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EXCURS—A Computing Programme for Analysis of Core Transient Behaviour

in a Sodium Cooled Fast Reactor

Shinzo SAITO
Division of Reactor Safety, Tokai Research Establishment, JAERI

(Received August 24, 1977)

In the code EXCURS developed for core transient behaviour calculation
of a spdium—cooled fast reactor, a one-channel model is used to represent
thermal behaviour of the reactor core. Calculations are made for three
different channels; i.e. average, hot and hottest. In the average channel
the power density and coolant velocity are equal to the mean values of the
whole core. In the hot channel, a maximum power density of the core and a
specific coolant velocity are introduced. In the hottest channel, engineer-—
ing hot channel factors are considered to the hot channel.

A one-point neutron kinetics equation with six delayed neutron groups
is used to calculate the time-dependent power behaviour. Externally
introduced reactivity effect and control rod movement in the case of a
scram are taken into account. In the feedback effects evaluated on the
basis of the average channel temperatures are considered Doppler effect,
fuel axial expansion, cladding expansion, coolant expansion and structure
expansion. The decay heat after reactor scram is also considered.

Heat balance is taken in each cross section, neglecting the axial heat
transfer except for the coolant region. Temperature dependence of the
physical properties of materials is considered by second-order polynomials
approximation, and also the fuel melting process. Each channel can be
divided into a maximum of 20 regions in both radially and axially.

The reactor core transient behaviour due to reactivity insertion or
joss—of-coolant flow can be studied by EXCURS. The calculated results are

plotted optionally by connected code EXPLOT.

Keywords : Sodium Cooled FBR, EXCURS code, Accident Analysis, Reactor
Kinetics, Transient Behaviour, Fuel Melting, Heat Balance,

Channel Model, Reactivity Imsertion, Loss of ¥low, Decay Heat.
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1. INTRODUCTION

The EXCURS code calculates the core behaviour of a sodium cooled
fast reactor under transient conditions in case of a reactivity insertion
or loss-of-coolant flow accident. The calculations are restricted to an
equivalent unit cell (channel) consisted of fuel, cladding, coolant and
equivalent structure. They, however, can be performed for three dif-

ferent types of channel, defiuned as "average”, "hot' and "hottest" channel.

— TIn the "average" channel the power density and coolant velocity
are equal to the mean values of the whole core.

— In the "hot" channel the power density is equal to the maximum
power density in the core, while the coolant velocity might
differ from the mean value.

— 1In the "hottest" channel the engineering hot channel factors are
introduced, i.e., uncertainties in,

o thermal conductivity of fuel

o density of fuel

o heat transfer coefficient across the gap between fuel and
cladding

o coolant velocity

o tolerance in dimensions, etc.

Based upon the power distribution in the fuel pin during the stationary
condition and neutron kineties equations, the time dependent power beha-
viour 6f the core can be calculated. At the same time the temperatures
of the fuel, cladding, coclant, etc. are calculated as a function of time.
The reactivity feedback introduced by the expansions of the fuel, cladding,
etc. and the Doppler effect can be taken into account. The same applies
for reactivity effects caused by external sources (step and/or ramp
functions). '

In the thermal transient calculation the reactor core is represented
by one channel as shown in Figure 1. The channel can be divided into 20
radial and 20 axial zones as maximum. Figure 2 illustrates mesh layout
for the radial and axial rows. For each cross section a heat balance is
made, neglecting the axial heat transfer except for the coolant region.

In the time dependent equations the fuel melting process can be handled,
however sodium boiling is excluded. The equations are solved by the Runge-

Kutta-Gill method.
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The calculation results can be plotted optionally by the connected

code, EXPLOT.

2. BASIC EQUATIONS

2.1 NKeutron Kinetics Equation

One point neutron kinetics equation is used to calculate the time
dependent power behaviour. In general, one point neutron kinetics equa-

tion can be written as follows:

d n(t) _ (1+3k(t))(1-8)-1

at ) n(t) + zl: Aicy (t) + s, {1)
d cj(t) 1 +8k B4
S = ( Q(t)) = n(r) - Ageq(t) (2)

n(t) : neutron density

c¢j(t): concentration of i~th group delayed neutrom precursor
B : delayed neutron fraction

Bi : i-th group delayed neutron fraction

A : decgy constant of i-th group delayed neutron precursor
Sk(t): reactivity

[} : prompt neutron life t ime

So : neutron source

Maximum number of delayed neutron groups is set to be 6. Equations
(1) and (2) can be rewritten if the second order term Bék is neglected
and are replaced as follows, introducing the relative values in respect

of the initial wvalues.

