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Abstract

This paper is a final report of the development of FRETA-B code, which analyzes the
LWR fuel behavior during accidents, particularly the Loss-of-Coolant Accident (LOCA).

The very high temperature induced by a LOCA causes oxidation of the cladding by steam
and, as a combined effect with low external pressure, extensive swelling of the cladding. The
latter may reach a level that the rods block the coolant channel. To analyze these phenomena,
single-rod model is insufficient; FRETA-B has a capability to handle multiple fuel rods in a
bundle simultaneously, including the interaction between them. In the development work,
therefore, efforts were made for avoiding the excessive increase of calculation time and core
memory requirement.

Because of the strong dependency of the in-LOCA fuel behavior on the coolant state,
FRETA-B has emphasis on heat transfer to the coolant as well as the cladding deformation.
In the final version, a capability was added to analyze the fuel behavior under reflooding using
empirical models.

The present report describes the basic models of FRETA-B, and also gives its input
manual in the appendix.

Keywords: Fuel, Code, LOCA, Ballooning, Shell Model, Heat Transfer, Reflooding, Gas
Flow, FRETA-B, Reactor Safety, LWR

* Century Research Center Corp.
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1. Introduction

FRETA-B (Fuel Reliability Evaluation Code for Transients and Accidents - Bundle
Geometry) is a computer code for analyzing the behavior of zircaloy-clad oxide fuel rods for
light water reactors. It is specialized in the fuel behavior during accidents, particularly the
Loss-of-Coolant Accident (LOCA).

The phenomena expected to be important during LOCA are roughly grouped into four:
heat transfer, oxidation of cladding, fuel rod deformation, and internal gas pressure and flow.
Some of these phenomena can be analyzed independently for each rod, whereas for some
others rod-to-rod or rod-to-structural component interaction must be considered. Swelling of
fuel rod due to reduced external pressure and high temperature (ballooning) is restricted by
the contact with surrounding fuel rods or shroud. Even if the rod has ruptured before contact,
hoop strain at rupture is determined by azimuthal temperature difference which is affected by
rod-rod radiative heat transfer. Consideration of such multi-rod effect requires two-dimension-
al modeling for the phenomena in each rod.

The code first started as a single-rod, one-dimensional code FREG-3T1). At the time,
famous US code FRAP-T had already existed, which remained single-rod code until the devel-
opment was completed at FRAP-T62). As integral multi-rod code, there exists, other than
FRETA-B, only a British code MABEL? developed in AEE Winfrith. However, the two codes
have taken different approaches to deal with the multi-rod effect. MABEL model is essentially
a ‘single rod sorrounded by eight rods’ model. The heat transfer and deformation models for
the central rod of 3 X 3 lattice is two-dimensional: azimuthal variation of state is evaluated at
12 azimuthal nodes.

On the other hand, in FRETA-B it was tried to deal with a bundle with arbitrary shape
and size by combining subchannel elements. In exchange for the increased number of fuel rods
for analysis, the number of azimuthal nodes was restricted to the minimum number, four, each
of which faces different coolant subchannels (in ballooning model, 20 nodes are used whose
temperatures are interpolated from the four-node results of thermal analysis). To supress the
increase of running time, use of two-dimensional model in each fuel rod was restricted to heat
conduction and ballooning; for other phenomena, one-dimensional models are independently
applied at four azimuthal nodes. Other measures taken to save running time are summarized
in Chapter 7.

Figure 1 lists main subroutines of FRETA-B with brief description of their functions.
It shows how they are arranged in the time and space loops.

The basic models of FRETA-B have been described in the previous report®). Considerable
updating of the code have been made since then. Important changes are solution of heat
conduction equation by the method of weighted residuals in place of the finite difference
method (3.6), incorporation of rod-rod contact model (5.7), and of reflood heat transfer
model (3.8). The present report is intended as the final report of the code development. It
describes the analytical models of the code. Experiences of code assessment are summarized
in Chapter 7. Input manual is given in Appendix A.
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MAIN

CLEAR cessee..es zero-set array data

—{ TnP1, INP2, INPRAD| ..... data input

JMESHO , TEMESH ] ..... mesh arrangement
teenessss. set initial condition
vesesses.. fFface-face combination
(radiant heat transfer)
cecssscess pOWEr distribution
ceesscanse set time step size
....... ... coolant condition
> VOID, STEAM|... refer steam table
N 581« ceeessescs cladding oxidation
ot~
3 ,8 ....... ... heat conduction/transfer
_"_g: H wee... heat conduction in a rod
84 g N ...... surface heat transfer
i; —- ceeseennnn . shroud temperature
Zh: g‘ EE weeseeeess fuel rod deformation
E '§ ?é ..... ..ees rod gas pressure

CNTSET sseessssss rod-rod contact check

TRANS teeeeasess radiant heat flux

—{ PRIN2D, PRINT1, PRINT2] ... printout

PL2D ceecans ... two-dimensional plot
FTPLOT teess..... time history data plot

Fig. 1 Main subroutines of FRETA-B.
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2. Geometrical Model and Time Step

The solid components of a fuel bundle considered in FRETA-B are fuel rod, empty tube
in fuel rod position, and (shroud) plate in inter-rod position; the code has no model for grid
spacers. The effects of such components as water rod or guide tube on the fuel behavior can be
approximated by substituting such components with the empty tube model of which thermal
properties can be assigned by input.

From the coolant side, the basic unit of geometry is a subchannel bounded by four fuel
rods. The geometry of a bundle comprising many fuel rods is defined by specifying which rods
bound which subchannel.

Each fuel rod is divided into axial segments; each segment is then divided into four
azimuthal sectors; finally the state of each sector is evaluated at radial nodes. Fuel states in
a bundle vary both in axial and transverse directions. But the gradient of any state variable
takes quite different values in the two directions: for example, it can occur under postulated
LOCA that a cladding temperature difference of 50 K is found over 0.5 m interval axially,
while the same difference is realized between two opposite sides of a rod cross section, 12 mm
apart. It means that when two-dimensional modeling is to be made, it must be made in the
transverse directions, neglecting the axial change of state.

In FRETA-B whose analytical models are at most two-dimensional, two principal coor-
dinates are radial and azimuthal. Division of a bundle into axial segments is principally for
independent calculation of axial state changes (an exception is gas flow in the fuel-cladding
gap for which all axial segments must be considered simultaneously). In other words, FRETA-
B grasps a bundle geometry primarily through its transverse cross section and regards the
whole bundle as a stack of such cross sections (Fig. 2).

Various shapes of subchannel model are prepared to simulate various parts of a bundle
(cross section). As an example, Fig. 3 shows how an imaginary 2 X 2 rod bundle can be de-
fined by a combination of six subchannels of four different types. Each subchannel is bounded
by face elements which comprise both actual solid surfaces and imaginary faces. The code does
not realize the shape of the entire bundle; the only informations necessary for calculation are
such as that, in Fig. 3 example, subchannels 2 and 4 share a face element 21 and hence they
are adjacent to each other, or, sector 4 of rod 1 faces subchannel 2, and so forth. Subchannels
1 and 4 in Fig. 3 are special types that are prepared for reducing the geometry for analysis
utilizing symmetry relationship. The actual procedure of defing a bundle geometry using these
elements is described in detail in Appendix A.

FRETA-B analyzes the transient fuel state changes which occur in a relatively small time
period, typical period for postulated LOCA being several hundred seconds. Time zero is set to
be the onset of transient at which time fuel is normally on power. The actual power history
before the time zero is too long to accurately follow by a transient code. FRETA-B therefore
postulates an imaginary power ramp period starting from —100 s. Power is hypothetically
raised to the initial steady level in one second and then the resultant transient fuel state
changes such as temperature or gas pressure are calculated following time steps until time zero.
Since the time constants for reversible fuel state changes are smaller than 10 s, a steady state
is realized before time zero. If the fuel for analysis had received long-term irradiation, the fuel
state changes before the transient should be calculated by separate fuel codes and the results
be input as room-temperature conditions.
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Fig. 2 Axial and radial nodes (fuel state is
evaluated at the dots).

To suppress the increase of running time due to multi-rod modeling, FRETA-B manages
time step in two ways. The first is automatic time step redivision which is applied to the entire
time step loop. Fuel temperature jump in a time step is monitored at all nodes of the bundle
and when it is found to have exceeded the input-specified limiting value, all calculation results
in the step are cancelled and the step size is reduced from the input value according to the
fraction of the excess. Thus user can specify coarse time step size expecting the code to
modify it where necessary, at least from the viewpoint of thermal stability (Fig. 4).

The second measure is the use of local time step. Some phenomena can proceed very
rapidly without much influencing other phenomena. A typical example is the last stage of
ballooning: just before rupture, cladding can swell at a rate greater than 10® %/s. Thermal state
is virtually frozen during such a fast transient. In such a case, reduced local time step is applied
for calculating the deformation and gas flow in the rod in problem, and rod-rod contact sheck.
Similar treatment is also made for following the stress relaxation in the cladding induced by
pellet-clad interaction.

Within each time step, no iteration is made between the calculation results of different
subcodes: for example, mechanical subcode is called after thermal subcode and the calculated
deformations are not reflected to the thermal state of the present step, but to the state in the
next step. It does not cause any serious problem in calculating a transient because by far the
most important parameter governing any fuel state change is temperature and the time step
size is so controled as to keep the temperature jump small enough.
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2. Geometrical Model and Time Step
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Fig. 4 Time step loops.
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3. Thermal Models

3.1 Scope

The thermal calculation of FRETA-B can either be limited to the heat conduction within
each rod, or extended to include a simplified treatment of coolant enthalpy rise along the fuel
rods. A key input parameter MODSHT determines the scope of thermal calculation and neces-
sary boundary conditions:

MODSHT =1 heat conduction within each rod is calculated with input cladding tempera-

ture history,

=2 rod surface heat transfer (conductive and radiative) is calculated with input
axially-uniform coolant enthalpy and mass flux,

=3 local coolant state is calculated from input inlet or outlet coolant condition
data,

=4 cladding temperature is calculated using input local coolant temperature and
heat transfer coefficient,

=5 same as MODSHT = 2, but local coolant data are input.

Two-dimensional heat conduction in each fuel rod is calculated under all the above five
options. Radiative and conductive heat transfer at rod surface is calculated under options 2, 3,
and 5. When reflooding process is included in the transient, a special empirical model can be
used under the option MODSHT = 3, detail of which is described in 3.8. Simplified heat trans-
fer models are provided also for such heat sinks as external shroud, water rod, and control rod
guide tube; the models are described in 3.9.

3.2 Heat Source Terms

Heat sources considered in FRETA-B are, 1) prompt fission heat, 2) delayed fission heat,
3) decay heat after shutdown, and 4) metal-water reaction heat in the cladding. The last one
is described in Chapter 4. For the first three, three input options are provided:
1) total power history table is input,
2) delayed fission heat is calculated and used together with the ANS 1978 standard table for
the decay heat® after 103 s irradiation,
3) the ANS standard table is used alone with a multiplication factor of 1.2.
Delayed fission power is given as a fraction to the initial prompt fission power P, by

Pa(t)=P} [Asexp (—0.693 ¢/7:)] 3.1
P, B
P Btoom 3.2)

where P,(¢) is delayed fission heat, g is the fraction of total delayed neutron (0.007). Scram

reactivity osm differs from reactor to reactor and can be input. The terms A; and r; are the

fraction and half life(s), respectively, of the i-th precurser nuclide and stored in the code.
Heat generation rate from the above sources is expressed in the form

P(n,6,r,2,t)=Po(n)f(6,n) -g(r)-h(z) - p(t) (3.3)
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where n is rod number; § represents azimuthal sectors; » is radius; z is axial elevation (seg-
ments) and ¢ is time. P,(n) is the average linear heat rating of rod # at time zero. Equation
(3.3) means that sectorwise power fraction can be given independently in each rod, but that
axial and radial power shapes (relative) are common to all rods and also the time dependency
is common to every local power.

3.3 Coolant Conditions

When local coolant enthalpy is to be calculated from the input inlet enthalpy under the
option MODSHT =3, some hydraulic calculations are inevitable. However, since FRETA-B is
a fuel behavior code, general modeling of hydraulic process is out of the scope: coolant flow
state is considered to the extent that it makes a significant effect on fuel temperature. The
present model is essentially a slight modification of the stationary heat balance model.

The following approximations are made:

1) in each time step, flow state is assumed to be stationary, and hence mass flow rate be
uniform from inlet to outlet,

2) all subchannels are either regarded as independent conduits, or assumed to have same
enthalpy by option,

3) when the input mass velocity is very small (less than 3 kg/m? s), hydraulic calculation is
not made; local coolant temperature is simply set equal to the average of surrounding
rod surface temperatures in the previous time step. It is nearly equal to assuming an
adiabatic boundary condition for heat conduction in each rod.

4) pressure is everywhere uniform.

For the ease of description in this section, the concept of fuel axial segment is extended
to include coolant channels, and its axial boundary is called ‘node’, as illustrated in Fig. b.
Noting a subchannel, local enthalpy is expressed as a function of elevation z (m) and time
t(s)as H(z,t) (J/kg), and given by

HGO=H.to)+ [ HEILED 4, (3.4)
where H(o,¢)is inlet (outlet when flow is reversed) enthalpy; ¢, is the time at which the
coolant left the inlet; V (specific volume, m*/kg), @ (total heat inflow to the unit length of
subchannel, W/m), and S (flow area, m?) are functions of the elevation z’ which is the instan-
taneous location of the coolant as it flows from the inlet to elevation z.

If we notice the flow of coolant from the beginning of the present time step ¢, to the end
of the step ¢,+4¢ , then we get, instead of (3.4),

04V (2)Q(2)

H(z,to+dt):H(zanto>+‘£ S(Z’)

dr (3.5)
0

where z, is the elevation 4t which the coolant located at time ¢,. Enthalpy H(z, ¢,+4¢) is
evaluated at the center of each axial segment. The starting point 2z, at time #, is somewhere
upstream of z, generally off the center of an segment. Denoting the segments to which eleva-
tions z and 2z, belong as j and £, the time step span is divided as

At =0t p+ Ot sy + oo +8t ;- +t; (3.6)

where §¢; is the time span during which the coolant was flowing in segment 7 .
Then the relation (3.5) is written numerically as
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ViQi
Hi(t,+4t)=H,(t,)+ ,Zk S, 3t; 3.7

in which positions 2 and z, are indicated by subscripts 7 and o. If the time step size 4¢ is
sufficiently long, the original segment % is the lowermost (uppermost for reversed flow)
segment, and H,(¢,) is inlet (outlet) enthalpy at the beginning of the time step. In general
cases, the original segment 2 and the elevation z, in the segment are unknowns that must
be determined first.

The subdivided time span &¢; is related to local velocity «; (m/s) and segment length
4L; (m) as
4dL; 4L,  S;4L;
Us G,'V,' WV;
2

ot = 3.8)

where G; is mass flux (kg/m? s), and W is mass flow rate in the subchannel (kg/s) which is
assumed to be uniform from bottom to the top of the bundle. Inserting the last expression
of (3.8) into (3.7) we get

I Q,4L;

Hi(to+4t)=H,(t,)+ Y

P (3.9)

The axial span 4L; is generally equal to segment length except for the top and bottom seg-
ments j and £, and is given as a function of elevation x;(m) of node 7 (bottom end of segment
1) as

Xi+v1—X;

4L = 5 for 1=7,
Xi+v1— X for k+*i+#J, (3.10)
Xk+1—2Ro for i=*k.

If the elevation of the starting point 2z, and hence its segment number & are determined,
and if it is not the inlet (outlet), the previous-step enthalpy at the point H,(¢,) is determined
from the previous-step enthalpies at nodes as

b b b Ro— Tk
Ho(to)=HY' (to)+ [H(t)— HV (8)] " = (3.11)
where H{(¢) is the enthalpy evaluated at node % (bottom of segment & : superscript () means
‘bottom’).

In order to calculate H;(¢,+4t) using (3.9) and (3.10), unknowns k and 2z, must be
determined, but they have dependency on V,, specific volume of the coolant, and hence on
the enthalpies in the present time step. What is done in the code is an iteration: first using the
previous step enthalpies, positional parameters 4L; and 2z, are determined by (3.6), (3.8) and
(3.10). Then using (3.9) and (3.11), enthalpies at time ¢,+4¢ are calculated. Then using the
new enthalpies, specific volume V; is updated (by reference to steam table) for insertion into
(3.8).

This procedure is repeated only twice without further iteration for convergence. It is
because the present model is not aimed at determining the instantaneous coolant condition in
every time step exactly, but intended for defining boundary condition for thermal analysis in
fuel rods. As stated in Chapter 2, the time step size is so controled to keep any fuel tempera-
ture jump within the step below a threshold value. Moreover, fuel rods have generally greater
heat capacity per unit axial length than coolant. Therefore, even if the calculated coolant
condition is one time step behind the actual change, it is sufficient for defining thermal bound-
ary condition.
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AN

segm.

Fig. 5 Coolant enthalpy rise model.

Assumption 3), skip of enthalpy calculation under very low flow rate, was made for the
same reason, though the threshold mass flux of 3 kg/m? s was determined arbitrarily by
experience. Under low flow rate, coolant temperature becomes nearly equal to local solid
surface temperature except very near the inlet losing the effect as coolant. On the other hand,
it requires very small time step size to continue coolant enthalpy calculation under such
conditions.

3.4 Convective Heat Transfer

The classification of heat transfer modes and use of a heat transfer correlation in
each mode are basically from the RELAP-5 models®) with some modifications. Figure 6 sche-
matically shows the heat transfer regimes in the 47s,.— x (Quality) plane. Following correlations
are prepared for these regimes. Nomenclature is given together at the end of the correlations.

MODE 1  single-phase forced convection (Dittus-Boelter)

¢=h(Tw—Ts) (3.12)

LA

h=0.023 De

ReD.S Pro.4 (3.13)
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ATsat

Forced

convection
from wall
to vapor

(T, Tp)

Film boiling

Transition bofiling

Forced
convection

-ka“““-\“““# from vapor
Nucleate boiling to wall
(Tw < Tb)
/10 1 _
Forced convection X (quality)
to liquid
(T, > Tp) Condensation
Forced
convection
to wall
(Tw < Tb)

Fig. 6 Heat transfer regimes in temperature-quality space.

MODE 2 nucleate boiling (Chen)

$=hmic 4Tsat +hmac(Tw—Ts) (314)

k 0.79 , 0.45 }.49

f Cpf O )
00.5 'u/Q;29 H}:4pg.z4 AT"%?‘ AP (315)

hmic=0.00122

h,m-—-o‘ozsg Re%® Prit F (3.16)

Sand F are correction factors, for detail see ref. (6).
MODE 3  high-flow transition boiling (Modified Condie-Bengston)

AT ons_ [ATsar \ 4Tss
B76= Bows—prol 47pp) ex( R ’)AT : (3.17)
DNB

where 47 py5 is 4T, at departure from nucleate boiling (DNB), and ¢m|o~a is film
boiling heat flux at DNB.
MODE 4  high-flow film boiling (Condie-Bengston)

kgo.uvs Pr"z)r.so'l Re}o.soouo.zus In(1+Xe)]

Deo.7342 (1 + xg)2.59028

—13.89471 exp(1.450X107"P-Pr, ) (3.18)




JAERI 1293 3. Thermal Models
MODE 5 low-flow post-CHF transition and film boiling
¢:¢lig+¢vap
¢vap:hu(Tw—Tj)=ahc(Tw _"Tf>
k iim
3.15144# (Gr P7 jitm)*®
h.=max A
0.73817-L4m f"”‘ (Gr P7 fitm)*®
D 2
Gr= g< ) ﬂftlm(Tw Tj) ( )f;lm
(Bra+hrs) Tsar (0.96—a) (ATsat > %)
o 1
¢l'q— Gons (4Tsa:g E)
0 (¢>0.96)
brs=2.71 [B(¢DNB_¢vap)_ (0.96—a) hrsp Arw,=—§-]e-3”“'
De 0.172 kg pg(pf—,og)Hfgg 0.25
hrs=5. 527( > De p1g 4T sar
_ ¢ 0.5
Ae= [gcpf—pgﬂ
In-In interpolation
B = { B=0.01368 K™! at P=413700 Pa
B=0.01476 K™! at P=620550 Pa
MODE 6 condensation

h =max (hlaminah Rturbutent )

htaminar=0.296 |-

pr(o—pglg Hrgk} "
De p(Tsor—Tu) J

Biurbaren =9.858 X 1072 /M{ﬂg
#s De

Nomenclatures are

. heat flux (W/m?)

: heat transfer coefficient (W/m? K)
: dynamic viscosity (kg/m s)

: latent heat of vaporization (J/kg)

: density (kg/m?3)

: pressure (N/m?)

: hydraulic diameter (m)

: quality

. void fraction

(3.19)
(3.20)

(3.21)

(3.22)

(3.23)

(3.24)

(3.25)

(3.26)

3.27)

(3.28)

(3.29)

11
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g : acceleration of gravity (9.8 m/s?)
g thermal expansion coefficient (K™')
4P : difference of vapor pressures at 7 and Tsar (N/m?)
. velocity (m/s)
¢, : specific heat (J/kg)
¢ : surface tension (N/m) .
Subscripts denote sat : saturated condition; f: liquid; g : vapor; w: wall; B :bulk;
Tw+ TB)
— )"

The primary deviation from the original RELAP-5 model exists in that the Dittus-Boelter
equation is used both for subcooled water and superheated steam in FRETA-B. Second differ-
ence is the definition of high and low flow conditions. The FRETA-B logic is due to Bjornard
and Griffith?) in which, as in RELAP-5, flow velocity is normalized to the velocity of rising
bubbles as

film denotes film temperature <:

ir=Gx.[ gDeoglosr—p) 1t (3.30)
j;=G(—x)(gDepsos—p) 7% . (3.31)
High and low flow conditions are determined as
Fetif Y <eri low flow
Je ¥ +iSE> 1.2 X forie high flow (3.32)

interpolation between j,ir and 1.2 X Jerit

where Jerir is 1.36 and 3.5 for normal and reverse flow conditions, respectively.

A third difference is that radiative heat transfer term in the low-flow post-CHF correla-
tion was omitted in the FRETA-B model because radiative heat transfer is considered separate-
ly in more detail.

For critical heat flux, the following three correlations are used:

1.  high flow subcooled (Tong’s W-3 correlation)

In SI unit,

dovs=3.154x10°x[2.022 —6.2379x107°P
+(0.1722—1.4268x107* P )exp{(18.18 —5.99x107" P)x,}]

«[(0.148—1.60x, +0.173x.|x,)G/1356+1.037] x[1.157—0.869 x, ]
%[0.266 +0.836 exp(—124.1De)] x[0.826+3.413x1077(H s —Hin)]

(3.33)

2. high flow saturated (Hsu and Beckner)

S=dons,w-s)rg-0 ~/1.76(0.96 —a) (3.34)

Hf=Hiy
where ¢ ows, w-s i critical heat flux given by (3.33) and Hix is inlet enthalpy.
3. low flow (Modified Zuber)
orog]"°
Govs=0.232 H,;(0.96 —a)[ag(p/—pgﬂo'zs[ﬁ:l (3.35)
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3.5 Radiative Heat Transfer

Radiative heat transfer in the coolant subchannels is calculated under the following
assumptions:

1) temperature and emissivity are uniform over each fuel sector surface and shroud element,

2) axial segments are sufficiently long, so that net axial flow of radiative energy can be
neglected,

3) emissivity is independent of spectrum,

4) emission, reflection and absorption of radiation on a face are isotopic.

