides it is possible to

The line printer output is composed of parts A through D as

listing of all the input data in one table

listing of the

description of each datum and unit.

description of

input data, one table for each data cards with the

the quadratic expression of coclant physical pro-

perties, in which constants of each quadratic equation, list of

data base for the least square fitting and a table of physical

properties as a function of temperature produced by the quadratic

equations are contained.

transient data output which consists of major and minor outputs

Major output contains the following data.

]

o

time step number

time

time step

time step size

integral pressure
pressure In the interéction region
coolant temperature in the interaction region
energy transfer rate

total energy transferred
void fraction in the interaction region
upper region coolant slug velccity
lower regicn coolant slug velocity
upper region coolant slug displacement

lower region coolant slug displacement

{sec)

(sec)

(sec)
(kg—sec/cmz)
(kg/cm?)
(°c)
(kcal/sec)
(kcal)

(msec)
(msec)
(m)
(m)

fuel and cladding particle temperatures of each particle

size group at energy radial nodes

(°C)

Minor output is a listing of the following transient data as a

function of time.

]

(=]

pressure in the interaction region

coolant temperature in the interaction region

(kg/cm?)
(°c)
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o energy transfer rate (kcal/sec)
¢ total energy transfered (kcal)

o void fraction in the interaction region

o upper and lower region slug velccities (m/s)

o upper and lower region slug displacements {m)

The intervals of the major and minor cutputs are to be specified

by the input.

5.2 Plot Output

The following six plots as a function of time can be selected.

1 - plot of following data during phase A period

[+]

[+

=]

pressure in the interaction region (kg/cmz)
coolant temperature in the interaction region (°C)

surface temperature of fuel particle of a specified group (°C)

2 - plot of following data during phase B period

o

o

o

pressure in the interaction region (kg/cm?)
void ratio in the interaction region
coolant temperature in the interaction region (°C)

surface temperature of fuel particle of a specified group (°C)

velocities of upper and lower coolant slugs (m/s)

displacements of upper and lower coolant slugs (m)

temperature distribution in a fuel particle of a specified

group (°C)

pressure in the interaction region (kg/cm?)
pressure integration (kg.sec/em?)
specific work of fuel (cal/g)
specific work of coolant (cal/g)

surface temperature of fuel particle of a specified group (°C)

total heat flow rate from fuel to coolant (cal/sec)

heat flow rate from a specified fuel particle group (cal/sec)
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6. Summary

This code is a first version of ANDES. The Analysis model is based
on a simplified one dimensional arrangement of an interaction region and
coolant slugs, and.is solved by progressive method. Thanks to this
simplification, the numerical calculation is quite stable and quick for
wide range of input conditions. As the mixing process and the heat
trans fer rate between molten fuel and the coolant are not completely
understood yet, these unknown parameters are to be specified by the
input. Consequently, this first version is convenient te use for the
sensitivity study of the FCI phenomena to various parameters. The
analysis model has to be improved based on the sensitivity study and on
the comparison with the experimental data.

The verification of the first version is progressing through the
comparison with the data of inpile FCI experiments, such as NSRR, SPERT
and Sandia PBE tests. The results will be published in a separate

report.
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Appendix Numerical Method

A-1 Heat Transfer Calculation within a Tuel Particle

The transient temperature profile within a fuel (and/or cladding)
particle is calculated by Eqs. (1) and (11) with the boundary and initial
conditions represented by Egs.(2) through {4). Finite difference equa-
tions for the numerical analysis are described in the following.

Nodalization is shown in Figure A-1.

1) Surface node

As the heat flux at the outer boundary of the surface node is given
by Eq.(11), the finite difference form of the energy equation (1) is

written as

Tf(rl, t+At) - Tf(fl, t}

4 - 3 Ar 3
EARRER I AR = ae
Tg(ra, t) - Tf(‘fls t)
=ty -y - AT a(®) (A.1)

This will be rewitten as

Ar 2

Te(ry, t+08) = Telr1, £) 1
bt 1- Ar + Ar? sr?
2rl 12r1
2cf (o) n
x {Tf(rz,t)-—Tf(rl,t)} - KFEEEE {Telry, t) =Tl (A.2)
where
Af
K —r s thermal diffusivity
pfCE
2} Internal nodes
Eq.(l) will be rewritten as
T(ri, t+At) -Tg(ry, t) K Ar 2
At - pr? (l—+§?7)
(1+ 7 )Arz 1
eri

X {Tf(ri_l, t) _Tf(ri, ey} - (l_-_ﬁ‘r )Z{T (ry, t) - Te(risrs £)}
Zri f
(A.3)

3) Center node

The equation for the center node is written as



Tg(rn, t+4at) = Telrn, t)

At

JAERI - M 9306

= - '—@K—{Tf(rn, t) - Terp-1, t)}

Ar?

Fig. A.l

T3 o 1

(A.4)
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A~2 Temperature, Pressure and Volume Calculation of the Interaction

Region
(1) Acoustic Constraint Mode (Phase A)

The coolant temperature, pressure and volume as a function of time
are calculated by Egs.(14), (15), (20) and (23).

Substituting Eq.{23) into Eq.(20), we have

. 1
S1 +S» dVe P /ano dp

"2 {p{t) -pg) = Tt T T O/ "It (A.5)
Pgcp np

Eqs. (14), (15) and (A.5) give the first derivatives of temperature,

pressure and volume with respect to time.

T AT G 4.6
BT G (8.7
e R 4.8
where

A=V pc Cp

B = Q(t)

C = Tc Ve ap

D = Bt Ve

E = uap Ve

1/n

_P Vgo
F (I+1/0)
np

S1 + 52
G:—-——— t -
55 Co (p(t) - pg)

(2) Inertial Constraint Mocde (Phase B)

The coolant conditions in the interaction region are calculated by
Eqs. (26), (27), (32) and (33). As it is assumed that the thermodynamic
state of liquid-vapor mixture in the interaction region changes along
the saturation curve, the pressure, density and enthalpy of the coolant
can be described as the functions of temperature only. Thus, the
derivatives of density and enthalpy with respect to time can be written

as
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do _ do ., dIc
dt  dT. dt 4.9
dh dh dTc
prl ol r (8.10)
where

p : density

h : enthalpy

Using Egs. (A.9) and (A.10), Egs.(26) and (27) are rewritten as

_ do dTc
A]_ = B1 d_E - G *&*E‘ (A-ll)
d dT
Ay = By a%‘ + Cy d_EC {(a.12)
where
g
A = - Vo [(l-a)og-kapv](u]-uZ)

_ Q.8
Ay, = Ve + Ve {(1"0)02h£‘+dOVhV](U1'-Uz)
"By = pg Py
B2 = pVhV'-DEhR
de de
01 = (1—0'.) 'd?z"F[x‘a-T“—;'
d(pghy) d (5yhy)
C; = (1 -a) _T%‘_(‘:HA + o ——d"—,;"c"y‘—'

The first derivatives of average void ratio and coolant temperature can

be obtained from Egs.(A.11l) and (A.12).

da ACqp + AsCy
Sl el .1
dt B,Cy + B>Cy (4.13)

dTe _ BjAz - BoAy
dt  B.Cy ¥ By (4.14)

The coolant pressure is given as a saturation pressure at temperature T..
Pec = Psat (Te) (A.15)

The thermo-hydrodynamic state of the interaction region and the movement
of coolant column velocity at time t + At are defined by Eqgs.(32), (33),
(A.13), (A.14) and (A.15) based on the state at time t.
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