40 - B (o) -1 o) + ¥ frea(0+9) (3)

d ,

W ey - ae) @
where, _

r(t) = 6k(t)/8

fi = Bi/B

wi(t)=2 Ajcy(t)/B £4

s = % 8o/B
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The calculation results can be plotted optionally by the connected

code, EXPLQT.

2. BASIC EQUATIONS

2.1 Neutron Kinetics Equation

One point neutron kinetics equation is used to calculate the time
dependent power behaviour. In general, one point neutron kinetics equa-

tion can be written as follows:

dn(t) _ (A+6k(e))(I-p)-1
dt L

n(t) + Y Arjeq (£) + 54 (1)
i

d cq(t) (1 +68k(t))By

de ) n(t) - rjey(t) (2)

n{t) : neutron density

cq(t): concentration of i-th group delayed neutron precursor
] : delayed neutron fraction

Bi : i—-th group delayed neutron fraction

g : decay comstant of i-th group delayed neutron precursor
§k(t): reactivity

2 : prompt neutron life t ime

So ¢! neutron source

Maximum number of delayed neutron groups is set to be 6. Equaticns
(1) and (2) can be rewritten if the second order term B8k is neglected
and are replaced as follows, introducing the relative values in respect

of the initial values.

480 - B () -1 a(e) + DRSS )
d wi ’
__:'1%59_ =~ Ag Gy (8) - n(t) (4)
where,
r{t) = 8k(t)/R
£5 = Bi/B
wi{t)=2 rici(t)/B £i
S = 2 So/B
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The reactivity term, 5k(t), can be written as

T
sk(t) = Skex(t) + ¥ aj(T; -Ti o) + udzn(%)— Sk pod (t) (5)
. i )

in which:

Skex(t) : externally inserted reactivity (= Skgtep t Skramp)

aq : reactivity coefficient, except Doppler effect

od : Doppler effect

8kpoa(t): control rod reactivity by scram

Ty : Temperatures of fuel, cladding, coolént, structure corresponding
to oj

Ti,o Initial temperatures of above materials

Tf. : Fuel temperature

Tf,o : Initial fuel temperature.

Doppler feedback is introduced by assuming that the Doppler effect

is conmstant, i.e. the product of Doppler temperature coefficient and tem-

perature is constant.

T(E) oy T(t)
ﬁkdop(t) = j TCe) dT = odin (_E;_) . (6)

To

The control rod reactivity kypsd. is obtained from the perturbaticn theo-

ry by the foliowing equation:

a{t -t ¢ 1 T2z +alt — teag)Z
d . d
Skpod (L) = Grod{_—h“gﬁzg—__ - 57 (sin = - L2
. ZTT ZO
~ sin —; )}
in which:

dprod : Total control rod reactivity
o : Acceleration
H : Control rod length

Zq : Pre-inserted control rod length

As the decay heat generated after a reactor shut-down, influences to
a great extend the coolant temperature increase, in the case of loss-of-
coolant flow accident, the decay heat is taken into account. It has been

introduced as follows:
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Ps(t)
= 0.065 (0 £t <10 sec) (8)
0.13 t~0.2 (10 £ t £ 3600 sec)
0.3 ¢~0.33 (t 2 3600 sec)
in which:

Pg(t) : Decay heat power at t sec after shut-down

Py : Initial power

2,2 Heat Balance Equatiomns

A heat balance is made at each node as shown in Fig. 2, and is here
introduced. For each cell in the fuel element zone mesh, we have a heat

balance expression,

Rate of change of heat content = (Heat flowing in -

Heat flowing out + Heat generation) per unit time. (9

Referring to Fig. 2, and neglecting axial heat transfer except in the
coolant region, the above heat balance equations can be written, for
splid regions:

dT1 _ ka

k A
(VoCplr —j7 = C—g—)l_l’I(TI_l'-TI) - Gj;")1,1+1 (Tg-Tr41)

+ q(I1,7,t) (10)

and for coolant region,

(V;)Cp) %% = -y (V;)Cp) gg + g, (v,z,t) (11)
in which:
k : Thermal conductivity

: Density
P Specific heat
:_Volume
: Heat transfer area

: Distance between successive two nodes.