First, rod-to-rod heat transfer is formulated assuming subchannels to be vacuum, and then
rod-to-coolant heat transfer is considered as a correction term to the former. Assumption 2)
reduces the problem to two-dimensional radiative heat transfer problem. If we regard sub-
channel boundaries as completely absorptive ‘face’, then each subchannel can be considered
as a closed space. For two-dimensional radiative heat transfer in a space enclosed by discrete
face elements, an elegant method known as Hottel’s method®) is available. The models in this
section are for the most part according to his model.

In order to calculate inter-subchannel heat transport using the view factors within each
subchannel, however, a fifth assumption is made in FRETA-B:

5) radiation flux traveling across the boundary from a subchannel to an adjacent one is
isotropic (in haif sphere).

This assumption is not valid when the emissivities of solid surfaces are high, hence when direct

beams are dominant over reflected ones. But its use is almost inevitable when radiative heat

transfer in a bundle with arbitrary size and complexity must be analyzed in a subcode of fuel

behavior analysis code.

(1) View Factors in Vacuum

In two-dimensional radiative heat transfer problem, geometrical view factor for direct
beams between two discrete face elements is easily obtained from a simple geometrical rela-
tionship known as cross-string method®). When two face elements (two arcs in two-dimensional
problem) AB and CD are facing each other, see Fig. 7, product of geometrical view factor and
surface area (perimeter) is given by diagonal minus lateral chord lengths as

AFi;= S1(AD+ BC)~ (AC+BD)] (3.36)
B B
A A
'D
C
C D
(a) (b)

Fig. 7 Cross-string method for geometrical view tactors.
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where A, is area (per unit axial length) of face ¢ (m) and F;; is geometrical view factor. A
reciprocal relationship exists between the view factors:
AFij=A;Fji . (3.37)

We can regard a subchannel a closed space by including the channel boundary into the enclos-
ing faces. Then ‘modified view factors’ which accounts also for reflected beams in a subchannel
can be calculated from the geometrical view factors by the Hottel’s method.

The modified view factor ¢;; can be defined in terms of total energy transfer £,;(W/m)
as follows:

Eij=ciejoT AiFSj
=0T Aidi; (3.38)

where ¢ is emissivity (= absorptivity), o is Stefan-Boltzman constant (5.67X 1078 J/m? s K*)
and 7 is temperature (K). In (3.38), the term F.; has the same meaning as F;; except that reflec-
tion is considered, but the definition of ¢;; includes the emissivities ¢ and ¢; of the emitting
and absorbing faces.

In a closed space, the following relationship exist for the summation of the view factors
from a face to all faces in the space:

Y Fi=1, (3.39)
7
L dij=ei. (3.40)

The reciprocal relationship of (3.37) applies to F ;7 and ¢ too.
For calculating the modified view factor ¢;;, another quantity R;; is defined as follows:
R;; = the energy flux leaving face ;, when energy flux & from face ¢ (equals the
emissivity) is the only radiation source in the space.
From this definition, the following relation between Rjand ¢, ;is deduced:

.
A;‘/’;j:AiRiji—_j‘; . (3.41)

Then noting only the radiation originally emitted from face i, and considering the energy
balance between incident, absorbed and reflected energies on face j, the following equation
is obtained:

(1_€j)[5iAiFij+Z(AnRinFnj>]:AjRij (3.42)

where the summation in the braket is made over all reflective faces in a unit cell. The first
term in the braket means direct incidence from face 7 to face 7. Then still fixing the original
emission source to face i, a similar energy balance equation is obtained on the next reflective
face (j+1).

Thus, if the number of reflective faces (total minus boundary faces) in the cell is N, N’
equations are obtained with N'unknown variables R;, Ri» etc. Solving these equations for R,;,
and applying (3.41) to the results, the modified view factors ¢:; are derived for combinations
of face i and the solid faces. For boundary faces on which reflective flux is zero, the following
equation is used instead of (3.41):

Aidim= eiAiFim+Z (RinAnFm'n) . (343)
Then the original emission from face i+1is considered, and the same procedure is

repeated. The emissions from boundary faces are considered but the symmetry faces are
excluded.
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Fig. 8 Connection of modified view factors across boundary faces.

Thus modified view factors are determined for all combinations of solid and boundary
faces in a unit cell. Using assumption 5), these factors can be easily expanded to the combina-
tion of two faces in different unit cells. Let ¢ and ; be two solid face elements in two adjacent
unit cells having a common boundary face m. Since A;¥:m is the part of emission from face ¢
that was ‘absorbed’ at the boundary face m, the flux A;¢im/An can be regarded as the source
term in the next cell (Fig. 8). Hence,

Aidij=(Ailim/ Am) AmPmi=AilimPmj . (3.44)

Here the afore-mentioned assumption 5) has been used. The radiation flux from a particular
face has generally a directionality when it travels across the boundary into the next cell. For
applying the Hottel’s method to this flux in the next cell, this approximation, neglect of
directionality, is necessary.

Similarly, if faces ¢ and j are separated by two boundary faces mand 7,

Ai‘)bij:Ai‘/’im‘;bmnSbni . (3.45)

Practically, however, this cell to cell migration chain cannot be traced until the original
emission decays completely. In the code, the number of the chain is limited to two: that is,
migrations into adjacent cells and into the third cells, including the back reflection into the
original cell, are considered.

(2) Emission and Absorption by the Coolant

In the foregoing descriptions, the space between solid faces has been assumed to be
vacuum. In fact, water absorbs and emits radiation energy even in the steam phase. When the
coolant is in the two-phase state, scattering of light by water droplets poses difficult problems.
The FRETA-B treatment of the coolant effect is essentially that for the single-phase steam:
the two-phase state is treated simply as an interpolation between steam and completely absorp-
tive fluid states.

When a lump of water vapor exists, an emissivity can be defined for its surface. But
different from solid surface case, the emissivity of a vapor lump is not an interinsic surface
property; it depends also on the mass of vapor behind the surface. Several correlations for
vapor emissivity have been proposed, out of which FRETA-B uses Schack’s equation®):

_ 4.5x103(P-L)°"®
€g— Tg—273 (346)

where P is pressure (MPa), T, is temperature (K), and L is the representative dimension of the
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vapor lump (m).

Emissivity of the two-phase mixture with quality X is approximated by the interpolation
between unity (complete absorption) at X=0, and the emissivity of the vapor saturated at the
pressure ¢,(P) as

e=1+(eg(P)—1)X . (3.47)

As on solid surfaces, emissivity and absorptivity of a vapor lump are identical and comple-
mentary to transmissivity:

€g=ag=1—1¢ - (3.48)
For each travelling of radiation from face ¢ to j, the fraction of the energy lost in the coolant
is given by (ap)i; (equals (eg)i; ), which is derived from (3.46) taking the representative dis-
tance L to be the distance between the centers of the two face elements. Thus the geometrical
view factor F;; is replaced by

F’g‘j:Fij(Tg)ij . (349)
Using F’;; instead of F;;, the procedure of calculating the modified view factors between

face elements also applies to the case with the absorption by the coolant. The factors naturally
take smaller values than in the vacuum case. Thus instead of (3.40),

S di<ei (3.50)

The difference means the energy absorbed by the coolant, so that modified view factor to or
from the coolant can be defnined as

Ai"/’ikZAk"/)ki:Ai'Ei_ZAi"pij (3.51)
J

where £ represents k-th subchannel of the bundle, in which faces : and j are located. It means
that the vapor (or two-phase fluid) lump in each subchannel can be treated just as solid face
elements. The energy transfer in the opposite direction, emission by the coolant and absorp-
tion at a solid face, is also given by (3.38), using Ax¢%i of (3.51) and taking 7' to be the coolant
temperature. The ‘connection’ of the view factors across boundary faces is made in the same
way as between solid faces.

(3) Method of Numerical Calculation
Net radiation energy leaving face ¢ is given by

Qi=eic AT — ). (0T} Ajji) (3.52)
7

where summation is made over all relevant solid face elements and vapor lumps (subchannels).
Equation (3.52) is not solved simultaneously with the equations of convective heat transfer
and fuel rod internal heat conduction; instead radiation energy @ is calculated using the
temperatures that were derived from convective heat transfer and internal heat conduction
(and radiative heat in the previous step), and added as heat source term in the next time step.

It is because 1) (3.52) has temperatures of all fuel sector surfaces and subchannels as
unknown terms of fourth power, 2) on each fuel sector surface, choice of one convective heat
transfer correlation from the six modes in 3.4 involves some trial-and-error process comparing
the temperatures calculated by correlations for different modes (some of the correlations are
highly nonlinear), and 3) solution process of internal heat conduction equation described in
3.6 is also fairly complex.
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These circumstances make simultaneous solution of all heat transfer equations almost
impossible. The present explicit treatment of radiative heat transfer, however, has not made at
least any numerical instability problem in application to practical problems. It is because the
energy carried by radiation is generally small compared with heat capacity of fuel rods, and
also because automatic time step control is made as described in 2.

The modified view factors in fact take different values at different cross sections of a
bundle, and they also change with the change of fuel and coolant states. To save running time,
however, the following approximations are made:

1)  the effect of fuel rod deformation is neglected ;

2) the view factors determined at an elevation of bundle (normally neat the center) are used
to calculate radiative heat transfer at all elevations;

3) emissivity of solid surface is assumed to be independent of temperature.

On the other hand, change of coolant emissivities with time cannot be neglected
because emissivity of vapor has strong dependency on temperature and pressure and the both
parameters change widely during LOCA. In FRETA-B, view factors are renewed when the
coolant condition has changed appreciably from the condition at the last renewal:

1)  when the coolant temperature at a monitoring point has changed more than 50 K,
2) when pressure has changed more than 2 MPa (above 4 MPa), or 1 MPa (below 4 MPa).

3.6 Heat Conduction in Fuel Rod

Transient heat conduction equation in a fuel rod is written in general form as
pcﬁg—:tr: 7-(kPT)+P (3.53)

where o is density (kg/m?), C,is specific heat (J/kg:K), & is thermal conductivity (W/m-K),
and P is heat generation rate in unit volume (W/m?). Neglecting the axial heat flow and also
the azimuthal variation of thermal conductivity in the cylindrical geometry, (3.53) becomes
2
pcpg—Z:%% (krg—:)+r—iga—2T+P : (3.54)

The above equation applies to the heat flows both in fuel pellet and the cladding. But
the former requires much more careful numerical procedure than the latter because of larger
temperature difference in pellet and the resultant larger difference of thermal conductivity.
Similarly, the radial derivative term in (3.54) is much more important than the azimuthal
derivative term.

In order to save running time, therefore, different numerical methods are applied to
different modes of heat flow in different parts of fuel rod according to their importance and
complexity:

1) method of weighted residuals (MWR) for the radial heat flow in pellet,

2) explicit finite difference approximation for the azimuthal heat flow both in fuel pellet
and the cladding, and

3) implicit finite difference method for the radial heat flow in the cladding.

The resultant set of numerical equations are solved simultaneously with the surface heat

transfer equation as a boundary condition.

(1) Radial Heat Flow in Fuel Pellet
Since FRETA-B must analyze many fuel rods, and since heat conduction in fuel pellet
is merely one out of diverse phenomena to be considered, its numerical procedure must be a
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fast-running one. The method of weighted residuals (MWR)!®) answers this requirement
though, as a semi-analytical method, it cannot be applied to a region having discontinuity
(hence the heat conduction in the cladding was separately handled by the finite difference
method). The point collocation method was chosen for .its simplicity out of the various
methods grouped into MWR. It is a method similar to the least-square fitting of experimental
data to a trial function: a series of functions with unknown numerical constants is used to
express the unknown temperature distribution and inserted into the differential equation, and
then the unknown constants are evaluated from the conditions at selected collocation points.

This technique has been applied in COBRA-IV code!!) to the radial heat flow in fuel
pellet using polynominals as trial functions. Use of polynominals, however, needs very high
order of terms in such a complex analysis as that sudden strong cooling is given at the surface.
In FRETA-B, a series of modified Bessel functions was chosen as trial functions. Since modi-
fied Bessel function gives rigorous solution to a simple diffusion equation in cylindrical
coordinate, its use as trial function is adequate.

First, to remove the non-linearity of (3.54) due to the temperature dependency of
thermal conductivity, the following transformation is made:

1 T
:—k:frokmdar:cm (3.55)

where 7, is a reference temperature and &, is the thermal conductivity at 7, . Inversely, T can
be expressed as a function monotonically increasing with 6 :

T=H®6) . (3.56)

Then replacing the temperature 7 in the radial and time derivatives of (3.54) with the new
variable, and also normalizing the radius with the pellet outer radius & as

-
X= (3.57)

we have

kot b*

k,0Cp 00 Kk, [626 1 66] k 0T
— = —— | +———+P . 3.58

0x* x Ox r? 96° ( )
If the heat generation term and the azimuthal term are absent, (3.58) has a general solution
of the form
utkt
b*pCy

8=C exp( )[Alo(ux)+BKo(ux)] (3.59)

where I, and K, are modified Bessel function and Kelvin function, respectively. Now with
P+0 , it is tried to solve eqn. (3.58) by the method of weighted residuals using the trial
function of the form:

d I(umx) K,(umx)
= Aol O Tyt BeOD 3.60
8=A,() EI{A <t)10(um) Ba(t) K (2 ( )
When there is no center hole in the pellet,
or _o6| _
e B (3.61)

hence B»=0 in (3.60), and

]o(ﬂmx)

Io(etm) (3.62)
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Here, the total number of terms M and the numerical constants #m for each term are pre-
determined so that, with small number of collocation points (nodes), (3.62) may be able to
express the temperature distributions expected to occur during a LOCA and preferably also
RIA (reactivity insertion accident). After some comparison tests with the results of finite
difference method, the series was determined as #»= 0, 3, 5, 7, 9, 11, by which use of four
terms (up to 7) was found adequate for most normal operation and LOCA conditions.
Expressing the azimuthal heat flow term in (3.58) by the temperatures in the previous
time step (explicit method), and making finite difference approximation to time derivative,
we have
b2k,

N S (TP + T —2T8)

keb®pCp 6" —6" _ (32 1 i) ety g2
ki o kNG Ty 55 )0 TP

(3.63)

where superscripts #+1 and z represent the present and the last time.steps, respectively, and
subscripts ¢ and / denote radial and azimuthal nodes, respectively. Since the number of
azimuthal nodes is four,

_ 27[7’,’_ i

4y;= 1 o (3.64)

Using the Bessel function expansion of (3.62) in the radial derivative term of (3.58) and with
an abreviation
B kobzpCp
Ai= “hodt (3.65)

differential equation (3.58) as evaluated at a collocation point %; becomes

b2k
4yf

2,6 — iko 2 L Cumai)

—12p. Qn
& U AP An(t) =b2Pi+2,0,"+

(THa+TMa—2T2)
(3.66)

in which 6" and A.(¢) are unknowns to be determined.

(2) Boundary Condition at the Pellet Surface and Heat Conduction in the Cladding
From the continuity of heat flow at the pellet-clad gap,

ko 06 aT

0= =

—Ts T ;
b 0x |- or b hK(TPO Tn) (36 )

r=>5b

where subscripts £, po and ¢ denote gap, pellet surface and cladding inner surface, respectively,
and hg is gap heat transfer coefficient (W/m? K). Since the temperature distribution in pellet
is described by 6, not 7, the pellet outer surface temperature 74, in (3.67) must be expressed
as a function of 65" Since € is a temperature weighted by the fuel thermal conductivity
(Fig. 9), linear transformation gives a good approximation within a small temperature range:

Opo=cTpo+d (3.68)
Tro=aBpot f (3.69)
where the coefficients are determined from the temperature distribution in the last time step.
Then using (3.62) and (3.69), the continuity equation (3.67) transforms into
M

—wd@,{‘,‘”’—ko z tmly Cttm)

m=1 ]O(ﬂm> Am{t)+ch’:+l '-:Ct)ﬂ (370)
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where an abbreviation w=7, #; was made.
The heat flow in the cladding is evaluated at only two radial nodes, i.e. inner surface and
outer surface. Finite difference approximation of (3.54) at the cladding inner surface leads to

B+l __ o+l

(Tc't"+l =T )= CD(T;:’oH "'Tc’:'ﬂ )+7cmkcmu +7:iQn

Yo~ 7ei

,OCp rczm— 762:'
4t 2

lﬂ%ﬂﬁ(m,z-ﬁmm2m,,>/2n 3.71)

+
where Qg is metal-water reaction heat at the inside surface (W/m?) and the subscript cm de-
notes the cladding midplane. Using (3.69) for removing 7/, in (3.71), and arranging the
equation in terms of unknown variables we have

YT At remk 4t rem k
_Atwaepna+l+{pcpu+dtm+u}.TC?H_& o
2 Yeco 7ei Yeo  Tei
Yo Yem—Yei R

—“—‘i_(Tc?,lﬂ + Tc’t!,lﬂ - 2Tc'x!,l )At

:pcp 2 Tc'xl+dt{rleRl+wﬂ}+ 275 Ay“

(3.72)

Finally at the cladding outer surface, the radial and azimuthal heat flows are balanced
with temperature rise, the reaction heat at the outside surface @z, and the surface heat flux
to the coolant. Surface heat flux is divided into radiative and convective parts:

= ¢t draa (373)

and only the convective part is incorporated into the simultaneous solution of heat conduction
equation; radiative heat flux is considered as a heat source term in the next time step. Then
the resultant heat balance equation is, with unknowns in the left side,

At rembem

Yeo  7ci

2a_rczm + 4t Yem kcm

7e "
Tc’:*‘+{pcp 5 o }Tc,,”+Atrca¢c
. co ¢t

2,2
rca rcm

=pCp 5 T+ 4t 7c0 (Qrz—braa)

Yeo—7cm Reo

* 2n Ayco

(Tc't‘z,l—] +Tc77,1+l_22"c"o,l )At . (374)

(3) Numerical Solution Procedure

If ] radial nodes are set in a fuel pellet (node / is pellet surface), and the MWR equation
(3.66) is evaluated at /—1nodes from 1 (innermost node) to /—1 . then /—1sets of eqn. (3.66)
added with (3.70), (3.72) and (3.73) constitute /+2 sumultaneous equations. The unknown
varibles are 6,""' to 8", TA", TS, A\(¢)to Ay(t) and 6., whose total number is /+M+3.
If we take M+1 equals /—1, equation (3.62) can be solved for An(¢) :

J

An()=Cut+ L D;6]" . (3.75)
J

Thus, replacing (3.75) into (3.66) and (3.70), we have J+2 equations with /+3unknowns
et to 67, T4, T4 and ¢.. Applying the Gauss elimination method to the matrix equa-
tion from the interior node (j=1) outward, we get finally an equation of the form:

ET/'+F=¢. . (3.76)
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Fig. 9 Thermal conductivity-weighted temperature (Lyons equationls) for UO; is
used with To = 298 K).

Another equation relating 7.5 to ¢. is available from the surface heat transfer correlations
described in 3.4, which is written either as

k(T —Teoo1 )= ¢c (3.77)
or in a more complex form for boiling heat transfer:
¢c:f(Tc’¢l7+lr Tsat ) (378)

Either (3.77) or (3.78) is solved simultaneously with (3.76) for the unknowns 7.5" and ¢..
Then tracing backward the elimination process, a complete set of unknowns, 6;"*'to 6",
M and T3 is determined.

At the collocation points in fuel pellet, temperatures can be directly obtained by inserting
the ©"* values into (3.56). For the other points which include fuel center, however, the
coefficients of the Bessel functions A,(¢) are determined first by inserting the 6"* values at
the collocation points into (3.75), and then the 6** values at the other points are obtained
by (3.62). The actual form of the function f in (3.78), and the actual process of choosing
one correlation out of six correlations in 3.4 are very complex. This complexity is the reason
why the Gauss elimination process is not made to include all equations, but stopped at (3.74)
expressing the result by the two coefficients £ and Fin (3.76). It is also the reason why radia-
tive heat transfer equation is not solved simultaneously: simultaneous consideration of
radiative heat transfer equation necessitates simultaneous execution of the above complex
procedure in all sectors of all rods.

(4) Hollow Pellet Case
Denoting the pellet inner radius by a, and using the boundary condition

6|
ax X=%_0> (3.79)

the thermal conductivity integral is expressed by the following trial function:
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M I (tm) fl(”m%) KoCttmt)
0= A, )+ }:Am(t) Io(,um ) - P Io(ﬂ"') (3.80)
1 m Kl(ﬂmg) 0 m

The heat balance equations take correspondingly a little more complex form, but they can be
solved by fundamentally the same procedure.

(5) Accuracy and Running Time

A new point of the present numerical method for solving heat conduction equation is
the use of MWR with Bessel functions as trial functions for the radial heat flow in pellet.
Accuracy check was, therefore, made on whether these trial functions can well express the
radial temperature distribution in steady axisymmetric problems. The other parts of the
present model, i.e. technique of variable separation for treating transient change and explicit
finite difference approximation for azimuthal heat flow, are merely conventional methods.

As a sample problem, a fuel rod operating at uniform power density was postulated and
the radial temperature distribution was calculated first by the code. Then using the cladding
outer surface temperature and gap heat transfer coefficient values obtained from the code,
temperature distributions in the cladding and fuel pellet were calculated by the analytical
method and compared with the code results. The comparison is made in Table 1. It shows
about 1% relative error in the temperature rise from the cladding inner surface to pellet center.
This level of accuracy is marginal for application to normal operation conditions, but is suffi-
cient for accident conditions in which sources of much greater error are unavoidable in all
other models and input data.

Merit of the present method exists in the reduction of running time compared with the
finite difference method. It is achieved primarily through the reduction of the number of
nodes (collocation points) by using trial functions that are most suitable for expressing the
expected temperature distribution. The above check calculation was made using five nodes
in fuel pellet. Finite difference analysis requires eight to ten nodes to keep the same level of
accuracy. Second point in the smaller running time is that, in MWR equation (3.66), majority
of the terms needs definition only once at the beginning of a transient analysis: Bessel func-
tions need not be called every time step. These two points contribute to suppress the running
time by MWR to approximately less than one-half of that by the finite difference method.