H o o 0T

: Temperature
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v : Coolant velocity
ql(I,J,t) : Power generation rate of fuel at node point (I,J)

q,{v,z,t) : Heat flux from cladding surface to coolant.

In the input description the fuel region can be optionally divided
into a number of radial zones. The other regions, however, are defined
as shown in Fig. 2. If the maximum number of mesh points in the fuel
region is equal to N, then the heat balance equation at each mesh point

is as follows:

I=1
dTy kA
(Ve Cp)y T (—"d‘_)l,z (T; -Tp) + ql(l,J.t) (12)
L =2
ey, T2 kA oy KB 1) 4 g, (2,3
(Ve P’z 4t d)1,2 1" to (d)z,a(z"' 3) ql(,,t)
—— (13)
I1=1
a1 = k A k A
(VoCply 37 = (_E—)Iul,I(TI“l'_TI) - (_E—JI,I+1(TI"TI+1)
+ q(I,J,t) : (14)
I=N
dTy kA T
(Vo CpIn 3 = G 05-1,8Tn-1-T0) = by w1 Ty~ Ty)
+ q; (N,J,t) (15)
I=N+1
d T :
N+1 k A
(Vo Cpdml —g = mAN, 1 TN - T = G )N+1,N+2(TN+1'TN+2)
' (16)
I=N+2
dT
M2 kA
WoComez —qp = g wer, w2 (Tl =~ Tia2) = oAnez w3 Tz ~ Ted)
(17
I =N+3
dT d T
N+3 N+3
(Vo Cpmts —gp— = hoAn+2,N43(Tw2 - Tir3) = (Vo Cplw3 —5,—
= bz A3, ks (TNa3 — Tges) (18)
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I =N+4&

Voo I s

Ve Colwts —gp— = Bobws, vt (Tnes ~ Taws) (19)
in which:
h; : Gap conductance

h, : Heat transfer coefficient between cladding and coolant.

In the cladding, the power generation by Y-heating is not taken into

account.

Power generation

The power generation ql(I,J,t) is considered to be a function of
time, and to have distributions in the radial direction as well as in
the axial. If these variables can be separated from each other, q,(I,J,t)

can be written as follows:
q, (I,7,£) = QK) +u(1)*6 (J) *n(t) (20)

in which:

Q(K) : K=1 Initial power generation rate at the average channel
K=2 Initial power generation rate at the hot channel

p(I) : Power distribution in the radial direction

§(J) : Power distribution in the axial direction

The values of p(I) and 8§(J) are given as relative values by input, and

these values are normalized in the code by the following equation:

PF(I,J) = “(Igéd ) (21)
av
in which:

Y marp{ry+ri41) Azg (IS (1)
1,4

PFay = o2
TLr
f

rg ¢ Fuel radius

L : Core axial length

If the axial power distribution is assumed to be cosine, it can be written

as:
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(J+1) Az
) = 5o §(J-l)£\z sin(%—}%i n)dz (22)
_L+235L sin(JAZ + 8L 1) sin ( Az )
T AZ L+ 28L L+2 L
in which:
Az : Axial mesh size
SL : Core extraporation length

In this special case, it is mot necessary to specify the axial power

distribution for each mesh, but to input the core extraporation length.

Heat transfer coefficient

The heat transfer coefficient between cladding surface and coolant
is introduced by the following equation, which is convenient for para-

meter study.

a
Nu = a; + ap(Pe) > (23)
in which:
Nu : Nusselt number
Pe : Peclet number

aj : Constant, given by the input.

In case of the flow blockage in the channel, only heat conduction in

the radial direction is assumed.

Fuel melting process

The fuel melting process is treated as follows: temperatures are
first calculated neglecting any melting during the time increment, and
an apparent temperature rise, (ATi)app, above the melting temperature,

T melt, is obtained. The fraction of fuel melted is then given by:

Xi

= Cp(8T1) app/In - (24)
in which:
x; ¢ Fraction of fuel melted

Lp : Latent heat of fuel melting
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During the transition from the solid to the liquid phase the tempera-
ture of the fuel will be constant and equal to T melt. However, when

Cp( Ti)app > Ly, then, X; = 1 and the temperatﬁre of the liquid fuel is

raised by (ATj):; above the melting point. For the calculation of (ATj),
the following equation is used:
Cp (ATi)app - Ly

(AT4)1 = Co - . (25)

The above sketched procedure is reversed during a cooling process.

Coolant velocity

Coolant velocity as a function of time is introduced by:

v(t)
Vo

= a; + azt + azexp (a,t) (26)

in which:
v(t) : Coolant velocity at time t
Vg : Initial coolant velocity

aj o Constant settled by input

Physical properties such as thermal conductivity, density, specific
heat, gap heat transfer coefficient are considered to be constant or

temperature dependent optionally.

2.3 Calculation of Temperatures in the Hottest Channel

In the calculation of the temperatures in the hottest channel the
engineering hot channel factors are taken into account. These factors
are shown in Table 1, and are introduced to the calculation of the hottest

channel in a statistical manner as follows:

2.3.1 Coolant temperature

Let AToo(J) be the temperature difference between coolant temperature
at the axial node J and imlet coolant temperature. The coolant tempera-
ture at the node J in the hottest channel is obtained from the temperature

in the hot channel as follows:

10
Teoolant (J,3) = Tegolant (J52) + /Z ((F(L,1) - 1)AT_ (1))? (27)
L=]
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in which:

Teoolant (J»3) : Coolant temperature at the node J in the hottest
channel

Tcoolant (J,2) Coolant temperature at the node J in the hot channel

F(L,1) : Engineering hot channel factor as shown in Table 1

ATco (J) : Temperature difference between coolant temperature at
the axial node J in the hot channel and inlet coolant

temperature.

2.3.2 Cladding outer surface temperature

The same method as mentioned above is introduced to calculate the
cladding outer surface temperature in the hottest chamnel. Let ATco,cl(J)
be the temperature difference between the coolant temperature and
cladding outer surface temperature at the axial node J in the hot chan-
nel, the cladding outer surface temperature in the hottest channel is

obtained as follows:

10
Te1,00053) = Te1,0(>2) + ):l{(F(L,l) S 1)ATeo(I) + (F(L,2) - I)ATco,c1 (3D 12
L=
(28)

in whicht-

Tcl,o(Js3) : Cladding outer surface temperature at the node J in the
hottest channel

Tcl,o(J,Z) : Cladding outer surface temperature at the node J in the hot
channel

ATCD’él(J) : Temperature difference between the coolant and cladding

outer surface at the axial node J in the hot channel

2.3.3 Cladding inner surface temperature

The cladding inner surface temperature in the hottest chammel is

obtained as follows:

Tcl,i(J’B) = Tcl,i(J’Z)

10
+ [ Y ((FOL,1)=-1)ATo () + (F(L,2)-1)ATcq,c1 ()
L=1
+ (F(L,3)-1)8T1 (I} ' (29)
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in which:

Tcl’i(J,3)': Cladding inner surface temperature at the node J in the
hottest channel

Te1,i(3,2) & Cladding inner surface temperature at the node J in the
hot channel |

ATe1() : Temperature difference between cladding outer surface and
cladding inner surface at the axial node J in the hot

channel.

2.3.4. Fuel surface temperature

The fuel surface temperature in the hottest channel is cbtained
considering the uncertainties of gap heat transfer coefficient, tolerance

in the dimension of fuel pellet and so on.

10
Tg,0(J,3) = Tg 5(J,2) +/Z {(F(L,1)-1)ATo(J) + (F(L,2)-1)AT ., 1()
L=1
+ (F(L,3)-1)4To1(3) + (F(L,4)-1)Tc ¢(3)}? (30)

in which:

Tf’O(J,B) i Fuel surface temperature at the node J in the hottest
channel

Tf,O(J,Z) : Fuel surface temperature at the node J in the hot channel

ATc,f(J) : Temperature difference between cladding immer surface and

fuel surface at the axial node J in the hot channel.

2.3.5 Fuel temperature

Let AT¢(J) be the temperature difference between fuel surface and
fuel at the given radial node at the axial node J in the hot channel,
the fuel temperature at the given radial node in the hottest channel is

obtained as follows:

10
Tg(J,3) = Te(3,2) + [ ) {(F(L,1)-1)8Tc(I) + F(L,2)-1)aTq o1 ()
L=1 ‘

+ (F(L,3)-1)ATC1(J)-F(F(L,h)—l)ATc’f(J)-F(F(L,S)-l)ATf(J)}z

(31)
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in which:

Tf(J,B) : Fuel temperature at the given radial node and axial node J in
the hottest channel

T¢(J,2) ¢ Fuel tempefature at the given radial node and axial nede J in
the hot channel '

AT£(J) : Temperature difference between fuel surface and fuel at the

given radial node at axial node J in the hot channel.