Table 1 Comparison of fuel temperatures calculated
by FRETA-B with analytical results (steady,
axisymmetric, flat-power condition)

FRETA-B  analytical

clad outer temperature (K) 532 532 %
clad inner temperature (K) 580 580
fuel outer temperature (K) 842 837
fuel center temperature (K) 1639 1628

* Clad outer temperature and gap conductance
values were taken from the code results.
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3.7 Gap Conductance Model and Material Properties

Heat transfer coefficient across fuel-clad gap (gap-conductance) is evaluated by the
modified Ross-Stoute model. The original Ross-Stoute model'?) was applicable only to closed-
gap case. In GAPCON-THERMAL code'?®) it was modified to consistently include open-gap
case. FRETA-B has adopted the GAPCON-THERMAL modification of the Ross-Stoute model
except for a FRETA-B original model for relocation of pellet fragments.

The gap state is classified in terms of nominal hot gap size ¢, (m), which is the cladding
inner radius minus pellet radius, and arithmetic mean roughnesses R, for fuel and R, for
cladding (m), as

open gap if #,>1.98(R/+R.), (3.81)

and otherwise as closed gap.
Gap conductances for the two cases are given by

-t (3.82a)
K P (open gap),
0.2 kn P; ke
- 3.82b
75y T ot (g Tz >+ hy (closed gap) (3.82b)
where hg : gap conductance (W/m? K),

kg : thermal conductivity of the gap gas (W/m? K),

H :Mayer hardness of the cladding (Pa),

P, : contact pressure between pellet and cladding (Pa),

h, :radiative contribution to gap conductance (W/m? K).
R is a square mean of the pellet and cladding roughnesses:

2 2 \%
R:(ﬁ_ff__’z__R”_)z , (3.83)
¢, is thickness of the gas layer contained in the roughnesses (m), given empirically by
t,=1.98(R;+R.)exp(—1.81X107F;) . (3.84)

The terms &: and £: are temperature jump distances at the fuel and cladding surfaces (m),
respectively, and the sum of the two is given by

T L
g,+g2:3757[%(74)2] (3.85)
where P is gas pressure (Pa); 7 is gas temperature (K); « is gas viscosity (kg/m s); Mis the
molecular weight of the gas stom. £, is an average of fuel and cladding thermal conductivities
at the surfaces defined by

E-4hed)

In the original definition, the gap conductance as defined by (3.82) gives the average
heat transfer coefficient along the circumference of a gap. But here its meaning is expanded
to give the local heat transfer coefficient at a small part of the circumference. If we assume
that a fraction F of the circumference has pellet fragments that have relocated outwards until
they make soft-contact (P; equals zero) with the cladding, and that the remaining (1—F') has
all fragments in the concentric position, then the average gap conductance is given by

he=F hg(ty)+(1—F)hy(t) (3.87)
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Fig. 10 Heterogeneous relocation model.

where 4,(¢) is the gap conductance given either by (3.82 a) or (3.82 b) depending on the value
of ¢ which is gap size (Fig. 10).
As a standard value, F=0.11is stored in the code for use in all sectors of all fuel rods.
By input however, different F values can be assigned to four sectors of a rod, so that direc-
tional relocation of pellet fragments toward one direction of the bundle may be simulated.
Radiative heat transfer is of minor importance at pellet-clad gap in most cases. Radiative
heat flux is a function of fourth power of temperatures:

qf:a{$+ ﬁcf <é—1)}_l{Tf—Tc‘} (3.88)

where ¢ is Stefan-Boltzman constant (5.67 X 1078 W/m? K*); A is surface area (m?2); ¢ is
emissivity and 7 is temperature (K). Subscripts / and ¢ denote fuel and cladding, respectively.
In order to include ¢r into linear heat conduction equation, (3.88) is approximated as follows:

ar=h(Ts—Tc) (3.89)
where ‘radiative heat transfer coefficient’ 4, is defined using the temperature in the previous
time step as

Arf1l -1
h,:a[%+zf(e—c— 1)] (T4 Tol) (T 91dY 4 (Told Y] (3.90)

Material properties relevant to internal heat conduction are specific heats, emissivities
and thermal conductivities of pellet and cladding, and gas thermal conductivity. MATPRO
models!®) are used for them except for fuel thermal conductivity of UO; pellet, for which
Lyons equation'®) is used with density correction term:

_1.025 D ( 3824
0.95 1+0.5(1—D) \129.4+7

k +6.1256><10‘“T3> (3.91)

where k is thermal conductivity (W/m K), T is temperature (K) and D is density (fraction to
theoretical density).
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3.8 Reflood Heat Transfer

Rod surface heat transfer under (bottom) reflooding condition is calculated using the
FLECHT correlation with some modifications. Two important parameters governing the
phenomenological reflood heat transfer correlations are v;x , inlet reflooding velocity (m/s),
and z, , axial height of the quench front (m). The former, v;, , must always be input as an
external variable when reflood calculation is required. The quench front position can be
either input as a time-dependent variable, or computed by the code using the FLECHT quench
front correlation!®).

The FLECHT correlation gives quench time as a function of quench front elevation
when the inlet reflood rate is held constant. When the initial cladding temperature Tin; is
much higher than 204 °C, it is written as

tq(Zq):f 24, peak power[Qr+0~5 Q-exp(—9Q2)] (3.92)

where g, pear power is the quench time of the peak power elevation, which is a complex
function of flooding rate, pressure, inlet subcooling and so forth, for detail see the original
paper!®). @, is the normalized power integral from the inlet to z,

Q,=j0‘zqq dz /jo'zpm pow”q dz (3.93)

where ¢ is linear heat rating in W/m. f is a correction factor that accounts for the different
fuel length and power profile between the fuel rod in problem and the FLECHT core as

f=2(Q,)/[2(Q;) JrLechr cosine - (3.94)

Equation (3.92) gives quench time at an arbitrary elevation when »;» and other conditions
are held constant. Under varying conditions, quench front velocity », can be defined as

__ (ztdz)—2
ty(zg+dz,)—t,(2,) (3.95)

Uq

in which the quench time ¢, is derived from (3.83) using the new (after change) condition
data. Then the new quench front elevation is derived as

2, (¢4 48 )=2,(¢t )+, 4t . (3.96)

Heat transfer coefficient in the region above the quench front is also given in the
FLECHT as an empirical correlation. But it is primarily for the ‘quasi-steady’ period, and
the correction term proposed for the preceding ‘developing’ period lacks generality. In the
FRETA-B model, therefore, some modification had to be made for the ‘developing period’
during which the introduced water does not reach boiling point.

For the well-developed two-phase flow in the quai-steady period, FLECHT heat transfer
coefficient is given as

hr=215.8 exp(—5.90;,) exp[—3.937(z—2,) ]

+261.2[1—exp(—9.84u,-,,)][0.714+0.286{1—exp(&19ﬂ3)}] (3.97)

2
Uin

where heat transfer coefficient is in W/m? K, and P is pressure (MPa). The condition for the
quasi-steady period is
2 =>2,=0.558 (39.370;,)™ (0.5466—1.677 ;). (3.98)

In the FRETA-B model, another critical height z: is defined as
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te
z_{Zﬁ vin dt (3.99)
where ‘new critical time’ Z is given by

pC S (Tsa _Tin)
t ==L q’ (3.100)

where o is density (kg/m3); Sis flow area (m?); C, is specific heat (J/kg-K); ¢ is linear heat
rating (W/m); Tsq and T, are saturation and inlet temperatures (K), respectively.

Before reflooding starts, dominant heat transfer modes are radiative heat transfer and
convective heat transfer to superheated steam. Using the two critical heights defined above,
a smooth linear interpolation is made between these pre-reflood modes and the well-developed
reflood heat transfer as

2g <z ¢=¢,+ho (Tw—Ts), )
zs' <zq <Zs o= (].*k ) [¢r+h0 (Tw *Ta)j‘i"k hFL (Tw_T:at ) ’
2 <z ¢=her(Tw—Tsar) , (3.101)

where ¢ and ¢- are total and radiative heat fluxes, respectively; 4, is pre-reflood convective
heat transfer coefficient; T, and T, are wall and bulk temperatures, respectively; £ is an inter-
polation factor given by

Zq—Z;

R=—"—"7". (3.102)

2s—Rs

In the region below the quench front, nucleate boiling condition is assumed.
3.9 Thermal Effect of Shroud

During a transient, shroud plates and other structural materials work as a heat source or
sink. As stated in Chapter 2, all structural components in a bundle are idealized by the code
as ‘shroud’, either tubular or planar. Tubular ‘shroud’ is used for simulating the control-rod
guide tube in PWR, or the external wall of an experimental rig.

Geometries of shrouds are specified as a part of the input data for radiative heat transfer.
Therefore a shroud plate is divided into face elements each facing different coolant sub-
channel. If, for example, a shroud face forms the external surfaces of four subchannels, it must
be input as four independent face elements. Different properties (heat capacity, external
temperature etc.) can be assigned to them.

Each face element is classified into either insulated shroud or conductive shroud. The
former emits or absorbs heat only by heat capacity; it does not conduct heat out of the
bundle. It is used for simulating the components completely contained within the bundle,
or the external wall that is thermally insulated from outside. The conductive shroud model
is used for the external wall of the bundle whose outside surface is cooled by external coolant,
as is normally used in experimental rigs. In each case, the thermal effect is treated by simple
one-point approximation of heat conduction equation. As a special case, shroud face elements
can be assumed to be in thermal equilibrium with the coolant. In this case, even heat capacity
of the shroud is neglected and the only thermal effect of the element is to completely reflect
radiation.

(1) Insulated Shroud
This type of shroud, either tubular or planar, conducts heat on one side but has the
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opposite side insulated. One-point approximation means in this case neglect of thermal resist-
ance within the plate. The governing equation is

pS;V(T"““T”):_Qs_’W (3.103)

where 7" is wall temperature in the present step (K); T"is its previous value; Vis volume
per unit surface area (m); p is density (kg/m?); C, is specific heat (J/kg-K); 4¢ is time step
size (s); ¢ is convective heat flux; ¢,is radiative heat flux (both taken positive when they
flow out of the plate) (W/m?).

As in the thermal calculation of fuel rods, radiative heat flux ¢, is evaluated separately
(explicitly) in the radiative heat transfer subcode. Hence unknowns in (3.103) are 77 and
¢, so that (3.103) can be expressed in the form

AT +B =¢. (3.104)

Equation (3.104) can be solved for 7" and ¢ simultaneously with one of the heat transfer
correlations (3.77) or (3.78) depending on the coolant state, just as was done in the fuel rod
thermal calculation. The obtained convective heat flux (positive in flowing-out side), together
with the radiative heat flux, affects the coolant temperature in the next step.

(2) Conductive Shroud
This type of shroud transmits heat from the coolant inside bundle to the external coolant.
One-point approximation at the bundle-side surface leads to the equation:
0 de

T(Tu?“—Tu';'):*cbﬂLha(TBo—TJ;')“ter (3.105)

where /4 is combined heat conductance (W/m?-K) of internal thermal conductivity and heat
transfer at the outside surface:

1

b=t d R

(3.106)

and other variables are: k., is heat transfer coefficient at the external surface (W/m?-K): kis
thermal conductivity of the wall (W/m-K); 4 is its thickness (m); T, is temperature of the
external coolant (K).

Taking the external coolant temperature as a boundary condition, (3.105) can also be
expressed in the form of (3.104). Since the heat flow across shroud is merely a correction
term for fuel behavior, the heat transfer coefficient 4, is not calculated by the code, but
specified as the input data as well as other parameters o, C», d and Tso.
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4. Cladding Oxidation Model

At high temperature, Zircaloy cladding tubes react with water (steam) as
Zr+2H,0 ——Zr0, + 2 H,. 4.1

The zirconia layer forms on the surface, and oxygen diffuses through the layer into the
interior metal layer. Oxidation also proceeds from the inner surface after the cladding rupture.
Calculation of cladding oxidation is made when the cladding temperature exceeded the input
threshold value (default value 973 K).

Oxygen generally diffuses much faster in the oxide than in the metal layer. At the oxide-
metal boundary, therefore, the oxygen atom flux coming from the oxide side is much larger
than the flux away into the metal layer, and the difference is used for changing the metal into
oxide, see Fig. 11. In this situation, oxide layer growth kinetics is determined by the oxygen
diffusion in the (already-formed) oxide layer alone, independent of the diffusion in the metal
layer.

Several empirical correlations have been proposed based on the diffusion-controled
parabolic rate equation concept in the form:

hE=Kt 4.2)
where # is the thickness of oxide layer (m), and ¢ is time (s). K is a temperature-dependent
constant, for which FRETA-B uses the values reported by Cathcart!?):

K:1.13x1o-6(—%) (4.3)

where R is gas constant (kJ/mol K) and T is temperature (K). Though the applicability of
the Cathcart correlation is in fact limited to above 1000 °C, its use below 1000 °C does not
make problem because the duration of LOCA is so short that no significant oxidation proceeds

¢ =9,
difference —= oxide growth
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Fig. 11 Oxigen concentration in the cladding with oxide layer.
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below 1000 °C.

Equation (4.2) describes the oxidation kinetics when the cladding temperature is kept
constant throughout the process. For treating the kinetics with varying conditions, (4.2) can
be used in incremental form:

(W™ )2 — (h")2 =K 4t (4.4)
where n+1denotes the present time step whose size is 47, and » the previous time step. Thus,

A" = J(h" ¥+ K At . 4.5)
Volume increment of the oxide layer in unit axial length is

AV =n{(rn—h")—(ro—h"")?} (4.6)
where 7o is the initial outer surface radius (m). Oxidation from the inner surface is calculated
similarly.

Finally, reaction heat, given as follows, is added to linear heat rating of the rod (sector):

Greact — P 4V -Q (47)
where p is the density of the original metal, and @ is reaction heat (6500 J/g-Zr!®).

Oxygen concentration in the metal affects the strength of the material. Hence, besides
analyzing the oxide layer growth, diffusion of oxygen in the metal phase is calculated for
determining the average oxygen concentration.

Assuming a diffusion constant independent of concentration, diffusion equation is written as

dc_D 0 ( dc 4
ot r 6r<rar> (4.8)

where ¢ is oxygen concentration (kg/m3), ¢is time (s), 7 is radial distance from the inner
surface (m), and D is diffusion constant (m?2/s) given as!®)

D=3.923x 10~ exp<—%> (4.9)

with R denoting the gas constant (8.317 X 1072 kJ/mol K). No differentiation is made between
the alpha and beta phases concerning the oxygen diffusion.

The metal part is divided into four slabs with equal thicknesses and equation (4.8) is
approximated by the finite difference method in the explicit way as

G- _D 1 [ritria (Cm—ci )_ 7;‘""’;‘-1(6:'—6‘:'-1 ):!

4t 7 drl 2 dr 2 4r
D1 4.10
W:[mwm—(n,m”m)C;“FVL,,'L‘,'—J (4.10)

where
1 1
7R,i:7(ri+ri+1) and n,i*?(h*?’i-l)

and ¢" denotes the concentration in the present time step. At the outer surface (interface with
the oxide layer) of the metal phase, oxygen concentration is taken equal to the maximum
oxygen solubility in the alpha-phase Zircaloy?®:

Cv=Ceq=453.7 kg/m3.

At the inside surface, the same condition is used when the rod is ruptured and hence when
oxidation proceeds from the inner surface too. When the rod is intact, the boundary condition
at the inner surface is
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dc

o =0, 4.11)

r=r,

and the finite difference expression at the inside surface is

*
- +
CIAtCI____A’{)z ;11_[71272 (crcl)]. 4.12)

All the present-step concentration values ¢ to ¢y can be directly determined from the
previous-step values ¢, provided that the time step size is sufficiently small. For stable calcu-
lation with the explicit method, given time step is divided into local sub-steps whose size is
proportional to the ratio of the remaining metal layer thickness to the increment of oxide
layer growth.
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5 Mechanical Models

5.1 Scope

Fuel rod deformation modes considered in FRETA-B are thermal expansion of fuel
pellets and the cladding; pellet-clad interaction (PCI); pressure-induced cladding deformation
(ballooning). The restriction of excessive ballooning either by rod-rod contact or by rupture
is dlso modeled. But no modeling has been made on bending of fuel rods, nor on interaction
with grid spacers.

All mechanical calculations are made in subroutine DEFORM. The call for DEFORM
is made separately for each rod and each axial segment. In each segment of a rod, stress-strain
calculation at 20 azimuthal nodes is required to reproduce smooth profile of ballooning.
Moreover, extremely rapid deformation in the final stage of ballooning requires very small
time step for estimation of rupture strain. To save running time, therefore, sub-time step for
mechanical calculation is used, which subdivides the input time step allowing coarse time
meshing for other models, see Fig. 4.

The maximum strain increment in a time step is monitored, and when it is found to
have exceeded a threshold value (0.05) in an axial segment of a rod, all the calculated results
on the rod and the segment in problem are canceled and the time step is redivided into smaller
ones. But in the other rods, this operation is not made; the undivided time step remains valid
for those rods. Since rod deformation and internal pressure are closely related, the subdivided
time step also applies to the calculation of internal gas pressure.

Figure 12 shows the flow of calculation within each call of DEFORM. Thermal expansion
and gas pressure-induced deformation are calculated first, regardless of the gap size. In the
two-dimensional modeling with four fuel sectors, check of the gap closure is made on two
diagonal sectors simultaneously, and the pellet is shifted to realize equal gap size in the two
sides. It is because pellet-cladding contact pressure in one side, if any, must be supported at
the opposite side. When the two sides are found to have closed gaps, the preceding calculation
results on pressure-induced deformation are canceled, and are replaced by the calculation of
pellet-clad interaction.

5.2 Thermal Expansion

Complete cracking of pellet is assumed in calculating thermal expansion under irradia-
tion: every fragment of a pellet is assumed to expand freely. Dividing a pellet into concentric
rings, outward displacement of ring : is given by

wi= Y. a(T;)dr; S.1)
=1
where 7; is the average temperature of j-th ring, 47, is its original thickness, and a(T) is inte-
grated linear thermal expansion from 25°C to 7 (°C) which is given by the MATPRO model'¥
as

W0, ]a=—1.79X107*+7.107X107°T+2.581X107°T2+1.14X 1073 T? ,
(5.2)
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Fig. 12 Flow of mechanical calculation.

[PuO,la=—2.137X107+8.495x10°T+2.151 X10™° T?+3.714X107'° T* .
(5.3)

For mixed oxide fuel, weighted average (by mole fractions) of the above two correlations is
used. Eqn. (5.1) means that cracked fragments of a pellet are pushed outward successively
from the center. If the fuel temperature was everywhere 7, the radial displacement of ring

¢+ would have been

u'=a(T)r (5.4)
where 7; is mean radius of ring ;. The difference between «; and u; represents the mismatch
of cracked fragments, and hence determines crack volume. Total crack volume per unit fuel

length is given by
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Ve=2z Z(u;*u,*)dr,-(1+a.-) . (55)

i=1
where N denotes the outermost fuel ring.

Axial expansion of each fuel ring is obtained by multiplying the initial pellet height by
the integrated thermal expansion a; of the ring. The axial expansion of the pellet stack as a
whole is determined by the expansion either at dish shoulder or pellet center (flat pellet).
Thermal expansion of fuel pellet is evaluated successively and independently at four sectors
of a fuel rod, so that four different values of axial stack expansion result. The average value
is simply adopted as expressing the fuel stack state.

Thermal expansion of cladding is evaluated at one node in the radial direction, i.e. at
midplane. Azimuthally, however, ballooning analysis requires 20 nodes, so that thermal
expansion must also be evaluated at the 20 nodes. Since the result of thermal calculation
is given at four positions per circumference, temperatures of the remaining 16 points are
interpolated from the four values using a function of the form:

T(a):Ao+Al S]n(0)+A2 Sln(20)+/l3 COS(ﬁ) (5.6)
where 6 is the azimuthal angle measured from a sector boundary, so that the four calculated
. r 3 5 7
data are given at 247 g m , and R

Texture-dependent thermal expansion of Zircaloy is treated in the MATPRO model
by assuming a fixed texture. Axial and radial expansions are

[axial] a:AL-L—:—LIQQX 1074+4.441X 10T (27°C<T<800°C)
(]

=—8.3X107°+9.7X10°T (1000°C<T)
5.7)

[radial] a=-1.815X107*+6.721X107°T (27°C<T<800°C)
=—6.8X107°+9.7x10°7T (1000°C<T) .
Between 800 and 1000 °C, namely in the two-phase region of unoxidized zircaloy, thermal
expansion is given by a discrete data table.
As in fuel pellet, azimuthally different values are obtained for the axial cladding expan-

sion. By adopting the average value, it is implicitly assumed that larger or smaller expansions
than the average value are converted to thermal stress under the plane-strain condition.

5.3 Deformation of Cladding Tube by Gas Pressure

As in other models, FRETA-B model for cladding deformation is two-dimensional in
the transverse cross section: the rod state is assumed to be axially uniform within each axial
segment.

Figure 13 shows the geometrical model of cladding deformation in the transverse cross
section, which is azimuthally non-uniform. In each rod, cylindrical coordinate is used with
the origin at the center of the original geometry. Variations of the midplane radius r and
wall thickness % along the circumference are expressed by the Fourier series, with azimuthal
angle 6, as

r(ﬁ):rﬁ-i (an cos (nf)+b, sin(nd)] , (5.8

N
h(8)=hot Y [cn cos(nb)+d, sin(nf)] , 5.9
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Fig. 13 Local curvature of the cladding midplane.

where N is normally taken to be 2 to 4. Using abbreviations

,_dr 4 (dr)
r'="1 and 7 AT

the curvature at a point (», #) is given by

1 ri2ri—r ey
p_kf (72+r’2)3/2 (510)

Here a local coordinate is introduced, which is distinguished from the rodwise cylindrical
coordinate by subscripts:

local O ..... normal
oL tangential
global inarod) 7 ..... radial
6 ..... azimuthal.

Z-axis is common to the two coordinates from the assumption.
With zero curvature in z-direction, the cladding hoop stress o: (Pa) is given by the mem-

brane theory as

_pdP
9t =308) (5.11)

where o is the radius of curvature (m~!) and 4Pis derived from the rod internal and external
pressures P; and P, (Pa), respectively, as

4P=P,— P, . (5.12)
Axial stress is assumed to be constant over a cross section and given by

P;Si—P,(Sit+S.)
Se

(5.13)

Oz;—

where S, is the cross-sectional area of the rod internal volume and S. is the area of the cladding
cross section (m?2). They are calculated, using the Fourier expansion (5.8) and (5.9), as

si:%j;"[r(a)——éh(a)]z a9

=alr- 22 Y +5 z (o) + (ot 2] (5.14)
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Se=2mro ho(l+&n) (5.15)

where ¢4 is average thermal strain. Variation of radial stress across the cladding is beyond
the scope of the membrane theory; radial stress is approximated as everywhere equal to

1
Ur:_-z—(Pi+Po)- (5.16)
Using these stress components, elastic strains are calculated by

E;”:LE[O;*V(GNLG,)],

ez”:—lE—[az—V(a:+ar)], (5.17)

1
5'B:E lo,—v(a:+0.)],
where £ and v are Young’s modulus and Poisson’s ratio, respectively.
Von Mises’ equivalent stress for an anisotropic material is given in the form:

0= [F(5,~0, +Glo,~0,)" + Hos 0, I* (5.18)
where F', G, and H are Hill’s anisotropy parameters. Dividing (5.18) with m we have

aY:\/G"%qH: (F (0r—0, '+ G (0s—0, V' + H (0:—a: ) 11 (5.19)
where F'=F/(G+H), G'=G/(G+H) and H =H/(G+H).
Since G plus H equals unity, (5.19) indicates that ¢" equals g. when the stress state is pure
tension in z-direction. Hence ¢* can be regarded as a kind of equivalent stress for reference to
the uniaxial tensile testing data. Relationship between stress and strain rate in uniaxial creep
tests, which will be described in more detail in 5.5, is now generalized to the relationship
between o' and generalized plastic strain increment (in a unit time) dely . Then the Prandtl-
Reuss flow rule for relating the strain components to the generalized strain is written in the
form:

def=de ) [F (61—0,)+H (0;—0.)]/c",
def=de4[H (6,—0:)+G (6.—0,)]/ 0", (5.20)
def=4¢)[G (0,~0.)+F (a,—0,)]/0".
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stress | strain increment "~Teq
)
t T ] | St - X l
stress - rain
o anisotr . Ae. Ae
components "t "z % otropy increments “%¢ 2%z

{

normal

pressure curvature displacement Aw
' 3 ¥
displacement Ar A8

r-6 components

Fig. 14 Logic of calculating plastic strain increment.
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Thus at the end of a time step, components (=%, 2,7) of total cladding strain are derived
at each node as

ei=eft (), Fdeftelt (5.21)

where the superscript ¢4 denotes thermal strain.
With the strain components, normal and axial components of the cladding local displace-

ment are given by

dw,= p de; (5.22)

4L=4z de, , (5.23)
where 4z is the axial segment length. In this model, displacement in a cross section occurs
only along the radius of curvature, so that it has no tangential component.

The normal displacement 4w, is decomposed into (r, 6) components in the rod global
coordinate by

rdw,
dr =—F——— .24
! Nt (5.24)
—f’ Awp
4 =————
N (5.25)
The wall thickness increment is simply given by
dh=h e . (5.26)

Thus, new cladding geometry has been defined by a set of new geometrical data
(midplane radius, azimuthal angle, wall thickness) as

(#i,00a+ 47", 0i,01a+ 407 hiqatdh;) (=1, 20).

This data set is expressed by the Fourier series for the new step. This process of calculating
the local strain increment is made independently at each azimuthal node. However, the calcu-
lated displacements determines the local curvature at nearby nodes, hence local stresses in the
next step through (5.11). Thus the present ballooning model is two-dimensional as a whole
through the interference effect appearing in the next step.

326.9
1134.0
127 1136 125
]
M
320.1 .1
118§,
13 L1678 faidg
1383 i 1906
139078 192074 13410
o 5 .
— - —t = - - A - - vl cese—— ¢ ——
19p1.68 56.9 786 |4
19r3-7 1921.1 1318.0

Fig. 15 Example of multi-rod ballooning calculation.



JAERI 1293 5. Mechanical Models 37

An example of ballooning calculation is shown in Fig. 15. In this case, five pressurized
fuel rods are on the course of ballooning. Circles indicate cladding midplanes; attached numer-
ical data show the sectowise cladding surface temperature in K.

5.4 Pellet-Clad Interaction

Differently from the case of ballooning, the calculation of pellet-clad gap state and
interaction is made at one azimuthal point in each sector, hence directly using the results of
thermal analysis. As was shown in Fig. 12, the gap closure in each step is examined after a
series of calculation on thermal expansions and pressure-induced cladding deformation.

The gap state is first determined independently in each sector. Open or closed gap state
is judged by the sign of the radial gap size given by

te=rei— (rrotn) (5.27)

where z=1.98(us+ 1),

and 7 is radius, g is surface roughness with subscripts f and ¢ denoting fuel and cladding,
respectively, ¢ and o denoting inner and outer surfaces, respectively.

When ¢, is positive in all four sectors, the gap is open and the already calculated
pressure-induced deformation is confirmed as showing the present geometry. If, on the other
hand, ¢, is found to be negative in a sector 7 , the gap size is averaged over the two opposite
sectors:

1,0, i+2)= 5 (Uit (i) (5.28)

and the sign of 7, is checked again.

Thus gap closure is defined as the state of a couple of fuel sectors diagonal to each
other, and PCI is calculated for the couple. The code is prepared for the situation that the
gap is closed along one diagonal of a rod, whereas open along the other one.

Even in a general case, the magnitude of interaction is different between two diagonal
sector couples. But the interaction in each sector is treated as if it is axisymmetric, to enable
the use of the thin-shell model. The following assumptions are made for simplification:

1)  fuel pellet behaves as a rigid body,

2) PCI in each axial segment is determined by local pellet and cladding dimensions alone,
and

3) after contact, no slipping occurs between pellet and cladding.

Assumption 1) means that only cladding deforms by excessive thermal expansion of
pellet, and that the dimension of pellet is not affected by PCL. Therefore the output of the
PCI calculation is not dimensions nor total strains, but contact pressure and the cladding
plastic strains.

The PCl-induced stress-strain history of the cladding is treated by the model for stress
relaxation under fixed displacement. For this purpose, given time step size 4¢ is divided into
2 to 30 sub-steps depending on the differential thermal expansion of pellet and cladding:

At=8t1+812+ ............ .J,-StN_ (529)

The excess thermal expansion of pellet is assumed to be accomodated entirely by elastic
strains of the cladding at the start of the step 4¢. Then gradually with sub-steps oz, elastic
strain is replaced by plastic strain lowering the stress.

From the thin-shell model (neglecting radial stress), the elastic strain increments are
related to stress increments by
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AezZ%(daa_VAOz),
Ae,:%(daz—vdaa), (5.30)

Ae‘;:—%(dog+do,).

From assumptions 1) and 3), once gap is closed, differential deflections of pellet and
cladding (both radial and axial) can be calculated from thermal expansions. These deflections
are expressed as strains by dividing with the gap radius and designated as G and H, which
can be determined as

G:Ae,f"(fuel)—AeJ"(c/ad)zdea‘vﬁ def, (5.31)

H=Ade}!*"(fuel)— det*(clad)=4de, (5.32)

where 7 is midplane radius and /4 is wall thickness of the cladding.

ded*and 4el” (fuel) are thermal strain increments at the outer surface of the pellet which
are in fact equal (isotropic expansion).

Substituting (5.30) into (5.31) and (5.32), we obtain

%(dog vdo)+ 5 (dos+ 40.)=G , (5.33)
%uom dog)=H. (5.34)

Solving (5.33) and (5.34), we have
G+v(l—-B)H

400=T 50— B £ (5.35)
_ vG+{{+vB)H
Aoz_(l+u)(1—u+uB) E. (5.36)
ok
where B= TR

Substituting (5.35) and (5.36) into (5.30), the ‘initial’ elastic strain of the time step 4¢ are
calculated as

e,init __ (I—VZ)G—V(1+V)BH Jold
S G I TG By B L (5.37)

e init _ [:(1—V2)+V(1+U)B]H e £r0ld
o T U-vivB) 5 (5.38)

The initial stress components are obtained by adding dos and 4o, to the corresponding stress
components at the end of the previous step. Using these stresses, the equivalent stress for
reference to uniaxial tensile data is obtained using (5.19) as in the case of pressure-induced
deformation. Then the generalized strain increment 8'¢/, in the first sub-step 8¢, is calculated
with the uniaxial creep correlation. Its three components are derived by the Prandtl-Reuss
flow rule, (5.20).

At the end of the sub-step, the plastic strain increments are compensated by the reduc-
tion of elastic strain components:

Slef=—8'¢t (5.39)

where the superscript 1 indicates that the increment is for the first sub-step.
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Then solving (5.30) for o, the stress increments (actually reduction) due to relaxation are
calculated as

8 gp= 1Eu2 (8 ef +v8'ed),
(5.40)
8g,= 1E _ (Blef+v8' ),
—V

and subtracted from the ‘initial’ stresses.

The procedure from (5.39) to (5.40) is repeated in subsequent sub-steps to the last one &z, ,
and the stress components and the strain components, both elastic and plastic, are finally
determined as the end state of the whole time step 4¢ as

N
0i20i01d+40i‘nu+2(80i)]‘, (5.41)
J
ef=e" 1+ ) (86, (5.42)
J
eP=e?0 L Y (Be);. (5.43)
J
The pellet-cladding contact pressure is calculated by
p,=teofothas (5.44)
Ycr

where P, and P; are external and internal pressures, respectively.

A situation can occur that, as in Fig. 16, the pellet-clad gap is closed along one diagonal
while it is open along the other diagonal. Since the cladding displacement in the closed-gap
sector is evaluated at one (central) node in the sector and the result is allocated to all the
nodes in the sector, a discontinuity can arise at the sector boundary. The dicontinuous clad-
ding strains due to this discontinuity, however, can be diminished by the smoothing effect of
the Fourier-series fitting of midplane radii.

Fig. 16 Different gap states between two
diagonal sets of fuel sectors.
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5.5 Plasticity-Creep Correlation and Anisotropy of Zircaloy

(1) Uniaxial Equation

Strength data of Zircaloy have been mostly taken from uniaxial tensile or creep testings
in the longitudinal direction of either tube or sheet specimen. Strictly speaking, this longitu-
dinal strength depends on the texture of particular tube or sheet. For practical analysis of fuel
behavior during accident, however, it is convenient to postulate a typical longitudinal strength
which represents such tensile and creep data, and also to postulate a typical anisotropy factor
to apply the uniaxial results to bi-axial problems. This idealized longitudinal strength corre-
sponds to ¢” in eqn. (5.19).

The equation dealing with the non-elastic straining is written in general form as

o=f (e, €) (5.45)

where ¢? is non-elastic (plastic or creep) strain rate (s~!). This general form is written in more
explicit forms, depending on which of the strain and the strain rate is more important, either
in creep type:

e?=Ad", (5.46)
or in plasticity (strain hardening) type:
o=Ke" . (5.47)

In the temperature range relevant to the ballooning, creep-type equation well describes the
deformation process. But in the lower temperature range, the plasticity type of equation must
be used, so that some discontinuity at the boundary is unavoidable.

In the following descriptions, stress and strain are given as true stress and true strain.

a) low temperature range of alpha-phase Zircaloy (7< 730 K)

The MATPRO-09 model'® is used, in which strain-hardening curve is expressed in the
form of (5.47). The coefficient K and stress exponent v are given, when the unit of stress o
is MN/m?2, by

K=(1.075x10°—0.9996:T)-(1—0.546w) , (5.48)

v=(—0.0186+7.11X10"*T—7.721X10"" T?)'Y-Z , (5.49)
Y=0.847 exp(—39.2w)+0.153—0.0916 w+0.229 w?,
Z=exp[—(¢2)"3/(3.73x10"+2x10%w)] ,

where 7T is temperature (K), wis cold work (m?/m?), ¢ is fast neutron flux (n/m? s) and ¢ is
time (s).

For calculating the plastic strain increment, yielding of the material must be checked.
It is made by comparing the strains e; and ¢;, which are determined by the stress o and the
old plastic strain ¢34 as

It

J) a
&1 =¢gld + — ,
E

( a)l/u (5.50)

and if ¢, >e¢; , the material is elastic and ¢=e¢,,
if ¢, <e, , the material is plastic and e=e..
In the first case, there is no plastic strain increment, whereas in the second case, the
increment is given by
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de?=¢—¢edia. (5.51)

b) high-alpha region (730 K <7< 1073 K)
The uniaxial creep rate proposed by Rosinger et al?!) is used:

£a=200005% exp (—%) (5.52)

where o is stress (MPa), and ¢ is true strain rate (s™!).
¢) beta-phase range (T 2> 1273 K)
Also given by Rosinger et al as

_17110)
=) -

d) two-phaseregion (1073 < T< 1273)
Interpolation is made using the creep rate equations (5.52) and (5.53),

o=~ (T5007) e (T ) @ (5.54)

(2) Anisotropy Factors

The creep rate equations (5.51) to (5.53) are regarded as relating the generalized strain
increment (in unit time) to the equivalent stress referenced to the longitudinal direction, i.e.
H'in (5.19). For calculating three components of a strain, the anisotropy factors ¢", F’, G’
must be numerically determined. The only existing study of anisotropy in the temperatufe
range relevant to the LOCA condition seems to be that performed in PNWL2?2), It estimated
the ratios between the factors in the range:

é,g:8.103'79exp< (5.53)
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Fig. 17 Relationship between radial and hoop strains by closed-end tube burst.
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R=-+=1.25~2.50,

(5.55)

P=2%=2.0 ~4.0.

i Oy

Use of the smallest fractions from the above ranges, hence the smallest anisotropy seems
to match the wall-thinning and axial shrinkage data in closed-end burst experiments, see Fig.
17. Then the anisotropy factors after division by (G+ H), see 5.3, are obtained asF'=0.278,
G =0.444, H =0.556,

(3) Effect of Oxidation on the Cladding Strength

It is assumed that oxide layers do not contribute to the strength of a cladding tube, so
that the oxide thicknesses are subtracted from the cladding wall thickness for use in the
mechanical calculation:

hm=ho—(d,+d>) (5.56)
where d; and d. are oxide thicknesses at inside and outside surfaces. They oxygen atoms

dissolved in the metal decrease the creep rate. The effect of uniform oxygen concentration is
expressed in the usual creep rate equation form as

e=FAd" (5.57)
where ¢ and ¢ are strain rate and stress, respectively, and A and » are coefficient and stress
exponent, respectively, for unoxidized zircaloy appearing in (5.46). The coefficient F stands
for the effect of oxygen concentration as26)

F=exp(—342C) (5.58)
where C is oxygen concentration (weight fraction) minus normal oxygen concentration in
unoxidized Zircaloys (1 X 1073).

The case with spacial distribution of oxygen concentration is handled by defining the
local stress and strain rate for each of N sub-slabs as
N0:01+02+ ...... +0N, (559)
and =6 =Ep=--e e —én, (5.60)
where ¢ is average or macroscopic stress and o is local stress in the i-th slab. Assuming (5.57)
type of rate equation for each sub-slab and solving for local stress,

oi=ATF . (5.61)

Inserting (5.61) into (5.59), and using the relationship of (5.60), we have

No=A""éx[Fv+F 54 +F 7], (5.62)
hence N .

— Ao 1 ] .

¢ ¢ [Fl—%-f—Fz—;-}----—FFJ% (563)

We can thus define a coefficient for hardening due to dissolved oxygen as

F=| N |
FIi4Fiige +F5

for use in the macroscopic creep rate equation.

(5.64)
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5.6 Fuel Rod Rupture

In FRETA-B, a ballooned fuel rod is judged to have ruptured when the local hoop strain
at any azimuthal node has exceeded the threshold value. The threshold value was so deter-
mined as to give a reasonable estimate of azimuthal-average rupture strain when used with
the approximate model of ballooning by the membrane theory.

According to metallographic examinations of ruptured cladding tubes, wall thickness
near the rupture point is sometimes found to have decreased to one-fifth of the original
thickness?®. It amounts to a local radial (true) strain of —1.6. But such a microscopic value
cannot be applied to the local strains calculated by the (modified) thin-shell theory of the
code, because the theory is in fact not applicable to such a large strain range.

The use of the thin-shell theory until rod rupture occurs is quite approximate. Therefore,
the rupture criterion must be determined empirically so that it may compensate the error in
the strain calculated by the approximate model. For use in FRETA-B, average rupture hoop
strain data were collected from the out-pile ballooning experiments with small temperature
ramp rate, as shown in Fig. 18. These hoop strain values are not local ones, but circumferential-
average values. However, under the experimental conditions as stated above, temperature
distribution is fairly uniform and hence the difference between local and average rupture
strains is fairly small. Thus the use of the upper envelope of such data as a local rupture
criterion compensates the inadequate treatment of strain localization by the thin-shell model,
and enables reasonable estimate of average hoop strain.

The envelope, indicated by the broken line in Fig. 18, is expressed as a simplified func-
tion of temperature as
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Fig. 18 Average burst strains in single-rod ballooning experiments.
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eg(true)=1.0 (T<1123K) ,
=0.3+0.014(1173-T) (1123<T<1173) ,
=0.3 (1173<T <1223) , (5.65)
=1.0+0.014(T—-1273) (1223<T <1273) ,
=1.0 (1273<T) ,

In a rod that was judged to have ruptured at a node, the internal gas pressure is instan-
taneously set equal to the external pressure, so that the driving force for further deformation
is lost automatically.

5.7 Rod-Rod or Rod-Shroud Contact

After a partial rod-rod contact, further ballooning is calculated only at free nodes not
trapped by other fuel rods. Monitoring of the rod-rod contact is made by tracing the displace-
ments of all the azimuthal nodes of all the fuel rods.

Let P in Fig. 19 be an azimuthal node of a rod whose center (original geometry) is O, .
Likewise, let @ and R be two adjacent nodes of another rod whose center is 0,. Let S be
the intersection of two lines QR and O,P. The condition for that node P is trapped by the
chord QR is:

1) point S isincluded in the span QR (SZ)? SR<0 in vector form) and

2) point § is included in the span O:P ( SO, -SP<0 ).

These conditions are checked for the combinations of all nodes and all chords with two
adjacent nodes. This method can be applied to the check of rod-to-shroud contact by replacing
the chord with the shroud face element.

When a node is judged to have been captured by another rod or shroud, the node is
excluded from the calculation of further straining.

X
01

J
SN

Fig. 19 Rod-rod contact model.
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6. Fuel Rod Internal Gas Pressure Model

FRETA-B calculates the hot-state gas pressure and optionally transient gas flow through
the pellet-cladding gap, based on the input cold-state gas pressure data. Gas composition
(helium, fission gas, H,O etc.) and total moles are fixed throughout the calculation run:
composition change due for example to additional fission gas release is neglected. Gas pressure
calculation in each rod is made until the rod is judged to have ruptured.

6.1 Uniform Gas Pressure in a Rod

Unless specified otherwise by input, gas pressure in a fuel rod is assumed to be every-
where uniform. Free volumes considered for pressure calculation are upper and lower plena,
fuel-clad gap, center hole, dish, and crack volumes of fuel pellets. The ideal gas law is assumed
in each volume element:

PVi=n,RT; (6.1)

where P is pressure (Pa), R is the gas constant (8.317 J/mole-K), and Vi, ni, T;, are the volume

(m?®), gas moles, and the local temperature (K), respectively, of volume element ;. The tem-

perature of each volume element is approximated as follows:

1) upper and lower plenum temperatures are set equal to the outlet and inlet coolant tem-
peratures, respectively,

2) pellet-clad gap temperature is set equal to the average of the fuel and the cladding surface
temperatures,

3) fuel crack temperature is equal to the volumetric average temperature of fuel, whereas
the temperatures at center hole and dish volume are taken equal to the respective local
temperatures.

Thermal expansion of fuel stack reduces the plenum volumes. Reduction of the upper
plenum volume is calculated by

V pu v,,uo(1 5 z’io) (6.2)

where Ly, and V,,, are the length (m) and volume (m?3), respectively, of the upper plenum
in the cold state, and 44 is the differential thermal expansion of the fuel and the cladding (m).
8 is a coefficient that depends on the lower end geometry:

8=1 (no lower plenum),

o= ;— (with lower plenum).

The hot volume of the lower plenum is given by (6.2) with § equals 1/2; that is, when gas
plenum exists at both ends, they are assumed to equally accomodate the fuel stack elongation.
Equation (6.1) is written in the form:

(%), =y - _ (6.3)

Since the gas pressure is uniform all over a fuel rod, (6.3) can be summed over whole void
volumes. Hence,
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P=nR/'Z (%), (6.4)

where » is the total gas moles in a rod.
When the cladding has ruptured at an elevation, the gas pressure is instantaneously set
equal to the current external pressure.

6.2 Transient Axial Gas Flow

Transient axial pressure gradient and gas flow occur as a result of sudden change of
local gas temperature or void volume. From the viewpoint of fuel behavior analysis under
LOCA, this effect can be important in connection with the kinetics of ballooning (direct effect
of gas pressure on fuel temperature is negligible). If a fuel rod swells at an elevation, and if
considerable flow resistance exists between the position and the gas plenum, the ballooning
results in reduced local pressure which works as a negative feed-back mechanism for further
deformation. The transient gas flow calculation is made as an input option: unless specified,
instantaneous pressure equilibrium is assumed in each rod as described in 6.1.

With cracked and relocated pellets, actual geometry of gas flow path in a rod is extremely
complex, being composed of pellet-cladding gap and pellet cracks. To simplify the problem,
however, relocation of cracked pellets is neglected, and the gas is assumed to flow through
the idealized concentric fuel-cladding gap space. This approximation reduces the calculated
flow resistance. The induced error is adjusted by setting a numerical constant so that the
calculated gas flow rate in simulation experiments may fit to the measurement.

The gas flow is assumed to be Poiseulle flow. Molecular gas flow rate through an annular
path from axial position ¢+1to {7 is given by
_ng’r- (P4, —P3)

F= 12u4RT! (6.5)

where F is flow rate (moles/s); g and » are the width and midplane radius of the annulus (m),
respectively; P is pressure (Pa); x is dynamic viscosity (kg/m s); / is the distance between the
two positions (m).

Equation (6.5) transforms to the form:

F-R/=P%, —P? (6.6)
where
12uR T
f_lep il
R’/ = < (6.7)

Here let the two subscriptsi+1and ¢ indicate two successive axial segments. If we give
the variables in the right-hand side of (6.7) representative values of segment 7, then the result-
ant value R/ gives the flow resistance over segment 7 . The flow resistance between the centers
of segments 7+ 1 and ¢ is given by

RI{HIZ'%(R{/""Riﬁl) . (68)

Then using R/;., , (6.6) can be rewritten as
Risy'Fivi,i =Pl — P} (6.9)

where Fi+1,i is molecular gas flow rate from segment 7+ 1 to ¢ (moles/s).
Gas mole increase in segment ¢ in a given time step 4¢ is determined as
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An:l: Zi— P2 i P,'z-1~P,‘2]At
' R:‘,fiﬂ Rl-.fl'—l ) (610)

Thus, if the segmentwise flow resistance is large enough, or the time step size is small enough,
new gas moles hence new gas pressure in each segment is explicitly obtained using the previous-
step pressures.

Such a situation is, however, exceptional: given time step size (which is determined from
the stability of thermal or mechanical calculation) is usually too large to explicitly calculate
inter-segment gas flow. Procedures normally taken to cope with such a numerical instability
is either to redivide the given time step into sub-steps, or to solve the flow equation by implicit
method. In this code, however, neither procedure is taken. It is because gas pressure and flow
calculation in a fuel code is made merely as a step to calculate fuel rod deformation. As stated
before, the time step size given to the gas flow subcode is determined from the stability of
thermal or mechanical calculation. In other words, the step size represents the characteristic
time of heat transfer or rod deformation. Then, the transient gas flow calculation is worth
undergoing only when the characteristic time for gas flow is longer than the thermal or me-
chanical characteristic time. Otherwise, the assumption of instantaneous pressure equilibrium
stated in 6.1 can save running time without affecting the accuracy of calculated fuel tempera-
ture and deformation.