2.3.6 Structure temperature

The structure temperature in the hottest channel is obtained by the

same method to get coolant temperature.

10
Tge(d,3) = Tge(J,2) 4—/ Z:{(F(L,l)-l) TCO(J)}2 (32)
L=1
in which:
Tst(J,B) : Structure temperature at the axial node J in the hottest
channel

Tgt (F,2) : Structure temperature at the axial node J in the hot channel.
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3. NUMERICAL SOLUTION AND PROGRAMME COMPOSITION

3.1 Numerical Solution

The numerical method to solve the differential equations mentioned in
the foregeing chapter is based on Runge-Kutta method. The modified Runge-
Kutta method derived by E. R. Cohen!) is introduced to solve the neutron
kinetics equations. In this method the special constants are introduced
empirically to revise the Runge-Kutta method. (Details are described in
Ref. 1).

In the heat balance equations, the term of dT/dZ in Eg. (11) is

rewritten in the differential form as follows:

dT (1) _ T(J) - T(J-1)
dz AZ (33)

in which:

AZ : Axial mesh size

When J in the above equation is 1, T(J-1) represents inlet coolant
temperature. So the heat balance equations {(12) - (19) can be solved at
each axial node, and the Runge-Kutta-Gill method is introduced to solve
these simultaneous differential equations. When the temperature dependency
of material physical properties is taken into account, the heat balance
equations become non-linear. These non-linear equations in the computer
can be solved by iteration method. However, this would take an extraordinary
amount of computing time. A resonable approach has been to introduce the
material physical constants calculated based on the temperatures from the
foregoing time interval. In this code the iteration method is only used

to calculate the initial values.

3.2 Method to set Time Interval

The time interval used in the calculation is kept constant or, if
desired, self-adjusting. In the former case the time intervals have to be
described in the input. The constant time interval can be changed to the
other value at the pre-set time during the transieﬁt if necessary. However,
the maxiﬁum time interval is limited for calculational instability reasons.
It mainly depends on the term At/{(Ar)2, in which Ar is the radial mesh

spacing in the fuel region. So, the smaller Ar is, the shorter the time
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interval should be.

In the self-adjusting mode, Cohen's method which has already been

used in the AIREK codez) ig introduced. 1In this method the time interval

can be changed to be double or half according to the special criteria

as shown in Fig. 3. Where, Q value is calculated as follows:

Q = T + cl(aoh') (

h ¢y (agh')

lwo = 2w + w1 ) (34)

in which:

0y
Wo ¢
wy .
w ool

B .
= E’(r(to)‘l)
Instantaneous inverse period at time t,

Instantaneous inverse period at time (ty+h)

Average inverse period at time (tg, to+h)

ci(agh') is a special constant derived by E. R. Cohen. Accordance to

reference 2), the calculational error in N(t) is presented as referred in

Table

2.

Table 2. Calculational Error in Several Q Values

Max. Q Min. Q Error in N(t)
1073 107 2.5 x 1073
1074 1072 0.9 x 107"
1075 1076 0.6 x 107°
10°° 1077 4.0 x 1078

3.3 Programme Description

The EXCURS is composed of a main programme and 12 subroutines. The

main programme and these subroutines are used as follows:

MAIN : reads input data, controls subroutines and writes calculational
results

INTER : calculates transient neutron behaviour:

RNFBT : supports INTER and calculates feedback term by delayed neutron
precursors

CNFBT : supports INTER and calculates special constants

RANAL : calculates external and rod reactivities
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: DIREC

: : decides time interval

E DECAY : calculates decay heat after shut-down
INIVA : calculates initial temperature
TEMP : calculates transient temperature

HOTSPT: calculates transient temperature in the hottest channel
i OUTPUT: writes input data
TEST : checks end of computation

° EXCPL : plots initial and final temperature distribution

The flow chart of the EXCURS is shown in Fig. 4.