Thus, the policy of FRETA-B is basically to calculate transient gas flow only when the
explicit solution (6.10) does not invite numerical instability under the given time step size. It
can however occur that some axial segments have large enough gap size, while others have nar-
row gaps and make considerable flow barrier between the large-gap zone and the gas plenum.
To generally handle any combination of segmentwise gap sizes, the code monitors the segment-
wise flow resistances and integrates the segments with small resistances into a larger control
volume. Since flow resistance and contained gas moles are additive quantities for serial flow
segments, this procedure can be easily undertaken and leads consistently to the extreme case
of instantaneous pressure equilibrium throughout a rod (Fig. 20).

Quantities determining the numerical stability are time step size, flow resistance and the
gas moles contained in the volume (inventory). An instability factor is defined as follows:

r=A. (6.11)
Integration of segments increases the denominator of the f-factor.

First, the gas mole inventory and flow resistance of the lowermost segment, 7; and R/,
are substituted into (6.11) together with the current time step size. If the resultant value is
greater than a limiting value, segment 1 is judged to be unstable by itself and segments 1 and 2
are integrated into a single control volume whose pressure is calculated by (6.4). The limiting
value for f was determined to be 10~7 (MPa)~2 from the experience of test calculations as
a value preventing numerical instability. Then the f -factor is evaluated for the combination
of segments 1 and 2 with added gas moles and flow resistances. This operation is continued
until, by integration of segments 1 to j, the f-factor becomes small enough.

Thus the first integrated control volume has been defined, and integration into the next
volume is started from segment j+1 upward in the same way. The last volume includes the
upper gas plenum. Total number and the composition of the integrated volumes can change
from time step to step.

The gas pressure in an integrated volume V,, is calculated by (6.4) taking all the axial
segments and their volume elements that belong to V,,. Flow resistances are converted to the
values for the path between the centers of the integrated volumes. Then (6.5) is applied to
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Fig. 20 Integration of axial segments into uniform-pressure zones.

the inter-integrated volume gas flow, and from the obtained gas mole increase 47, in volume
m , new gas pressure is derived as

_ v
Pm—(nm+4nm)R/iEZm(T>, (6.12)

s

where the summation is made for all segments that belong to V,,. The pressure P,, is common
to all the segments that belong to V., so that the new gas inventory in each segment is cal-
culated by

ni:Pm(—g,—)i/R . (6.13)

These procedures apply to the gas flow through an idealized concentric gap space. For
considering more realistic complex flow path, (6.5) is rewritten in the form

P, —P}
2uRT/

_ T

=
F Ha D-Djg (6.14)

where D is the midplane diameter of the flow path, Dyis equivalent hydraulic diameter and
Ha is a numerical constant called Hagen number. The present annular flow path case corre-
sponds to the values: D=2r ,Dy=2g,Ha =96, where g is radial gap size. The complex flow
path in irradiated fuel is considered by changing the Ha value. According to an out-pile ex-
periment?®), the Ha number is greater than 200 for irradiated fuel rod at cold state. The code
leaves the Hagen number for input by user, with a default value of 200.
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7. Code Assessment

Assessment of the code’s capability, particularly accuracy check of the analytical results,
has been made through many post-test calculations of various fuel behavior simulation experi-
ments. Some results of these calculations have been published3?)-32),

Model for heat conduction in fuel rod, basic part of the code, was assessed through the
calculations on fuel irradiation experiments with center thermocouples performed in Halden
HBWR reactor. For this assessment, the first startup data were adopted for comparison be-
cause the complex interaction of fuel temperature and fission gas release during long-term
irradiation is completely out of the scope of the code. After determining the standard value
of the relocation factor (factor F in (3.87)) to be 0.1, fuel center temperature for various
design and operation conditions could be predicted to the relative error (with respect to center
temperature minus input coolant temperature) within about 2%. This standard value was also
applicable to fuel rods irradiated in the PBF reactor in INEL (Fig. 21).

Transient fuel temperature calculation was checked using the data on fuel center tempera-
ture response to reactor scram. This check was made through participation to a benchmarking
program performed by the Halden Project. Though the result was not published, the blind test
result by FRETA-B was evaluated by the project to be ‘accurate’ as other (normal operation)

exp. | caleul.
LOC11rod3 o
LOC 3rod3 J—
Halden |FA 508 A —_——
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Fig. 21 FRETA-B prediction of fuel center temperatures in irradiation experiments
with fresh fuel rods (ref. 32).
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code results.

The ballooning model was first assessed using out-pile, single-rod ballooning experiment
data. Most of these have simple experimental conditions: empty cladding tube, containing
fixed gas moles or being pressurized to a constant pressure, is heated directly by electric
current which is controled to achieve nearly constant temperature ramp rate. Therefore, these
experiments were analyzed not by the whole code, but by the mechanical subcode DEFORM
giving the cladding temperature and gas pressure as input values. Under nearly constant tem-
perature ramp rate, ‘rupture temperature’, which is defined as the cladding temperature at the
moment of sharp drop of internal-gas pressure, offers a benchmarking for the validity of
mechanical model and creep rate correlation. Some of the results have been published3®
together with the results of more integral analysis of in-pile experiment.

The gas flow model was assessed through the analysis of the post-irradiation gas flow
experiment performed by Dagbjartsson?®). This experiment has been analyzed by Dagbjartsson
himself using the basically same model. Therefore the check calculation was made to reconfirm
his results and to check the consistency of the added segment-integration procedure.

Out of the subcodes for the two rod-surface heat transfer modes, radiative and convec-
tive, the radiative heat transfer subcode was separately assessed through the analysis of a
rod-bundle heat transfer experiment in Hitachi and the result was published®!). On the other
hand, the convective heat transfer calculation was always made as a part of analyses of integral
LOCA simulation experiments. In such integral calculations, consistencies of both thermal and
mechanical results were simultaneously checked.

The LOC-series experiments in the PBF reactor is unique in very rich instrumentation
for coolant conditions. Out of the LOC-series, LOC-11 and 3 experiments were analyzed by
FRETA-B3*?). Four fuel rods in each experiment were contained in separate shrouds, so that
they were analyzed as single rods. The rich instrumentation enabled the estimation of local
coolant conditions for input of segmentwise boundary condition (MODSHT =35). Therefore
the validity of thermal calculations could be checked in a fairly separated manner for each
subcode in terms of onset of dryout, peak cladding temperature and fuel center temperature
at different periods of an experiment. The calculated ballooning was basically consistent with
the observation.

To check the code capability to handle fuel rod bundle, out-pile multi-rod ballooning
experiment in JAERI was first taken up for analysis, and then the in-pile experiment MT-1
in the NRU reactor (Chalk River) was analyzed. The MT series experiments have used 6 X 6
rod bundle with removed four corner rods and with one empty tube in the center. These
experiments had no blowdown phase: fuel rods at low power were cooled by steam from the
beginning. The transient was initiated by reducing the steam flow and terminated by the
quench of all rods by reflooding, whose temperature history is shown in Fig. 22.

In this analysis, all necessary input data were not afforded by the published data, so that
some guess of input parameters (for example rod-to-rod power distribution) to ‘tune’ to the
experimental results was unavoidable. However, the basic agreements with experimental data
obtained for many parameters, i.e. cladding temperature histories of many fuel rods at various
elevations, rod rupture times, final rod expansions and flow channel blockage ratio, justities
the use of minimum number of arbitrary assumptions. The result was published together
with some analyses of out-pile ballooning experiments®® as a proof that out-pile and in-pile
balloonings can be predicted by the same model consistently with thermal analysis.

- Since the expansion of the code into multi-rod two-dimensional version, the greatest
emphasis in the development work has been placed on suppression of running time. This target
was pursued through
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Fig. 22 Measured and calculated cladding temperatures in NRU MT-1
unpressurized fuel rods (ref. 30).

1) use of fast-running submodels,

2) automatic time step redivision capability,

3) explicit logic for the whole calculation (for example, fuel rod deformation is reflected
to heat conduction not in the present step but in the next step.),

4) use of local time steps for phenomena that proceeds much faster than others,

5) bypass of subcodes in which the expected state change is negligible,

6) balancing the accuracy of model calculation with the inherent uncertainty in accident
analysis,

and other minor measures.

These measure have certainly served to suppress the running time of FRETA-B. It is
however difficult to quantitatively state the effects because these measures have been strength-
ened keeping step with the expansion of the calculational capability. It is also difficult to give
the running time of an analysis in terms of its external size (total nodes and time span for
analysis) alone. What can be said is that a LOCA simulation experiment with the most complex
bundle geometry performed until now could be analyzed in reasonable running time. The
analysis of the NRU MT-1 experiment mentioned before, which considered the behavior of
17 fuel rods with five axial segments up to 160 s, took about five minutes on the FACOM
M-380 computer. This running time is felt fairly small for the apparent size of the analysis.

However, it must also be pointed out that the cooling condition of the MT-1 experiment
contributed to suppress the running time: it had no blowdown phase and the steam flow was
reduced to nearly zero before reflooding, so that time-consuming coolant enthalpy calculation
could be skipped. Otherwise, the running time would have increased several times.

Considering all these, for a calculation run to be possible within reasonable running time
(routine running is possible in the daytime on most computer systems), a rough figure of the
largest bundle size for analysis would be that number of rods times number of axial segments
equals about 100 for typical LOCA events. If local coolant conditions are input as boundary
condition, this number would be increased several times, possibly enabling analysis of a half
bundle of 8 X8 BWR fuel rod bundle. The maximum number of rods is fixed to 17 in the
present FRETA-B code (not variable dimension), but a measure has been taken to enable
expansion into larger number with minimum modifications.
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8. Concluding Remarks

A multi-rod fuel behavior analysis code FRETA-B was developed to analyze the fuel
state changes during accidents, particularly LOCA. The code analyzes heat transfer, cladding
oxidation, gas pressure and deformation in individual rods of a bundle, and also considers the
rod-rod and rod-shroud interactions. Efforts have been made to minimize the increase of
running time due to handling of many fuel rods. The development work was successful in that,
though analysis of a whole PWR or BWR fuel bundle was not possible, the most complex fuel
bundle in LOCA simulation experiments to date could be analyzed with reasonable accuracy.

The above ‘reasonable accuracy’ means that, in analyzing a simulation experiment,
principal features of the experiment could be consistently reproduced after parametrically
changing some input variables within the realistic range. This limitation is partly due to inade-
quateness of the FRETA-B code, but is for the greater part due to inherent uncertainties in
defining the boundary conditions of accident conditions even in simulation experiments. For
example, 30 K difference in cladding temperature sometimes brings the difference in cladding
deformation from unvisible swelling to fully developed ballooning with rod-rod contact. Even
if the heat transfer model was elaborated to achieve an accuracy of +15 K, how can one define
the coolant condition to assure such an accuracy?

It means that if the code were to be used for fuel behavior analysis of commercial fuel
rod bundle (it is possible if the bundle size is reduced by using structural symmetry rela-
tionship), the calculation should be made principally in the form of parametric study. For
instance, the effect of fuel design changes or minor changes in normal operation condition
(large changes induce the change in entire thermal hydraulic condition) on fuel behavior during
LOCA could be studied by using the code.

If the code were to be used for post-test analysis of a simulation experiment, the user
should take even freer standpoint. Since the empirical correlations used in the FRETA-B
submodels have generally limited applicability, the user should replace some of them on
reasonable grounds with other models to consistently reproduce the essential feature of his
experiment. The authors wish the code is extensively used as such a ‘tool’ for analysis.
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Appendix A Input Manual

A1. Definition of Bundle Geometry

(1) Fuel Rod Number and Subchannel Number

For visualization of the descriptions in this section, readers are refered to Fig. 3 of the
main text.

When multiple fuel rods are to be analyzed, those rods must be identified by sequential
numbers. The sequence can be in arbitrary order. In this case, subchannels must also be given
sequential numbers, again in arbitrary order. Even in single rod calculation, subchannel number
is necessary if radiative heat transfer from fuel rod is to be calculated, or if different coolant
conditions are to be considered in four subchannels surrounding the single rod.

Each fuel rod is divided into four azimuthal sectors. They must be given sequential num-
bers 1 to 4. Sector 1 should be the upper-right sector in each rod, and the subsequent numbers
be given in counter-clockwise order. Even when a sector of a rod is located completely outside
of a symmetry face (it can occur when geometry for analysis is reduced by symmetry relation-
ship as sector 2 of rod 1 in Fig. 3), the sequence must include such a ‘unseen’ sector.

(2) Fuel Rod Position and Shroud Position

These data are used only for monitoring rod-rod or rod-shroud contact, and for two-
dimensional plotting purposes. Informations necessary for other calculations such as radiative
heat transfer are supplied through other input data. These positional data can therefore be
skipped when the expected fuel rod deformation is small and two-dimensional plotting is not
required.

Fuel rod position in the square lattice is specified by giving the (x,y) coordinate of their
centers through the array ZAH(I,N) where I=1 gives x and I=2 gives y coordinates; N denotes
rod number. Distance is normalized by the rod-rod pitch. For example, two rods with coordi-
nates (0, 1.0) and (1.0, 1.0) are the nearest-neighbors to each other in the lattice. Origin of
the coordinate can be arbitrary, but in the two-dimensional plotting the rod with its center at
(0, 0) comes to the left-bottom of the paper.

Shroud position is specified by giving the coordinates of the two ends of a line element in
the transverse cross section, whose total number is specified by the variable NSHRBD. This
information is input through the array SHZAR(I,J,N) where I=1 or 2 denotes the (x,y) coordi-
nate as in the fuel rod array; J=1 and 2 denote the two ends of the line element whose number
is given by N.

(3) Sequential Number of Face Elements

When radiative heat transfer is to be calculated, or subchannelwise different coolant
states are to be considered, all the face elements in contact with the coolant must be given
sequential numbers. The ‘face’ here includes those imaginary ones such as boundary between
subchannels and symmetry face. The term ‘element’ is used in such a meaning as that a normal
coolant subchannel is bounded by eight face elements, four out of which are the surfaces of
four surrounding fuel rods and the other four are subchannel boundaries.

All the face elements are grouped into four according to their nature: (a) fuel rod surface,
(b) shroud (structural material) surface, (c) symmetry face, (d) boundary face. The sequence in
each group can be arbitrary, but group (a) must come first and then group (b). In Fig. 3,



56 Models of Multi-rod Code FRETA-B for Transient Fuel Behavior Analysis (Final Version) JAERI 1293

faces 1 to 7 are fuel rod surfaces; 8 to 15 are shroud surfaces; 16 to 18 are symmetry faces;
19 to 24 are boundary faces.

(4) Subchannel Type and Local Face Element Index

These data are used in combination with the face element number, and therefore necessa-
ry when radiative heat transfer or subchannelwise enthalpy calculation is required. Infinite
square lattice is simply the repetition of Type IV in Fig. A1. All other types are provided for
simulating the peripheral part of a bundle, or the subchannels intersected by symmetry face.
The face elements forming a subchannel have indices to show the geometrical relationship
between them. For defining bundle geometry, subchannel type must be specified for each
subchannel, and the correspondence between the sequential face number and local face ele-
ment index must be established.

The actual dimensions of the subchannel types in Fig. A1 are determined only by rod-rod
pitch and cladding outer radius. It is assumed that the straight face elements (e.g. index 6 of
Type 11, or index 4 of Type V) are located at half-pitch distance from the nearest rod center.
In actual bundle, the external shroud can be located at arbitrary distance from the outermost
rod row. Subchannel types to simulate those situations are not provided.

It can also occur that a test fuel bundle has a special geometry in the periphery not
covered by the subchannel type stock of the code. In such a case, the actual geometry must be
approximated by the combination of the prepared subchannel types, an example of which is
shown in Fig. A2. Discrepancy of the flow area caused by such approximation can be cor-
rected by inputting subchannel flow areas to the array FAREAH(I) in the card group of
Table A2.

Fig. A1 Subchannel types prepared in the code (Roman numerals
are subchannel type numbers and Arabic numerals are
local face element indices).
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{(a) actual geometry (b) approximated geometry

Fig. A2 Approximation of diverse geometries in the periphery of bundle using sub-
channel types prepared by the code (In this example, a discontinuity exists at
the boundary marked by asterisk. It does not, however, cause any problem
except for the accuracy of approximation).

A2. Input Card Arrangement

(1) File Requirement

Some calculational results of the code are written on either tentative or permanent discs.
Therefore, discs (or tapes) must be allocated to the logical machine number (NF in READ(NF),
WRITE(NF)) which is specified in the input cards.
1) files for historical output data storage

Tentative files must be prepared for storage of historical output data. Positions where
such historical data output is made are specified by the array NPRHIS(I) in namelist input
data NAM. The total number of the tentative files must be equal to the number of non-zero
data of NPRHIS. For example, if NPRHIS=10101, 30501, 40503, 0, O, ..... , three tentative
files must be prepared and they must be allocated to the logical machine numbers starting
from 50: in this case 50, 51 and 52. At least one file (allocated to 50) is necessary even if
NPRHIS positional data are all zero.
2) file for plotting data storage

If plotting is to be made by other code (off-line plotting), a permanent file must be
allocated to logical machine number 70 for storage of data.
3) file for coolant data input

By option, voluminous coolant condition data can be input not from cards but from
disc or tape. This option is taken when a value other than 0 and § is given to the input variable
ICTAPE in namelist NAM. The logical machine number of the file must be equal to ICTAPE
(READ(ICTAPE)).

(2) Input Data
Input data are grouped into four parts, the last two of which may be skipped depending
on the option. The input cards must be arranged in the following order.
1) tytle card (18A4)
2) namelist /NAM/
Variables in this namelist are described in Table A1. Table A1 classifies these varia-
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bles into nine groups, but it is only for convenience of explanation: variables in this
namelist can be written in arbitrary order.
3) fixed-format cards for bundle geometry definition
Described in Table A2. This group can be skipped in the case of single-rod calcula-
tion without radiative heat transfer.
4) fixed-format cards for coolant condition data
These cards are necessary in a special condition (ICTAPE =5) specified in /NAM/.
When ICTAPE#0 or 5, these cards are replaced by disc or tape which is allocated to
logical machine number ICTAPE, according to the format shown in Table A3.
A sample input card image is shown in Table A4.
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Table A1 Namelist /NAM/
C Stored
Name Description Value
[ GROUP 1 ] Fuel Specifications (common to all
rods )
TEMPQ Initial fuel temperature (K). Dimensional data 298.15
are input at this temperature.
RFIP Fuel inner radius (m) 0.0
RFOP Fuel outer radius (m) 0.0046597
RCIP Cladding inner radius (m) 0.0047422
RCOP Cladding outer radius (m) 0.0053594
RDISH Dish shoulder radius (m). Axial thermal expan- 0.0
sion is calculated at this radius.
DDEPTH Pellet dish depth (m). For one-end dish, negati- 0.0
ve value is input.
HPELT Pellet height (m) 0.015
ZFUEL Pellet stack height (m) 3.6576
ZCLAD Cladding length (m). Unnecessary when VPLNU@ is 0.0
input.
FRDEN Fuel density (fraction to theoretical density) 0.95
PITCH Fuel rod pitch (m) 0.0143
DEQ Equivalent hydraulic diameter of the coolant 0.0
channel (m). If zero, calculated from PITCH.
FAREA Coolant flow area (md). If zero, calculated 0.0
from PITCH. (Used for single-rod, 1-D case only.)
ROUF Pellet surface roughness (m) 4.E-6
ROUC Cladding surface roughness (m) 2.E-6
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Table A1 Namelist /NAM/ (Continued)
C s Stored
Name Description Value
FRPUO2 Weight fraction of PuO2 in fuel 0.0
MATCLD Cladding material (=2: zry-2, =4: zry-4) 4
COLDW Cold work of cladding (m2/m2) 0.2
RHOC Cladding density (kg/m°) 6550.
TMELT Fuel melting temperature (K) 3073.15
[ GROUP 2 ] Space Mesh Data
NROD Number of fuel rods to be analyzed 1 (<18)
KRADC Option for two-dimensional calculation. KRADC 0
must be 1 when 1) radiative heat transfer is to be
calculated, or 2) NROD is not equal 1, or 3)four
coolant subchannels around a single rod have
different states.
NODF Number of radial nodes in fuel pellet 4(< 6)
NODS The radial node number at which pellet axial 0
expansion is to be evaluated. If zero, evaluated
at dish shoulder; if no-dish, evaluated at RFOP/2.
NDIV Option for radial mesh. 0
= 0 : rings with equal thickness
=1 : rings with equal volume.
NAXIN Number of axial nodes for pellet stack. Gas 1 (<10)
plena are not included. If positive, pellet stack
is equally divided; if negative, segment lengths
are input by HL
HL(J) ,J=1 Necessary when NAXIN is negative. Lengths of
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61

s Stored
Name Description value

NOCHAN Necessary when KRADC is non-zero.

Number of coolant subchannels. 1(< 30)

NSURF Necessary when KRADC is non-zero. Number of 0 (<150)
face elements (includes such imaginary faces as
symmetry face and subchannel boundaries.)

NBPOIN Number of azimuthal nodes in a rod for two- 20
dimensional ballooning calculation. Either 4, or
12 or 20.

NFORDR Order of Fourier series for expressing azimuthal 2
distribution of strains. ( <NBPOIN/2 - 1)

NSYMSF Necessary when KRADC is non-zero and symmetry is 0
utilized to reduce the geometry. Number of fuel (< 31)
sectors that are completely outside the symmetry
face(s). Used only for those fuel rods whose
centers are on the symmetry face.

NSHRBD Necessary when planar shrouds are to be drawn 0
in two-dimensional plotting, or when rod-shroud (< 51)

contact is to be calculated. Number of planar

shroud elements. Here, 'element' means any strai-

ght part of shroud (an element here can include
several face elements in the subchannel model).

ZAH(I,N) I=1,2
N=1, NROD

Necessary when two-dimensional plotting is to be
made, or when rod-rod or rod-shroud contact is
to be calculated. Coordinates of fuel rod
centers.

ZAH(1,N) : x-coordinate of rod N

ZAH(2,N) : y-coordinate of rod N
Distance is normalized by fuel rod pitch (PITCH)
and the position (0.0, 0.0) comes to the left-
bottom of the paper.
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oy Stored
Name Description Value
SHZAH(K,I,J) Necessary when NSHRBD is non-zero.
=1,2, 1=1,2 o .
=1, NSHRBD SHZAH(1,1,J) : x-coordinate of an end of shroud
. element J
SHZAH(2,1,Jd) : y-coordinate
SHZAH(1,2,J) : x-cordinate of another end of J
SHZAH(2,2,J) : y-coordinate
Unit and origin is the same as for ZAH.
[ GROUP 3 ] Rodwise Fuel State
HOXID(K,L,J,N) | Initial oxide layer thickness of cladding (m). 0.0, 0.0
kK=1,2, L=1,4 | K=1 : inside surface, =2: outside surface.
ﬂ:}’ﬁéééN L is azimuthal sector number; J is axial segment;
N is fuel rod number
DSWEL(L,J,N) Initial displacement of pellet surface at each 0.0
L=1,4 node (m). Used for swelling and relocation.
J=1,NAXIN
N=1,NROD
EPS@(K,L,J,N) Initial cladding strain at each node (true strain, 0.0
K=1,3 dimensionless) K=1: hoop, =2: axial, =3: radial
L=1,NBPOIN
J=1,NAXIN
N=1,NRCD
EPSPO(K,L,J,N) | Initial cladding plastic strain (same as EPS@) 0.0
FRELOC(L,J,N) Fractional relocation of pellet fragment 0.1
L=1,4
J=1,NAXIN
N=1,NROD
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Name Description Sg?sgd
[ GROUP 4 ] Gas Plenum Data
IOPTGF Option for transient gas flow calculation 0
(= 0: uniform pressure; =1: gas flow calculated)
VPLNU@(N) Upper gas plenum volume (m3). If zero, calculated| 0.0
N=1,NROD from the difference of ZFUEL and ZCLAD.
VPLNL@(N) Lower gas plenum volume (m3) 0.0
GASPRS(N) Gas pressure at initial temperature (N/mz). 0.0
N=1,NROD If zero, calculated from GASMOL
GASMOL(N) Total gas moles in a fuel rod (mole). 0.0
N=1, NROD Unnecessary if GASPRS is non-zero.
GASMIX(K,N) Plenum gas composition (K=1: helium, =2: argon 1.0,
ﬁ:}’7NROD =3: kripton, =4: xenon, =5: hydrogen, =6: air, 6x0.0
=7: steam) If all (seven) zero values are input
for a rod, the GASMIX values for rod 1 are used.
[ GROUP 5 ] Time Step and Power Data
TMAX Time span for analysis (end time - start time) (s)| 0.0
DT Uniform time step size (s). 1.0
Unnecessary when the size is time-dependent. It
is not advisable to use a size greater than 2 s.
NTSTP Length of TVSDT (time step size vs. time) table. 0 (< 51)
If zero, uniform step size DT is used.
TVSDT(I,M) Time step size table. TVSDT(1,M): time (s)
I=1,2 TVSDT(2,M); step size (s)
M=1, NTSTP
Linear interpolation is made between time M and
M+1 (same for all the arrays of this type).
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. Stored
Name Description Value
DTSFMX Maximum allowable temperature jump (pellet and 6.0
cladding surfaces) in a time step (K). If DTSFMX
is exceeded, time step is re-divided.
POWER@(N) Average linear heat rating at time zero (W/m) 40000.0
N=1, NROD
NPOWER Length of POWER (relative power vs. time) table. 0 (< 104)
If NPOWER >0, POWER must be input.
NPOWER= -1, ANS+20% table for LOCA is used.
NPOWER= -2, ANS table plus delayed fission
heat.
POWER(I,M) Relative power history table. Omit if NPOWER< O.
I=1, 2 POWER(1,M): . time (s)
M=1, NPOWER POWER(2,M): relative power
Common to all fuel rods. POWER(1,1) should be
zero (initial power). Average linear heat rate
of rod N at M-th period is given by POWERP(N) x
POWER(2,M).
FRTPW(L,N) Azimuthal power fraction. Given for four sectors 4 x 1.0
L=1, 4 in each rod. Unnecessary for uniform case.
N=1, NROD
NRPOW Length of FRPDR (radial power distribution) table. | 0 (< 53)
If zero, uniform heat generation.
FRPDR(I,K) Radial power distribution
I=1,2 FRPDR(1,K): radius (m)
K=1, NRPOW FRPDR(2,K): relative power(normalization is
unnecessary)
FRPDR data can be given at arbitrary radii in
increasing order.
RSCR M Scram reactivity. Necessary when NPOWER= -2. 0.03
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Name

Description

Stored
Value

FAPPO(J)
J=1, NAXIN

Axial power distribution (relative value, normali-
zation is unnecessary)

1.0

GROUP 5 ] Coolant Condition Data

MODSHT

Option for setting boundary condition in thermal
calculation

MODSHT = 1:

2: uniform coolant enthalpy is

cladding temperature is input,

input,

3: inlet (or outlet) enthalpy is
input,

4: coolant temperature and heat
transfer coefficient are input,

5: enthalpy is input at multiple
axial nodes.

NCPRS

Length of TVCPRS (coolant pressure vs. time table).

(<101)

NMFL

Length of TVMFL (mass flux table).
when MODSHT is 1 or 4.

Unnecessary

—_—

(< 101)

NHIN

Length of TVHIN (inlet enthalpy table).
when MODSHT is 2, or 3 or 5.

Necessary

0 (< 101)

NHOT

Length of TVHOT (outlet enthalpy table).
Necessary only when MODSHT is 3 and the coolant
flow can be reversed.

0 (< 101)

NHAV

Length of TVHAV (average enthalpy table).
Necessary when MODSHT is 2.

0 (<101)

TVCPRS(I,M)

I=1, 2
M=1, NCPRS

Coolant pressure history table
TVCPRS(1,M): time (s)
TVCPRS(2,M): coolant prescure (N/m2)
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Name Description 3;?:2d

TVMFL(I,M) Coolant mass flux history (axially uniform)

M=1, NMFL TUMFL(1,M): time (s), TVMFL(2,M): mass flux(kg/m?s)

TVHIN(I,M) Coolant inlet enthalpy history. Rigorous value is

1=1, 2 required when MODSHT is 3; when MODSHT is 2 or 5,
M=1, NHIN this data is used only for subcooled critical

heat flux.

TVHIN(1,M): time (s), TVHIN(2,M): enthalpy (J/kg)

TVHOT(I,M) Coolant outlet enthalpy history. Necessary when

M=1, NHOT MODSHT is 3, and rigorous value is required only
for the flow reversal periods.
TVHOT(1,M): time (s), TVHOT(2,M): enthalpy (J/kg)

TVHAV(I,M) Coolant average enthalpy history. Necessary when

M=1, NHAV MODSHT is 2. Similar to TVHIN and TVHOT.

TIMREF Reflood initialtion time (s). Ignore if reflood 1.0E5
heat transfer is not to be calculated. Reflood
calculation can be made only with MODSHT = 3.

NVIN (Reflood calculation) Length of TVSVIN (reflood 0 (<571)
rate table).

TVSVIN(I,M) (Reflood calculation) Reflood rate history.

1=1,2 TVSVIN(1,M): time (s)
M=1, NVIN TVSVIN(2,M): reflood rate (m/s)

NQUEN (Reflood calculation) Length of TVQUEN (quench 0 (<51)
front elevation table). If zero, quench front is
calculated using FLECHT correlation.

TVQUEN(I,M) (Reflood calculation) Quench front history.

1=1,2 TVQUEN(1,M): time (s), TVQUEN(2,M): quench front
M=1, NQUEN position from stack bottom (m)

NTVSCT Length of TVSCT (boundary condition table for 0 (< 51)

MODSHT =1 or 4 or 5). Ignore if MODSHT =2 or 3.
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Name

Description

Stored
Value

MINTPC

Necessary when NTVSCT# 0, hence when MODSHT=1, 4,
or 5. Unnecessary if thermal boundary conditon
data are input at every axial segment.
MINTPC=0: when boundary condition data are input
at selected axial segments, the condi-
tion of an unspecified segment is set
equal to the next (upper) specified
segment.

MINTPC=1: condition of unspecified segment is
determined by interpolation from upper

and lower specified segments.

JCCND(I)

I=1, N
(N <NAXIN)

Necessary when NTVSCT#0, and used in combination

with MINTPC. Specifies the axial segments for

which boundary condition data are to be input.

JCCND array must end with NAXIN ( top end segment).
[ex.] JCCND = 1, 3, 6 (=NAXIN)

TVSCT(I,M)
M=1, NTVSCT

Thermal boundary condition data. Necessary when
MODSHT=1, 4, or 5, and used in different meanings
depending on the MODSHT value. Following abbrevi-
ations are made for explanation: ti=time (s)

Tg=
temperature, h= heat transfer coefficient

cladding surface temperature (K), Tc= coolant
(w/m’ K)
p= coolant pressure (N/mz), G= mass flux (kg/m2 s),
H= enthalpy (J/kg).

when MODSHT = 1
TVSCT(1,1)= t]
TVSCT(2,1)= TS --- at JCCND(1)

TVSCT(n+1,1)= T ---at JCCND(n) (=NAXIN)

TVSCT(1,2) t,
TVSCT(2,2) T, ---at JCCND(T)

TVSCT(n+1,2)= Tg ---at JCCND(n)
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Name

Description

Stored
Value

TVSCT(I,M)
(continued)

when MODSHT =

TVSCT(1,1)
TVSCT(2,1)
TVSCT(3,
TVSCT(4,1)
TVSCT(5,1)
TVSCT(2n,
TVSCT(2n+]

TVSCT(1,2)
TVSCT(2,2)

when MODSHT =

) =

4

at JCCND(1)

]

n n
3"—!3‘-—1
(o]
| S—
l

c] - at JCCND(2)

1) = ] --- at JCCND(n)
1) =
= t2

Te

5 ( If ICTAPE#0., TVSCT data can

be input not here but at the end by fixed

format).

1

] --- at JCCND(1)

IMOT T MOT ot

] --- at JCCND(2)

,1) = p --- at JCCND(n)

ICTAPE

Used when MODSHT=5. When large amount of TVSCT
data must be input, they can be input either at
the end or from disc in fixed format.

ICTAPE=0:

TVSCT is input here (namelist NAM)
TVSCT is input at the end in fixed
format by card,

same as ICTAPE=5, but by disc

or tape through logical machine

number 30 (READ(30)).
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Name

Description

Stored
Value

ICHSUM

Used when MODSHT=3, Option for coolant enthalpy
calculation.
=0: all subchannels are at the same condition,
=1: heat balance in each subchannel is
independently calculated.

[GROUP 7 1 Miscellaneous Data

ICNTCT

Specifies the pellet-clad contact condition at
time zero.
=0: no effect,
=1: contact condition is anticipated at time
zero and careful setting of initial condi-
tion is made by the code.

TLOWMA

Lowest temperature that metal-water reaction is to
be calculated (K).

973.15

RATEMW

Metal-water reaction heat (J/kg-Zr)

6.512E6

COEFMW(TI)
I=1,2

Metal-water reaction rate contants (weight gain)
w?= COEFMW(1) exp[-COEFMW(2)/RT]
unit: (kg-Zr)Z/m4s, cal/mole

1.13E-6
3.59E4

HAINP

Hagen number for axial gas flow calculation

200.0

ITDIM

Option for axisymmetric temperature calculation
used when the conditon is axisymmetric in single-
rod calculation for saving calculation time.

=0: r-6 2-dimensional, =1: axisymmetric
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Stored

Name Description Value

[ GROUP 8 ] Lineprinter Output Control
Three subroutines PRIN2D, PRINT1 and PRINT2 are provided
for printout whose functions are:

PRINZD: outputs the results at specified time steps
in all sectors, axial segments and rods
(possible to cut unnecessary data).

PRINTT: supplementary to PRIN2D. Used to printout
the axial (or radial) variation of selected
arrays in selected rods (one sector in
each rod).

PRINT2: History table of important variables at
selected positions (about 200 periods are
recorded automatically ).

MTSS If MTSS=1, initial cold condition printout is 0
skipped. (input card image is always output).
NTPRIN Total number of printout periods with PRIN2D and 1 (< 51)
PRINT1 (1ength of TPRINT table)
TPRINT(I) Printout time (s)
I=1,NTPRIN
IPRND(L ,J,N) Flag for PRIN2D printout. If zero, output 1
L=1,4 ces s .
J=1. NAXIN at that position is skipped.
N=1, NROD
LPRNT1(N) Positional flag for PRINTT output. If zero, no 0
N=1, NROD PRINT1 output is made for the rod; if 1, 2, 3, or
4, printout is made for the corresponding fuel
sector in the rod. Must not be greater than 4.
IPRCAT(1I) Flag to specify the array set to be output in 6x0, 1
I=1, 7 PRINT1. If zero, printout is not made. By 1

to 7, following data sets are provided:
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Name Description 3:?:2d
IPRCAT(I) I=1 to 7 correspond to the following data sets:
(continued) I=1: time, power, time step size etc.,

=2: center and surface temperatures of pellet
and cladding, surface heat flux etc.,
=3: coolant conditions,
=4: variables related to gap heat transfer,
=5: stress and strain of cladding,
=6: fuel rod dimensions,
=7: radial temperature distribution.
[ex.] If NROD=3, LPRNT1=0.,0,4, and
IPRCAT=3x0,1,3x0, then only the gap states
of sector 4 of rod 3 are output in all
axial segments by PRINTI.
KPRHIS Specifies the variables sets to be output in 0
PRINT2 history table:
=0: power, temperature and thermal variables,
=1: power, dimension, stress, strain.
NPRHIS(I) Specifies the positions that PRINT2 output is to 10x0
I1=1,10 be made. NPRHIS data are also used to specify
the positions of historical plot. Each NPRHIS
value must be given as an integer determined by
NPRHIS(I)= Nx10000 + Jx100 + L
where N is rod number, J is axial segment, and
L is sector number. PRINT2 output is made at
max. 10 positions.
[ GROUP 9 ] Plot Specifications
Two subroutines for plotting are provided:
FTPLOT: history graph type plotting, whose position is
specified by NPRHIS in group 8.




plot).
axis variables (x-axis is time).

I=1 to 15 correspond to the following y-

I=1: 1linear heat rating (W/m)

=2: cladding outer surface temperature (K)
=3: cladding inner surface temperature (K)
=4: pellet outer surface temperature (K)
=5: pellet inner surface temperature (K)
=6: coolant temperature (K)

=7: coolant quality

=8: heat transfer coefficient (w/m2 K)

=9: c¢ladding hoop strain

=10: cladding plastic hoop strain

=11: cladding plastic axial strain

=12: fuel rod gas pressure (N/mz)
=13: coolant pressure (N/mz)

=14: critical heat flux (W/m’)
=15: surface heat flux (W/m?)
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Name Description Stored
Value
PL2D two-dimensional plotting. It produces a cladding
deformation map of all rods at the specified
elevation of the bundle and specified time. Rod
surface temperatures are indicated on the map.
IPLOT Option for plotting. (=0: no plot, =1: plot) 0
NTPLOT Total time periods that PL2D plotting is made. 0 (< 51)
TPLOTN(I) Time periods that PL2D plotting is to be made.
I=1,NTPLOT
IPL2DJ(I) Axial segment numbers that PL2D plotting is made. 0
I=1,K =0: no plot
(K< NAXIN) =J: plot at segment J with rod surf. temperature
=-J: plot at segment J without temperature.
IPLOTM(1) Flags to specify the variable for FTPLOT plot 15x1
I=1, 15 (=0: no plot, =1: plot , =-1: plot on the previous
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C s Stored
Name Description Value
WXAX Length of x-axis in FTPLOT history plot (mm) 150.0
WYAX Length of y-axis (mm) 200.0
TBLX(K) K=1: minimum value of x-axis (s), 0., 50.,
K=1,3 =2: maximum value of x-axis (s), 10.,
=3: scale interval (s).
TBLY(K,I) Specifies y-axis in a similar way with TBLX.
K=1, 3 Index I corresponds to the variables of IPLOTM(I).
I=1, 15 Stored values are (units shown for IPLOTM):
K=l K=2 K=3
I=1 0.0 6.0E4 1.0E4
I=2to 5 0.0 2500. 500.
I= 6 200. 800. 100.
I=7 0.0 1.0 0.2
I= 8 0.0 8.0E4 2.0E4
I= 9 to 11 0.0 0.05 0.01
I=12 to 13 0.0 2.0E7 6.0E6
I=14 to 15 0.0 1.0E7 2.0E6
MPTAP Used when the historical output data are to be 70
stored in disc or tape for off-line plotting. If
zero, no effect. If non-zero, data storage is
made by WRITE(MPTAP), so that a file must be
allocated to logical machine number of MPTAP.
When MPTAP # 0, all the variables (I=1 to 15) are
stored regardless of the IPLOTM input values, but
the positions are specified by NPRHIS(I) of group 8
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Table A2 Fixed-Format Card Group 1  Bundle Geometry Data

Necessary when KRADC = 1, and put after namelist NAM cards.

Column

Variable

Descriptien

Card 1 Channel Data (NOCHAN cards are successively input.)

Snecifies from which faces each subchannel is composed (sur-

rounded).
1- 3 comment field
4 - 10 | ITYP(I) channel type
11 - 15 [ISUF(1,1) | sequential (whole bundle) face number for local face index
1 of subchannel I
16 - 20 |ISUF(2,I) | sequential face number for local face index 2
46 - 50 | ISUF(8,1) | sequential face number for local face index 8
51 - 60 |FAREAH(I) | subchannel flow area (m2). If zero, calculated by the code.
(E10.3) Used for correction of the approximated bundle geometry.

Card 2 Fuel Rod Surface Element Data (One card for each face element

in order of face element sequential number)

1- 3
4 - 6
7- 9
10 - 12
13 - 15
16 -20

NSF1
blank
MATER
IROD(1,I)
IROD(2,1)
EMISSF

sequential face number of face element I

must be 2, which shows that the element is rod surface.
fuel sector number that the element I belongs to.
fuel rod number that the element I belongs to.

emmissivity of face I (F5.0)

Card 3  Shroud Surface Element Data

One card describes a group of face elements with the same
property and with continuous sequential numbers.

1-3
4 -6

NSF1
NSF2

sequential face number of the first face of the group

sequential face number of the last face of the group
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Table A2 Fixed-Format Card Group 1 (Continued)

Column | Variable Description
7 9| MATER must be 1, which shows that the element is shroud surface.

10 - 12| IROD(1,I) | shroud type of group I elements.
=0: shroud temperature is set equal to that of coolant,
=1: no heat flow across shroud (heat capacity only)
=2: heat flow across shroud (used for periphery).

13 - 15| blank

16 - 20| EMISSF emmissivity of the face element group (F5.0)

21 - 30|SHRTBL(1,I)| necessary when IROD(1,1)=1 or 2.

SHRTBL(1,1) = p C, d
where p is density (kg/m>); C, is specific heat (J/kg); d

is thickness (m). (E10.4)
31 - 70|SHRTBL(L,I)| necessary only when IROD(1,I)= 2. (4€10.4)
L=2, 5 SHRTBL(2,I) =d ; (3,I) = thermal conductivity (W/m K)
(4,1) = external coolant tempearature (K)
(5,I) = heat transfer coefficient to external coolant
(W/m? K)
Card 4 Imaginary Face Element Data
Normally two cards are necessary: one for boundary faces and
the other for symmetry faces. Whichever of the two may come
first if it has younger sequential numbers.
1-3 NSF1 sequential number of the first (boundary or symmetry) face
element
4 -6 NSF2 sequential number of the last face element of the group.
7 - 9 | MATER =0 for symmetry face (group); =3 for boundary face.
Card 5 Symmetry Relationship Data Omit if NSYMSF=0.
FORMAT(16(13,2I1)), (NSYMSF/16 + 1) cards are necessary.
2 - 3 |ISYMSF(1,1)| rod number (located on symmetry face)
ISYMSF(2,T1) fuel sector number completely outside the symmetry face.

ISYMSF(3,1)

fuel sector number with which ISYMSF(2,1) is symmetrical.
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Coolant Condition Data

This group of cards is necessary when MODSHT = 5 and ICTAPE = 5 or 30. When
ICTAPE = 5, the following data are input by cards; when ICTAPE = 30, they are in-
put by disc or tape from logical machine number 30 according to the same format.