3.4 Plotting Routine

The calculational results are optionally presented by the computer
in.a graphical way. The CDC 6600 has no enough core memory, so the plott-
ing routine has to be separated from the EXCURS programme. The calcula-
tional results obtained by the EXCURS are stored on the magnetic tape, and
the plotting of the calculational results is made by the separate programme,
EXPLOT, using the data from the magnetic tape. The figures obtained by

the programme are as follows:

o DPower, integral power, reactor period and total reactivity as a
function of time,

o Power, total reactivity, inserted reactivity, feedback reactivity and
rod reactivity as a function of time,

o Temperatures of maximum fuel, maximum cladding and outlet coolant,
power, and coolant velocity as a function of time in each channel,

o Axial temperature distribution iﬂ each channel at initial and final
state,

o Radial temperature distribution in each channel at initial and final

state.
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4. INPUT AND OQUTPUT

Input Data

culate several cases in one job.

For convenience all input data are numbered, making it easy to cal-

If this is done, it is necessary only

to prepare the title card and the data which differ from the data in the

preceding case.

#1  NCASE (I2) Number of cases in the job
#2  TITLE (8A10) Title card

Input data and their format are as follows:

#3 L1,L2,L3,L4(4110) Ll: First datum number read in the series

12: Last datum number read in the series

1.3: +1;Data to be read in the case are

continued

-1;:Data to be read in the case are

finished.

L4: O;Data are read from the tape (this

case ig restarted one)

All of the data are read from the tape.

The format of the following data is 5El4.7.

Data
No.

Comment

Unit

W O o~ o N

Index of time interval setting
0.0 : self adjusting
T(>0): change to the different time
intefval set at data (1l4) or
self adjusting at time T sec.
-M(<0): change to self adjusting after
M points calculation
Initial inverse period
Initial time interval
Minimum time interval
Maximum time interval
Upper accuracy (Q value)
Lower accuracy {Q value)

Effective delayed neutron fraction

Prompt neutron lifetime

sec
sec
sec

sec

sec
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D;g? Comment Unit
10 | Neutron source
11 | Average inverse period sec!
12 | Reactivity
13 Time of end of calculation sec
14 | Second time interval, if 0.0: self adjusting sec
15 Initial power level relative
16 | Initjal concentration of lst group delayed neutron precursor "
17 " Znd " " "
18 " 3rd " M "
19 " 4th " " "
20 " 5th " " "
21 | " . 6th " " "
22 Relative value of lst group delayed neutron fraction
23 " 2nd " "
24 " 3rd v "
25 " 4th " "
26 " 5th " "
27 ‘ " 6th " "
28 Decay constant of lst group delayed neutron precursor sec”!
29 " 2nd " " "
30 " 3rd " ' "
31 o 4th " " "
32 " Sth " " "
33 " 6th " " "
34 1.0
35 Step reactivity Ak/k
36 Step reactivity continuation time sec
37 | Ramp reactivity Ak/k/sec
38 | Ramp reactivity continuation time sec
39 Scram option + 1.0 : Yes
- 1.0 ¢ No
40 Control rod worth Ak/k
41 | Control rod stroke em
42 Pre-inserted control rod length cm
43 Acceleration of contrel rod insertion cm/sec?
44 Scram setting point by power relative
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Data