Card| Format| Variable Description
1 E10.4 | TVSCT(1,1) time (s) (first data point)
2
1-1 [3E10.4 | TVSCT(2,1) coolant pressurg (N/m%) First axial block
TVSCT(3,1) mass flux (kg/m° s) (JCcCND(1))
TVSCT(4,1) enthalpy (J/kg)
1-2 [310.4 | TVSCT(5,1) pressure (N/m%)
TVSCT(6,1) mass flux (kg/m’ s) SefgggNg’(“zﬂ block
TVSCT(7,1) enthalpy (J/kg)
1-n [3E10.4 | TVSCT(3n-1,1) | pressure, mass flux, enthalpy top block
to
TVSCT(3n+1,1) (JCCND(n))
2 E10.4 | TVSCT(1,2) time (s) (second data point)
2-1 [3E10.4 | TVSCT(2,2) pressure, mass flux, enthalpy (JCCND(1))
to (4,2)
m £10.4 | TVSCT(1,m) time (s) (1ast data point m=NTVSCT)
m-n TVSCT(3n+1,m) | enthalpy (J/kg) (JCCND(n))
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Table A4 Sample input card image
(The bundle geometry of this sample problem is based on Fig. 3)

1 2 3 4 5 6 7 8

CARD NO. ....5....0....5....00¢005.00e0000eS50uee0ieeeSeeeeDinneScncc0enneSeeeelececS5encnal
1. //JCLG JOB 00000100
2. // EXEC JCLG 00000200
3. //SYSIN DD DATA,DLM="+4+" 00000300
4. // JUSER B4742179,MA.UCHIDA,0937.200 00000400
5. W.1 T.6 C.6 P.O 1.4 00000500
6. GRP 00000600
7. OPTP MSGCLASS=0 00000700
8. OPTP PASSWORD=18518 00000800
9. /+*JOBPARM S=SYSC 00000900
10. // EXEC FORTHE,S0=J2179.FRE2S,A="ELM(*),NOS,FLAG(W)"',REGION=1500K 00001000
11. // EXEC LKEDCT,LM=J2179.FRBLB3T,GRLIB=PNL,UNIT=TSSWK 00001100
12. // EXEC LMGO,LM=J2179.FRBL83T,0BSIZE=137 00001200
13. // EXPAND GRNLP 00001300
14. // EXPAND DISK,DDN=FTSOFO01) ________ (two files for two non-zero values 00001400
15. // EXPAND DISK,DDN=FT51F001 " of NPRHIS) 00001500
16. // EXPAND DISK,DDN=FT70F001 =--=-===-=~~- (a file for plotting data) 00001600
17. //SYSIN DD x 00001700
18. SAMPLE PROBLEM WITH MODSHT=3 AND WITH REFLOODING 00001800
19. &NAM HPELT=0.00953, ZFUEL=2.743, ZCLAD=2.943, 00001900
20. GASPRS=2*3_.2E6, POWER0=1553.0, 1412.0, 00002000
21. RFOP=0.00413, RCIP=0.004205, RCOP=0.004815, RDISH=0.,PITCH=0.0127, 00002100
22. TMAX=90., DTSFMX=25.0, MTSS=1 TIMREF=S0., 00002200
23. NOCHAN=6, NROD=2,NSURF=24,NAXIN=-S,NBPOIN=20,NVIN=1,NQUEN=0, 00002300
24, NRPOW=0,NCPRS=1,NMFL=2,NHIN=1,NHOT=1, NTSTP=5, 00002400
25. NPOWER=1,NTPRIN=2, MODSHT=3, NSHRBD=2, NFORDR=6, 00002500
26. NPRHIS=10302, 10402, 8%0, LPRNT1=2, 2, 00002600
27. KPRINT=01,KPRHIS=0,I1CNTCT=0,KRADC=1,NSYMSF=1, IPRCAT=620,1, 00002700
28. IPLOT=1, IPLOTM=15%0, IPLOTM(3)>=1, I1PL2DJ=2,3,4, NTPLOT=3, 00002800
29. WXAX=180., WYAX=140., TBLX=0.0, 180., 20.,TBLY(1,3)=500., 1200., 100.,00002900
30. ZAH=2.0, 2.0, 1.0, 2.0, SHZAH=2.5,2.5, 0.5,2.5, 0.5,2.5, 0.5,0.5, 00003000
31. FAPP0=0.884,1.259, 1.224, 0.918, 0.554, 00003100
32. HL=0.909, 0.534, 0.533, 0.534, 0.233, 00003200
33. TPLOTN=60., 70., 80., TPRINT=60., 80., 00003300
34, TVCPRS=0., 2.76ES, TVMFL=9.,97., 10.,1.0, TVHOT=0.,5.E6&, 00003400
35. TVHIN=0., 2.824E6, TVSVIN=50., 0.051, POWER=0.,1.0, 00003500
36. IPRND=612%0,IPRND(1,2,1)=12x1, IPRND(1,2,2)=12%1, 00003600
37. TVsDpT7=8.0,1.0, 8.99,0.10, 10.0,0.10, 15.0,1.0, 20.0,2.0, 00003700
38. FRELOC(1,1,1)=1.0,3%0.0, 1.0,3*%0.0, 1.0,3%x0.0, 1.0,3%0.0, 00003800
39. FRELOC(1,1,2)=2%0.,1.0,3%0.0, 1.0,3%0.0, 1.0,3%0.0, 1.0,3%x0.0, 1.0,0.,00003900
40. &END 00004000
41. CH1 1 1 19 16 11 00004100
42. CH2 2 21 2 4 19 20 121 00004200
43. CH3 6 5 20 22 13 00004300
44. CH4 3 7 21 23 3 08 17( 7 7TTT7C (subchannel data) 00004400
45. CHS 2 23 5 9 22 24 14 00004500
46. CH6 1 10 24 18 15 J 00004600
47, 1 2 1 10.75 N 00004700
48. 2 2 4 10.75 00004800
49, 3 2 3 10.75 «= =wo--. (face element data) 00004900
50. 4 2 1 2 0.75 00005000
51. 5 2 4 20.75 L 00005100
s2. 6 2 3 20.75 00005200
53. 7 2 2 20.75 00005300
54. 810 1 © 0.75 00005400
55. 11 15 1 2 0.3 31000. 0.015 15.0 523. 10000. 00005500
56. 16 18 0 J 00005600
57. 19 24 3 00005700
58. 126 cm e iic e cmeemm -- (symmetry relationship) 00005800
59. ++ 00005900
60. // 00006000

ceee5....0....5....0....5....0....5....0....5....0....5....0....5....0....5....0
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An example of FRETA-B output is shown in Table B1. Single rod calculation was select-
ed for minimizing the amount of output pages. Subroutines PRIN2D and PRINT?2 (see Table

A1) were used.

Table B1 Sample output

WALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3)
esssissesEsasEerscranss
s INPUT VALUES (NAM) =

cashkeesEsenssens ses

COLD STATE TEMPERATURE OF FUEL ROD
FUEL INNER RADIUS (AT TEMPO)

FUEL OUTER RADIUS (AT TEMPO)

CLAD INNER RADIUS (AT TEMPO)

CLAD OUTER RADIUS (AT TEMPO)

PELLET HEIGHT (AT TENMPO)

LENGTH DFf PELLET STUCK(AT TEMPO)
LENGTH OF FUEL ROD (AT TEMPO)

PELLET DISH DEPTH (AT TEMPO)

PELLET DISH SHOULDER RADIUS (AT TEMPO)
FRACTIONAL FUEL DENSITY TO THEQORETICAL DENSITY
ROD PITCH

EQIVALENT DIAMETER

COOLANT FLOW AREA

FUEL SURFACE ROUGHNESS

CLADDING SURFACE ROUGHNESS

WEIGHT FRACTION OF PUDR2
OPTION FOR CLADDING MATERIAL
COLD WORK

PELLET MELTING TEMPERATURE
CLADDING DENSITY

RODC 1) DATA
PLENUM VOLUME (UPPER)
(LOWER)
PLENUM TEMPERATURE
GAP GAS PRESSURE (AT TEMPO)
GAS MOLES IN GAP AND PLENUM (AT TEMPO)
F{LL GAS COMPOSITION
MOLE FRACTION HELIUM
MOLE FRACTION ARGON
MOLE FRACTION KRYPTON
MOLE FRACTION XENON
MOLE FRACTION HMYDROGEN
MOLE FRACTION AIR
MOLE FRACTION WATER VAPOR

WALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3)
NUMBER OF CHAMNEL
NUMBER OF ROD
TOTAL NUMBER OF SOLID FACE ELEMENT
NUMBER OF AXIAL NODES
NUMBER OF NODES IN FUEL
NUMBER OF NODE IN CLADDING
NODE NUMBER FOR CALC. AXIAL ELONGATION
OPTION FOR FUEL RADIAL MESH (=0: EQUIDIST.,=1: EQUIVOL.)
NUMBER OF CIRCUMFERENTIAL NODE POINT FOR BALLOONING CAL.
NUMBER Of ORDER FOR BALLOONING FITYING FUNCTION
NUMBER OF FUEL SECTOR OUTSIDE THE PARTIAL BUNDLE

INITIAL TIME OF TRANSIENT CALCULATION

THE DURATION OF THE TRANSIENT

THE REFLUDDING TIME

TIME STEP SIZE

NUMBER OF TIME-TIME STEP SIZE PAIRS

MAXIMUM TEMPERATURE CHANGE AT CLADDING OUTER SURFACE

NUMBER OF TIME-POWER(LINEAR HEAT RATE) PAIRS

INITIAL POWER (LINEAR HEAT RATE) FOR ROD(I)
28000,

ACCUMULATED SURNUP UP TO START TIME FOR RODCI)

0.0

NUMBER OF RADIUS-POWER FRACTION PAIRS
RADIAL POWER PROFILE(PAIRS OF RADIUS AND POWER FRACTION)

CPU TIME=

293.15(DEG.K)

0.0 LIS
5.335E-03¢ M
5.450€E-03( M )
6.390€-03C M )
1.300E-02¢ M )
0.5450¢ M )
1.0000¢ M )
0.0 (M)
0.0 [ B
0.95000(FRACTION)

1.630E-02¢C M )
1.369E-02¢C M )
1.374E-04(Mue2)
4.000€-06C M )
2.000E-06C M)

0.0 CFRACTION)
2
0.20000(Maa2/Mes2)

3073.14990(DEG.K)
6550.00(KG/M3)

4.246E-05(CUB. M)
0.0 (CuB. M)
293.14990(DEG.X)
1.000E+0S(N/M2)
0.0018285(MOLES)

0.1000000

000000

CPU TIME=

~
ONOOUM VLD~

0.0(SECONDS)
30.00(SEC)
100000.00(SEC)
1.000E-02¢ SEC )
9
6.0000
&
(Ww/M)
(MWD /KGU)

&

] ,1.08000 1.778€-03,1.13500 3.557E-03,1.30000 5.335€-03,1.57000

0.
CIRCUMFERENTIAL POWER PROFILE FOR ROD(I)
1.000 1.000 1.000 1.000
SCRAM REACTIVITY

OPTION FOR SETTING THE BOUNDARY CONDITION

NUMBER OF TIME-COOLANT PRESSURE PAIRS

NUMBER OF TIME-MASS FLUX PAIRS

NUMBER OF TIME-INLET ENTHALPY PAIRS

NUMBER GF TIME-OUTLET ENTHALPY PAIRS

NUMBER OF TIME-AVERAGE ENTHALPY PAIRS

NUMBER Of TIME-COOLANT CONDITION(TVSCT) PAIRS
INTERPOLATION OPTION FOR COOLANT INPUT DATA

UNIT NUMBER FOR COOLANT DATA READ(=O.NAMELIST INPUT)

TRANSIENT GAS FLOW MODEL (=1..0M, =0..0FfF)
TWO DIMENSIONAL RADIATION CALCULATION(=1.0ON,=0.0FF)
ONE DIMENSIONAL CALCULATION FLAG(=1.0K,=0.0fF)
PCI1 CALCULATION AT INITIAL STEP (=1..0N,=0..0FF)
FLOW BLOCK.(=0.0FF,=1.WETTED PER.=RO0 SURF,=22.ALL)
LOWER LIMIT TEMPERATURE FOR METAL WATER REACTION
REACTION MEAT RATE BY METAL WATER REACTION
COEFFICIENTS FOR METAL WATER REACTION EQUATION

W o= COEFMW(1)=EXP(-COEFMWC2) 7 (ReT) )

COEFFICIENT HA FOR TRANSIENT FLOW CALCULATION
PELLET THERMAL EXPANSION MODEL

OPTION FOR COOLANT ENTHALPY CALC.(x0.AV.,31.EACH)
RELOCATION FACTOR OISPRL=RELOCTe(RCI-RFO)

0.03000

O~“00O0 OMNONNNNW

973.14(DEG.K)
6512000.0¢J/KG.21IR.)

0.00000

35900.00
200.0
1

o
1.000

0.045

0.047

PAGE( 1/ 1

TEMPO
RFIP
RFOP
RCIP
RCOP
HPELT

"IFUEL

ICLAD
DDEPTH
RDISH
FRDEN
PLTICH
DEQ
FAREA
ROUF
ROUC

FRPUO2
MATCLD
COLDW
TMELY
RHOC

VPLNUO
VPLNLO
TPLEN

GASPRS
GASMOL

GASMIX(1)
GASMIX(2)
GASMIX(3)
GASMIX(4)
GASMIX(5)
GASMIX(8)
GASMIX(T)

PAGEC 2/ 2)
NOCHAN
NROD
NSURF
NAXIN
NODF
NODC
NODS
NDIV
NBPOIN
NFORDR
NSYMSF

POWERG(])
BURNO(1)

NRPOW
FRPDR(2,NRPOW)

FRIPW(4, 1)
RSCRM

MODSHT
NCPRS
NMFL
NHIN
NHOT
NHAV
NTVSCT
MINTPL
1CTAPE

10PYGF
KRADC

I1DIM

1CNTCT
KFLBLK
TLOWMY
RATEMW

COEFMW(1)
COEFMW(2)
HAINP
MODEXP
1CHSUM
RELOCTY
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Appendix B Sample Output

Table B1 Sample output (Continued)

HALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MOOSKTe3)

OPTION FOR PRINT QUT(=01(PRIN2D~ON),=10(PRINT120N)

NUMBER OF PRINY OUT TIME

NUMBER OF PLOT QUT TIME(PL2D)

PRINT FLAG FOR PRINT1 CATEGORY(w1.ON,=0.0FF)
[ o 0 ] o o ] -]

TYPE OF TIME STEP TABLE [

NODE NUMBER FOR TIME STEP TABLE(ROD®10000+IAX¥100+THEY)

10101 [] [} 0 ] o 0 0
PRINT FLAG FOR PRIN2D(L,IAX,IROD)=1..0K,=0..0FF

N

€1, 1, =102, 1, 1D=1¢3, 1, 1s1C 4, 1, D=1C1, 2, D=1C 2, 2,
€1, 3, =102, 3, V=13, 3, 1I=1C 4, 3, 1=
OPTION FOR PLOY OUTPUT (=1..0N,=0..0FF) 0
CRITICAL HEAY FLUX FUNCTION ]
CLADDING STRESS-STRAIN FUNCTION -]
SKIP INPUT DATA LIST PRINT (=1.YES,=0.NO) °
OPTION FOR DEBUGGING ]
HALOEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHTe3)
AXIAL NOOE NO. - 1 2 3
AXTAL LEVEL(M) = 0.091 0.272 0.454
AXIAL NODE LENGTH(M)= 0.182 0.182 0.182
AXIAL POWER PROFILE s 1,000 1.000 1.000
RADIAL NODE RADII(M)= 0.0 0.00127 0.00253 0.00380 0.00507 0.00533
RADIAL POWER PROFILE= 0.8142 0.8360 0.8989% 1.0030 1.1483 1.1841

POWER RATID VS TIME

ssses TIME DEPENDENT VARIABLES szsss
NPOWER(C 6),POWER POWER(W/M) =POWEROCIROD) sPOWER(1)
(SEC)

TIME -101.0000 -100.0000 0.0 0.7000 1.0000
POWER RATIO 0.0 1.00 1.00 0.06 0.08
TIME STEP SIZE NTSTPC 9),TVSOT
TIME (SEC) ~101.0000 -99.0000 -95.0000 -20.0000 ~-0.0001
TIME STEP (SEC) 0.10000 0.20000 4.00000 4.00000 2.00000
PRINT OUT STEP NIPRINC 3
TPRINT(SEC) 0.0 1.000 30.000
COOLAKT PRESS. NCPRSC 2),TVCPRS
IME (SEC) 0.0 30.0000
PRESSURE(N/M2) 3.40E+06 3.40E+06
MASS FLUX NMFL ¢ 2),TVMFL
TIME (SEC) 0.0 30.0000
MASS FLUX(XG/M2-S) 2500.00 2500.00
INLET ENTHALPY NHIN ¢ 2),TVHIN
TIME (SEC) 0.0 30.0000
ENTHALPY (J/XG) 1040000.0 1040000.0

OUTLET ENTHALPY

NHOT ¢ 2),TVHOT
TIME (SEC) 0.0 30.0000
ENTHALPY (J/7KG) 1060000.0 1060000.0

CPU TIME= 0.052 PAGEC 3/ 3
KPRINT
NTPRIN

NTPLOT

IPRCAT(1)
XPRHIS

o NPRHISCI)
IPRND(L,1,3)
1=1C 4, 2, 1=

1¥=1¢ 3, 2,

1PLOT
KCRITH
KSTRAN
MTSS
1DEBUG
CPU TIME= 0.054 PAGEC &/ &)
0.00545 0.00639
30.0000
0.04
0.0 0.7000 1.0000 30.0000
0.05000 6.05000 0.10000 2.00000
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Table B1 Sample output (Continued)
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HALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3) CPU TIMEs 2.427 PAGEC 1/ 5)
TIME 0.0 (SECONDS)
TIME STEP SI2E(NEW,0LD) 2.16246 2.46249 (SECONDS)
ROD  ROD FUEL CLAD PLENUM TEMPERATURE PLENUM VOLUME ROD
NO. POWER LENGTH LENGTH UPPER LOWER UPPER LOWER RUPTURE
(W/M) (M) «Mm (DEG.K) (MMxs3) (MMe23) FLAG
1 28000.000 0.550 1.001 514,029 0.0 42027.3 0.0 o
ROD AXIAL THETA LINEAR FUEL FUEL CLAD CLAD GAPCON HEAT SURFACE RADIANT HEAT
. HEAT CENTER SURFACE INNER OUTER TOTAL TRANSFER HEAT HEAT TRANSFER
NO NO. NO. RATE TEMP. TEWMP. TEMP. COEFF FLUX FLUX MODE
(W/M) (DEG.K) (DEG.K) (DEG.K) (M/M2-K) (W/M2) (W/M2)
1 1 1 28000.0 1519.96 843.88 §78.00 532.79 3166.8 37869.6 710544.7 0.0 2
1 1 2 28000.0 1528.32 865.78 576.85 $31.94 2893.4 39369.2 705040.%4 0.0 2
1 1 3 28000.0 1537.26 889.19 $75.20 531.71 2575.6 38642.8 683211.4 0.0 2
1 1 & 28000.0 1528.40 865.91 577.25 $32.36 2895.4 38450.1 704661.4 0.0 2
1 2 1 28000.0 1521.90 852.02 575.32 $31.43 2958.9 39722.3 691076.5 0.0 2
1 2 2 28000.0 1527.15 855.34 579.52 5$32.80 3156.2 38967.7 731434.9 0.0 2
1 2 3 28000.0 1539.40 299.94 s72.21 530.44 2365.9 40085.3 657855.1 0.0 2
1 2 4 28000.0 1527.16 855.42 5$79.88 533.18 3158.9 38173.5 731000.2 0.0 2
1 3 1 28000.0 1519.86 845.25 575.99 $31.03 3108.3 41602.4 707149.7 0.0 2
1 3 2 28000.0 1527.61 853.28 577.11 531.80 2947.7 39980.7 710399.7 0.0 2
1 3 3 25000.0 1537.27 891.71 573.76 $30.71 2516.2 40SSR.9 676480.8 0.0 2
1 3 4 28000.0 1527.61 863.15 577.24 531.91 2950.8 39743.9 710723.3 0.0 2
COOLANT CONDITION
INLET ENTHALPY 1.04E¢06(J/XKG) OUTLET ENTHALPY 1.06E+06(J/KG) AVERAGE ENTHALPY 1.08E+06(J/KG) REFLOOD RATE 0.0 CM/SEC)
AXIAL CHAN. COOLANT SATU. COOLANT veIo QUALITY CRITICAL COOLANT MASS CHANNEL CHANNEL HEATED FLOW
TEMP. TEMP. ENTHALPY FRACTION HEAT PRESSURE  FLUX FLOW EQul. EQUL. BLOCK
NO. fLUX AREA DIAMETER OIAMETER RATIO
(DEG.K) (J/KG? (W/N2) (N/M2) (KG/M2-5) (M2) M) M)
1 1 $14.03 $14.03 1047437, 0.131¢ 0.0032 3184830. 3400000. 2500.00 1.37E-04 0.0136¢9 0.01369 1.00000
e 1 514.03 $14.03 1062310, 0.3594 0.0116 3134681. 3400000. 2500.00 1.37£-04 0.01369 0.01369 1.00000
3 1 514.03 514.03 1077182, 0.4942 0.0201 3088142. 3400000. 2500.00 1.37E-04 0.01369 0.01369 1.00000
HALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3) CPU TIME= 2.431 PAGEC 2/ &)
TIME .0 (SECONDS)
ROD AX THET SURFACE RADIUSCAT TRANSIENT) GAP OXIDE OXYGEN REACTION FUEL ROD CENTER ROD
PELLET PELLET CLADDING CLADDING THICK. FILM CONTENT HEAT AY CENTER SHIET CROSS
NO NO WO CENTER SURFACE INNER QUTER THICK. CLAD OUT SHIFT ¢ X cyY > SECTION
(M) CH) «CM) [ B (M) (MICRONS) (KG/M3) (W/N2) «m) « M (") « "2
11 1 0.0 5.45E-03 S.44E-03 6.40E-03 1.19€-05 0.0 4.55E+400 0.0 1.04E-06 0.0 0.0 1.29E-04
11 2 0.0 S.4S5E-03 S.448E-03 6.40E-03 1.19€-05 0.0 6.55E+00 0.0 3.73E-09
11 3 0.0 $.45SE-03 S5.46E-03 6.40E-03 1.19£-05 0.0 6.55e+00 0.0 -1.04E-06
11 4 0.0 5.45E-03 5.48E-03 6.40E-03 1.19E-05 0.0 6.55£400 0.0 -3.73E-09
1 2 1 0.0 5.456-03 S5.46E-03 6.40E-03 1.19E-05 0.0 6.55€+00 0.0 1.09E-06 0.0 0.0 1.29E-04
1 2 2 0.0 5.45E-03 S5.46E-03 4.40E-03 1.19E-05 0©.0 6.55E+400 O0.0 -1.12E-08
1 2 3 0.0 5.45E-03 S5.48E-03 4.40E-03 1.19E-05 0.0 6.55£+400 0.0 -1.09€-06
1 2 6 0.0 §.45E-03 5.46E-03 6.40E-03 1.19E-05 0.0 6.55E+00 0.0 1.12€-08
13 1 0.0 5.45E-03 S5.46E-03 &.40E-03 1.19E-05 0©.0 6.55€+00 0.0 1.08E-06 0.0 0.0 1.29E-04
1 3 2 0.0 S.45E-03 5.46E-03 4.40E-03 1.19€-05 0.0 6.55€+00 0.0 -9.31E-09
1 3 3 0.0 $.45E-03 S.46E-03 &6.40E-03 1.19E-05 0.0 6.55€+00 0.0 ~1.06E-06
1 3 4 0.0 S.AS5E-03 5.48E-03 6.40E-03 1.19€-05 0.0 6.55E400 0.0 9.31E-09
ROD AXIAL THETA RUPTURE AXIAL AXIAL ELONGATION PELLET PELLET PELLET GAP CONTACT RUPTURE
FLAG NODE CRACK DISH CHANFER GAS PRESSURE FLAG
NO. NO. NO. LENGTH PELLET CLAD VOLUNE VOLUME VOLUME PRESSURE
(M) «m) [N 20 (M3) (M3) (M3) (N/M2) {N/M2)
1 1 1 [ 0.1834 0.00171 0.00030 1.626-08 0.0 6.21E-09 1.85E+05 7.19E+06 0
1 1 2 (] 0.1834 0.00175 0.00019 1.60E-08 0.0 6.23E-09 1.85E+405 S5.34E+06 0
1 1 3 [ 0.1838 0.00179 0.00016 1.58€-08 0.0 6.18E-09 1.85E+05 4.75E+06 0
1 1 & o 0.1834 0.b017s 0.00019 1.60E-08 0.0 6.236-09 1.8SE+05 5.34E+06 [
1 2 1 [ 0.1834 0.00171 0.00031 1.61E-08 0.0 6.15€-09 1.835E+05 7.99E+06 ]
1 H 2 [} 0.1834 0.00175 0.00019 1.62E-08 0.0 6.326-09 1.85E+05 4.63E+06 0
1 2 3 0 0.1835 0.00180 0.00017 1.56E-08 0.0 6.09€E-09 1.85E+05 S.59E+06 0
1 2 & o 0.1834 0.00175 0.00019 1.62E-08 0.0 6.32E-09 1.85E+05 4.64E+06 0
1 3 1 0 0.1834 0.00171 0.00030 1.62E-08 0.0 6.20€E-09 1.85E405 7.4L0E+06 ]
1 3 2 0o 0.1834 0.0017% 0.00019 1.60E-08 0.0 6.24E-09 1.835E+03 5.16E+06 0
1 3 3 [} 0.1438 0.00179 0.00017 1,.57E-08 0.0 6.168-09 1.85E+05 4.96E+06 0
1 3 4 0 0.1834 0.00175 0.00019 1.60E-08 0.0 6.25€-09 1.85E+403 S5.17E+08 ]
ROD AXIAL THETA ANGLE CLADDING CLADDING TOTAL STRAIN CLADDING PLASTIC STRALIN CLADDING STRESS
OUTER
NO. NO. NO. RADIUS HOOP AXIAL RADIAL HOOP AXIAL RADIAL HOOP AXIAL EQUIVALENT
(RAD.) «n (M/M) (.74} (M/m) m/M) (M/M) (M/M) (N/H2) (N/M2) (N/M2)
1 1 3 0.7854 0.005931 0.0019 0.0017 0.0015 e.0 0.0 0.0 2.50E+07 4.73E+07 3.66E+07
1 1 8 2.3562 0.005931 0.0019 0.0011 0.0017 0.0 0.0 0.0 1.34E+407 -4.73E+06 1.5S5E¢07
1 1 13 3.9270 - 0.005931 0.0019 0.0009 0.0018 0.0 0.0 0.0 9.65E+06 -1.78E+407 2.46E«07
1 1 18 5.4978 0.005931 0.0019 0.0011 0.0017 ¢.0 0.0 0.0 1.34E+07 -4.59E406 1.54E+07
1 2 3 0.7854 0.005931 0.0020 0.0017 0.0015 0.0 0.0 0.0 3.01E+07 S.16E+07 3.97E+07
1 2 8 2.3562 ©0.005931 0.0019 0.0010 0.0018 0.0 ¢.0 0.0 8.93E+08 -8.69E+08 1.53E+07
1 2 13 3.9270 0.005931 0.0020 0.0009 0.0017 0.0 .0 0.0 1.50€+07 -1.27€+07 2.33€407
1 2 18 $.4978 0.005931 0.0019 0.0010 0.0018 0.0 0.0 ©.0 8.96€+06 -8.58E+06 1.53E+07
1 3 3 0.7854 0.005931 0.0019 0.0017 0.0015 0.0 .0 0.0 2.64E+07 4 .85E+07 3.75£+07
1 3 L] 2.3582 0.005931 0.0019 ¢.0010 0.0017 0.0 0.0 0.0 1.22£+07 -5.,93E+06 1.55E+07
1 3 13 3.9270 0.0035931 0.0019 0.0009 0.0018 0.0 0.0 0.0 1.10E+07 -1.86E+07 2.44E+07
1 3 18 $.4978 0.005931 0.0019 0.0010 0.0017 0.0 0.0 0.0 1.23E+07 -5.86E+06 1.55E+07
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Appendix B Sample Output

Table B1 Sample output (Continued)

HALDEN SHUTDOWN TEMPERATURE RESPONSE (03 ROD, MODSHT=3) CPU TIME= 4.411
TINE 30.00000 (SECONDS)
TIME STEP SIZE(NEW,O0LD) 1.10593 1.80902 (SECONDS)
ROD ROD FUEL CLAD PLENUM TEMPERATURE PLENUM VOLUME ROD
NO. POWER LENGTH LENGTH UPPER LOWER UPPER LOWER RUPTURE
(W/M) CH) « M) (DEG.K) (DEG.K) (MMss3) (MMs33) FLAG
1133.347 0.546 1,001 514,029 0.0 42382.4 0.0 0
ROD AXIAL THETA CINEAR FUEL FUEL CLAD CLAD GAPCON HEAT SURFACE RADIA
HEAT CENTER SURFACE INNER OUTER TOTAL TRANSFER HEAT HEAT.
NO NO. NO. RATE TEMP. TEMP . TEMP. TEMP, COEFF FLUX FLUX
(W/N) (DEG.K) (DEG.K) (DEG.X) (DEG.K) (W/M2-K) (W/K2-K) (W/NK2) (W/m2
1 1 1 1133.3 611,43 575.18 $20.04 $16.12 1280.1 25683.7 40008.0
1 1 2 1133.3 811.44 575.21 520.068 516.14 1280.1 25450.5 59979.0
1 1 3 1133.3 611,44 575.19 $20.06 $16.14 1280.1 25464 .1 40011.0
1 1 4 1133.3 411.43 $75.20 520.05 516.14 1280.1 254864 .2 59974.0
1 2 1 1133.3 411.51 575.31 $20.27 516.36 1280.3 25681.2 59899.0
1 2 2 1133.3 611.51 575.32 $20.26 516.35 1280.3 25829.7 5$9870.0
1 2 3 1133.3 611.51 $75.31 520.26 516.35 1280.3 25817.2 59904.0
1 2 4 1133.3 811.52 575.33 $20.26 516.35 1280.3 25821.3 59882.0
1 3 1 1133.3 611.45 575.28 520.24 516.33 1280.3 25955.8 59839.0
1 3 2 1133.3 611.4S 575.27 $20.2¢4 516.34 1280.3 25945.7 59840.0
1 3 3 1133.3 611.45 575.27 520,25 $16.34 1280.3 25948.1 59872.0
1 3 4 1133.3 611 .46 575.27 520.25 516.3¢4 1280.3 25947.1 $9876.0
COOLANY CONDITION
INLET ENTHALPY 1.04E+08CJ/KG) OUTLET ENTHALPY 1.06E+06(J/KG) AVERAGE ENTHALPY 1.04E+08(J/XG) REFLOOD
AXIAL CHAN. COOLANT SATU. COOLANT veip QUALITY CRITICAL COOLANTY MASS CHANNEL CHAN
TEMP. TEMP. ENTHALPY FRACTION HEAT PRESSURE FLUX FLOW EQUI
NO. NO. FLUX AREA DIAM
(DEG.X) (DEG.K) (J/KG) (W/M2) (N/M2) (KG/M2-S) (M2) (L.}
1 1 513.78 514.03 1040677. 0.0 -0.0007 3208767. 3400000, 2500.00 1.37E-04& 6.0
2 1 514.03 514.03 1042030. 0.0049 0.0001 3203921. 3400000. 2500.00 1.37€-04 6.0
3 1 514.03 $14.03 1043381, 0.0399 0.0009 3199109. 3400000. 2500.00 1.37E-04 0.0
HALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3) CPU TIME= 4.415
TINE 30.00000 (SECONDS)
ROD AX THET SURFACE RADIUSCAT TRANSIENT) GAP OXIDE OXYGEN REACTION FUEL
PELLET PELLET CLADDING CLADDING THICX. FILM CONTENT HEAY AT CENTER
NO  NO NO CENTER SURFACE INNER QUTER THICK. CLAD OUT SHIFT <X
Cn) C M) ¢ M) «n) <8 (MICRONS) (KG/M3) (W/M2) «Cn «m
11 1 0.0 5.41E-03 S_48E-03 A.40E-03 4.84E-0S 0.0 6.55E+00 0.0 -7.4SE-08 0.0
1 1 2 0.0 5.41E-03 5.48E-03 6.40€E-03 & .B86E-05 0.0 4.55E+400 0.0 3.73e-0%
11 3 0.0 S.41E-03 5.48E-03 4.40E-03 4.84E-05 0.0 4.55E+00 0.0 7.45E-08
1 1 4 0.0 5.41E-03 S.46E-03 6.40E-03 4.86E-05 0.0 6.55E+00 0.0 -3.73e-09
1 2 1 0.0 5.41E-03 S.46E-03 6.40E-03 4.86E-05 0.0 6.55E+00 0.0 -4,.84E-08 0.0
12 2 0.0 S.41E-03 5.48E-03 64.40E-03 4.86E-05 0.0 4.S5E+00 0.0 3.73e-09
12 3 0.0 S.41E-03 S.46E-03 6.40E-03 4.88E-05 0.0 6.55E+00 0.0 4.84E-08
1 2 4 0.0 S.41E-03 S.44E-03 4.40E-03 4.88E-05 0.0 6.55E+00 0.0 -3.73E-09
1 3 1 0.0 S.41€E-03 5.46E-03 6.40E-03 4.86E-05 0.0 6.55E+00 0.0 ~5.40E-08 0.0
1 3 2 0.0 5.41E-03 S5.46E-03 6.40E-03 4.86E-05 0.0 6.55E+00 0.0 -3.73€-09
1 3 3 0.0 5.41E-03 5.46E-03 6.40E-03 4&.86E-05 0.0 4.S5E+00 0.0 S$.40E-08
1 3 4 0.0 S.41E-03 S.46E-03 6.40E-03 4.86E-05 0.0 4.55E+00 0.0 3.73E-09
ROD AXIAL THETA RUPTURE AXIAL AXIAL ELONGATION PELLET PELLET PELLET GAP CONTACT
FLAG NODE CRACK OISH CHANFER GAS PRESSURE
NG. NO. NO. LENGTH PELLET CLAD VOLUME VOLUME VOLUME PRESSURE
[N ) LI Cn) (M3) (M3) (M3) CN/M2)
1 1 1 o 0.1821 0.00044 0.00017 6.23E-10 0.0 2.48E-10 1.81E+0S .
1 1 2 0 0.1821 0.00044 0.00017 4.23E-10 0.0 2.46E-10 1.81E+05 0.0
1 1 3 0 0.1821 0.00044 0.00017 4.23£-10 0.0 2.48E-10 1.81E+05 0.0
1 1 4 o 0.1821 0.00044 0.00017 6.23E-10 0.0 2.48E-10 1.81E+05 0.0
1 2 1 0 0.1821 0.00044 0.00017 6.22€-10 0.0 2.48E-10 1.81E+05 0.0
1 2 2 [ 0.1821 0.00044 0.00017 4.226-10 0.0 2.48E-10 1.81E405 0.0
1 2 3 0 0.1821 0.00044 0.00017 6.23E-10 0.0 2.48E-10 1.81E+03 0.0
1 2 4 [ 0.1821 0.00044 0.00017 6.22E-10 0.0 2.48E-10 1.81E+05 0.0
1 3 1 0 0.1821 0.00044 0.00017 6.22e-10 0.0 2,4BE-10 1.81E+05 0.0
1 3 2 o 0.1821 0.00044 0.00017 6.22e-10 0.0 2.48E-10 1.81E+05 0.0
1 3 3 0 0.1821 0.00044 0.00017 6.22€E-10 0.0 2.48E-10 1.81E+05 0.0
1 3 4 [ 0.1821 0.00044 0.00017 6.22€-10 0.0 2.48E-10 1.81E+05 0.0
ROD AXIAL THETA ANGLE CLADDING CLADDING TOTAL STRAIN CLADDING PLASTIC STRAIN CLADDING
OUTER
NO. NO. NOD. RADIUS HOOP AXIAL RADIAL HOOP AXIAL RADIAL HOOP
(RAD.) M) (M/7M) (M/n) (N/M) (M/M) M/M) (H/M) (N/M2)
1 1 3 0.7854 0.005927 0.0013 0.0016 0.0 0.0 0.0 -2.03€+07
1 1 8 2.35842 0,005927 0.0013 0.0016 0.0 0.0 c.0 -2.03E+07
1 1 13 3.9270 0.005927 0.0013 0.0016 0.0 0.0 0.0 -2.03€E+07
1 1 18 $.4978 0.005927 0.0013 0.0016 c.0 0.0 0.0 -2.03€+07
1 2 3 0.7854 0.005927 0.0013 0.0016 c.0 ¢.0 0.0 -2.03£+07
1 2 8 2.3562 0.0035927 0.0013 0.0018 0.0 0.0 0.0 -2.03E+07
1 2 13 3.9270 0.005927 0.0013 0.0016 ¢.0 0.0 ¢.0 -2.03E+07
1 2 18 5.4978 0.005927 0.0013 0.0016 0.0 0.0 0.0 ~2.03€E+07
1 3 3 0.7854 0.005927 0.0013 0.0016 c.0 .0 0.0 -2.03£+07
1 3 ) 2.3562 0.005927 0.0013 0.0016 0.0 ¢.0 ¢.0 -2.03E+407
1 3 13 3.9270 0.005927 0.0013 ©.0010 0.0016 .0 0.0 0.0 ~2.03E+07
1 3 18 5.4978 0.005927 0.0013 0.0010 0.0018 c.0 c.0 0.0 -2.03E+07

PAGEC 1/ 11

NT HEAT
TRANSFER
MODE

)

0.0 2
0.0 H
0.0 2
0.0 2
0.0 2
0.0 2
6.0 2
0.0 2
c.0 2
0.0 2
0.0 2
0.0 2
RATE 0.0 (M/SEC)
NEL HEATED FLOW
. £Qul., 8LoCK
ETER DIAMETER RATI1O
w
1369 0.01369 1.00000
1369 0.01369 1.00000
1369 0.01369 1.00000
PAGEC( 2/ 1)
ROD CENTER ROD
SHIFT CROSS
b «vY) SECTION
b «n) < m2 )
0.0 1.29E-04
0.0 1.29E-04
0.0 1.29€-04
RUPTURE
FLAG
0
]
[}
o
0
0
[
0
L
0
[}
0
STRESS
AXIAL EQUIVALENT
(N/M2) (N/M2)
~B.59E+08 1.38£+407
-8.59E+404 1.38E+407
-8.59E408 1.38£+07
-B.59E+08 1.3BE+0Q7
-8.59E+04 1.38€+07
~8_.S9E+08 1.33E+07
-8.59E+06 1.3BE+07
-8.59E+08 1.38E+07
-B.59E+06 1.38E407
-8.59E+06 1.38E+407
-8.59E+06 1.3BE+07
-8.59E+06 1.38E+07
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Table B1 Sample output (Continued)

HALDEN SHMUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3)

RODC 1) 1AXIAL NODE 1 CIRCUM NODE
STP TIME MH L.H.R TCO Tt TFO TFI T8
RUPT
(M/M)  (DEG.K) (DEG.K) (DEG.K) (DEG.K) (DEG.K)
76 -7.361 2 00 28000. 532.73 578.43 840.46 1518.88 514.03
77 -4.625 2 00 28000. $32.75 S78.00 B44.10 1520.45 $14.03
78 -2.162 2 00 28000. 532.70 578.53 839.77 1518.96 514.03
79 0.0 2 00 28000. 532.79 578.00 843.88 1519.96 514.03
83 0.200 2 00 21455. $32.75 578.01 840.93 1517.89 514.03
87 0.400 2 00 13975. 532.13 575.11 839.37 1511.79 514.03
91 0.600 2 00 6495. 530.90 S549.87 840,29 13501.5% S514.03
95 0.808 2 00 1820. 529.06 562.42 B845.49 1487.11 514.03
98 1.000 2 00 1820. $27.15 555.03 856.55 1473.23 514.03
100 1.166 2 00 1817. 526.22 552.49 860.16 1460.89 514.03
102 1.395 2 00 1812. 526.00 551.93 860.56 1443.54 514.03
104 1.455 2 00 1806. 525.92 S51.63 858,07 1423.55 514.03
106 1.950 2 00 1799. 525.80 551.16 B853.64 1400.18 514.03
107 2.112 2 00 1795. S25.72 550.85 850.90 1387.10 514.03
108 2.285 2 00 1791. S$25.62 550.50 847.86 1373.15 514.03
109 2.469 2 00 1787. S525.52 550.12 844.55 1358.50 514.03
110 2.665 2 00 1782. 525.41 549.70 840.99 1342.88 514.03
111 2.875 2 00 1777. 525.29 549.26 B837.23 1326.24 514.03
112 3.097 2 00 1772. S525.17 548.79 833.37 1308.92 514.03
113 3.335 2 00 1767. 525.04 543.31 829.20 1290.98 514.03
114 3.588 2 00 1761. 524.90 547.8C B824.74 1271.97 514.03
115 3.857 2 00 1754, 524.75 S47.25 819.99 1252.28 514.03
116 4.145 2 00 1748, 524.59 546.66 814.92 1232.16 514.03
117 4,451 2 00 1740. 524.41 $546.04 809.52 1211.20 514.03
118 4.777 2 00 1733, 524.23 S45.37 803.77 1189.55 S514.03
119 5.124 2 00 1725. S524.03 544.87 797.66 1167.54 514.03
120 S5.494 2 00 1716. 523.82 543.93 791,19 1144.66 514.03
121 5.889 2 00 1707. 523.60 S$43.14 784.35 1121.58 314.03
122 6.309 2 00 1697. $523.36 542.32 777.20 1097.95 514.03
123 6.757 2 00 1686. 523.12 541.47 770.02 1073.63 514.03
124 7.236 2 00 167S. 522.87 540,62 762.37 1049.49 514.03
128 7.742 2 00 1663, 522.61 $39.72 754.35 1024.55 514.03
126 8.284 2 00 1651. 522.33 538.77 745.97 999.79 514.03
127 8.861 2 00 1637. $522.04 S537.79 737.23 974.75 514.03
128 9.477 2 00 1623, 521.73 536.77 728.18 949.57 514.03
129 10.132 2 00 1607. $521.41 535,73 718.80 924.75 514.03
130 10.830 2 00 1591. 521.09 $34.66 709.78 699.63 3514.03
131 11,574 2 00 1574. 520.78 533.66 700.29 875.48 $514.03
132 12.347 2 00 1555. 520.45 S$32.60 690.65 851.26 514.03
133 13.212 2 00 1535, 520.11 531.53 680.86 827.71 514.03
134 14.112 2 00 1514. 519.77 530.45 470.96 804.96 514.03
135 15.071 2 00 1492. $519.41 529.36 661.03 782.4& 514.01
136 14.093 2 00 1468, 519.04 S28.26 651.88 761.41 513.98
137 17,182 2 00 1443. 518.70 527.28 642.30 ?41.11 513.96
138 18.342 2 00 1415, 518.36 $526.27 633.08 721.38 513.93
139 19.578 2 00 1386. 518.02 525.30 624.05 703.38 513.91
140 20.895 2 00 1356. 517.68 524.35 615.33 686.32 513.89
141 22.298 2 00 1323, 517.36 3523.44 606.94 670.10 513.87
142 23.794 2 00 1288. 517.05 S22.58 598.96 655.06 $513.85
143 25.387 2 00 1251. 516.76 S21.78 $91.96 641.78 513.83
+++ TIMTEN (S)= 2.84 TIMDEF (S)= 0.94
WALDEN SHUTDOWN TEMPERATURE RESPONSE (D3 ROD, MODSHT=3)
RODC 1) 1AX1AL NOOE 1 CIRCUM NODE
STP TIME MH L.M.R TCO T¢I TFO TF1 T8
(SEC) (W/M) (DEG.K) (DEG.K) (DEG.X) (DEG.K)
144 27.085 2 00 1211, 516.51 $521.10 585.11 629.41 313.81
145 28.894 2 00 1169. 516.26 520.43 578.77 617.94 513.80
146 30.000 2 00 $133. 516.12 3520.04 575.18 611.43 513.78
+++ TIMTEM (S)= 2.89 TIMDEF (S)= 0.96

QUALT
OR 1@

QUALT
OR 2@

-0.001
-0.001
-0.001

CPU TIMEs

HCOEFF GAPCON  HEAT

TOTAL FLUX

(W/M2.K) (W/M2.K) (W/M2)

38391. 3249. 718148,
38006. 3188. 711378,
38582, 3268. 720310,
37870. 3167. 710545.
38007. 3183. 711657,
37505. 2952. 679013,
36611, 2558. 817575.
35250 2047. S29892.
33957, 1538. 445496,
33760. 1540. 411660,
33681. 1540. 403174.
33604, 1539, 399478.
33487. 1536. 394066.
33413, 1534. 390523.
33333, 1531, 384545.
33245, 1528. 382140.
33149. 1525. 3773s8.
33045, 1522. 372219.
32936, 1518, 368873.
32820. 151S. 361331,
32694, 1511. 355464
32569. 1507. 34viv2.
32439. 1502. 342513,
32298. 1498. 335412,
32147. 1493. 327896.
31988. 1488. 319954.
31821, 1482. 311593,
31645, 16476. 302805.
31457, 1470, 293583.
31260. 1463. 284130.
310s2. 1457, 274624.
30850. 1450, 264675,
30635. 1442. 254211,
30409. 1435, 243486,
30171. 1427. 232391%.
29925. 1418. 221030,
29670. 1410. 209454,
29406 . 1401. 198458,
29158. 1393. 187311,
28895 1384. 175858,
28623. 1375. 164445,
28342, 1366. 153140.
28059. 1356. 141938,
27777, 1348. 131859,
27520. 1339. 121710.
272586, 1331. 111885,
26996. 1323. 102377,
28744 1314 93368.
26501. 1306. 84873.
26269. 1299. 76942,
CPU TIME=

HCOEFF GAPCON  HEAT

TOTAL FLUX

(W/M2.K) (W/M2.K) (W/M2)

26050, 1292, 70313.
25862, 1286. 63785,
25684, 1280. 60008.
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4.310 PAGEC 3/ 9

RAD . INNER COOLANT  MASS

FLUX PRESSURE PRESSURE FLUX

(W/M2) (MN/M2)  (MN/N2) (RG/M2/8)
0. 0.1849 3.4000 2500.
0. 0.1849 3.4000 2500.
0. 0.1849 3.4000 2500,
0. 0.1849 3.4000 2500.
o. 0.1849 3.4000 2300.
0. 0.1849 3.4000 2500.
0. 0.1849 3.4000 2500.
0. 0.1849 3.4000 2500.
0. 0.1848 3.4000 2500.
0. 0.1848 3.4000 2500.
0. 0.1847 3.4000 2500.
0. 0.1846 3.4000 2500,
0. 0.1845 3.4000 2500.
0. 0.1845 3.4000 2500.
0. 0.184% 3.4000 2500.
0. 0.1844 3.4000 2500.
0. 0.1843 3.4000 2500.
0. 0.1843 3.4000 2500.
Q 0.1842 3.4000 2500,
0. 0.1842 3.4000 2500.
0. 0.1841 3.4000 2500.
0. 0.1840 3.4000 2500.
0. 0.1839 3.4000 2500.
0. 0.1839 3.4000 2500.
0. 0.1838 3.4000 2500.
0. 0.1837 3.4000 2500.
Q. 0.1836 3.4000 2500,
0. 6.1835 3.4000 2500.
0. 0.1834 3.4000 2500.
0. 0.1833 3.4000 2500.
0. 0.1832 3.4000 2500.
o. 0.1831 3.4000 2500,
0. 0.1830 3.4000 2500.
0. 0.1829 3.4000 2500.
0. 0.1828 3.4000 2500,
0. 0.1827 3.4000 2500.
o. 0.1826 3.4000 2500,
0. 0.1825 3.4000 2500.
0. 0.1824 3.4000 2500.
0. 0.1822 3.4000 2500,
0. 0.1821 3.4000 2500.
0. 0.1820 3.4000 2500.
0. 0.1819 3.4000 2500.
0. 0.1818 3.4000 2500.
0. 6.1817 3.4000 2500.
0. 0.1815 3.4000 2500.
0. 0.1815 3.4000 2500.
0. 0.1813 3.4000 2500,
0. 0.1813 3.4000 2500.
0. 0.1812 3.4000 2500.

4.410 PAGEC 4/ 10)

RAD. INNER COOLANT  MASS

FLUX PRESSURE PRESSURE FLUX

(W/M2) (MN/M2)  (MN/M2) (KG/M2/8S)
0. 0.1811%1 3.4000 2500.
0. 0.1810 3.4000 2500.
0. 0.1809 3.4000 2500.