No. Comment Unit
45 Scram setting point by period sec
46 Scram delayed time sec
47 | Doppler coefficient Ak/k
48 | Reactivity coefficient by fuel axial expansion Ak/k/°C
49 | Reactivity coefficient by cladding expansion "
50 | Reactivity coefficient by coolant expansion "
51 | Reactivity coefficient by structure expansion !
52 Coolant flow transient index Zblockage
<no blockage
53 | Scram setting point by coolant flow relative
54 Scram setting time by timer sec
55 Fuel pellet radius cm
56 | Cladding inner radius "
57 | Cladding outer radius "
58 | Coclant equivalent radius "
59 | Structure equivalent radius "
60 | Equivalent diameter "
61 Heat conduqtivity of fuel cal/em®C sec
62 | Density of fuel g/cm’
63 | Specific heat of fuel cal/g°C
64 Heat conductivity of cladding cal/cm®C sec
65 | Density of cladding . g/em?
66 | Specific heat of cladding cal/g°C
67 | Heat conductivity of coolant cal/cm®C sec
68 Density of cooclant g/cm3
69 | Specific heat of coolant cal/g°C
70 | Heat conductivity of structure ‘cal/em®C sec
71 | Density of structure g/cm?
72 | Specific heat of structure cal/g°C
73 | Gap conductance cal/em?°C sec
74 | Core height cm
75 | Reflector saving cm
76 | Constants in equation of coolant velocity as a funection
77 of time
8 | V(g
29 —;;—-= D(76) exp (D{77) x t) + D(78) x t + D(79) .
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D;z? Comment Unit
80 Initial coolant velocity in the average channel cm/sec
81 | Initial coolant velocity in the hot channel "
N 82 Initial power density in the average channel ' cal/em’® sec
83 | Initial power density in the hot channel "
84 | Number of division in the axial length £ 20
) 85 | Number of division in fuel radius £ 13
86 | Inlet coolant temperature °C
87 | Fuel melting temperature °C
88 Constants in heat transfer equation
89 Nu = D(88) + D(89) x PeD(90)
90
91 | Print interval
92 | Convergence accuracy in iteration calculation
93 | Print interval in interation calculation
94 Index of temperature dependency of physical value 1: Yes
0: No
95 Number of channels to be calculated (1 ™~ 3)
. g6 | Time interval in calculation of decay heat sec
| 97 Time to write data to tape min
? 98 | Index of power distribution 0.0: (axi) cosine (rad) flat
i 1.0: (axi) cosine (rad) input
f 2.0: {axi) input (rad) input
| (Input is made in data
number 201-250)
99 | Specific heat of molten fuel cal/g°C
100 | Latent heat of fuel in process of melting cal/g

Data numbered 101-150 are concerned with engineering hot channel factors.
; If datum 95 is not 3.0, these data are not necessary. These data correspond

to the data in Table 1.

bata No. Comment
101 i  Tolerance in dimension (in coolant region, cladding outer surface,
2 !
105 cladding inner surface, fuel)
106 . . . .
} > Non-uniformity of fission distribution
3 110
i“

| -
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Data No.

Comment

111
I
115
116
I
120
121
I+
125
126
<
130
131
e
135
136
14
140
141
I
145
146
I
150

Uncertainty

Uncertainty

Uncertainty

Uncertainty

Uncertainty

Uncertainty

Uncertainty

in

in

in

in

in

in

in

Other factors

coolant physical values

cladding physical wvalues

gap conductance

fuel physical values

power level

coolant velocity

film ceoefficient

Data numbered 151 to 189 are reserved for the temperature dependent

physical properties of each material. If datum 94 is 0.0, these data

are not necessary.

The temperature dependent physical values are re-

presented by an second-order polynomials of temperature. The expression

is as follows:

K (T) ?
| "
PT) N\~ D(I) + D(I+1) x T + D(I+2) x T2
cp(T)i '
h(T) .
Data No. Comment
131 Thermal conductivity of fuel k(T) = D(151) +D(152) xT+D(153) % T2
153
154 o ,
> Thermal conductivity of cladding
156
157 .
E Thermal conductivity of coolant
159
160 Th ‘s
o ermal conductivity of structure
162
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Data No. Comment
133 Density of fuel
165
166
g Density of cladding
168
129 Density of coolant
171
2
lg Density of structure
174
1
ZS Specific heat of fuel
177
78 :
le Specific heat of cladding
180
lgl Specific heat of coolant
183
134 Specific heat of structure
186
187
13 Gap conductance
189

Data numbered 201-250 are concerned with power distribution in the tuel

pin.

1F datum 98 is 0.0, these data are not necessary, and if 1.0, only

the data of radial power distribution is requested.

Data No. Comment _
201 Relative power in the radial node of fuel. (number of data is
255 D(85)+1)
226 Relative power in the axial node of fuel (number of data is
2%0 D{74))

Data numbered 251-280 are concerned with plotter routine. If plotting

is not necessary, these data are mnot requested.

Data No. Comment Unit
251 Plotter option 1.0: Yes
0.0: No
252 Length in time axis i cm
|
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Data No. Comment Unit
253 Maximum time in axis cm
if negative, scaling is made automatically
254 Length in power axis cm
255 Maximum power in axis relative
if negative, scaling is made automatically
256 Length in integral power axis cm
257 Maximum integral power in axis relative
if negative, scaling is made automatically-
258 Length in reactivity axis cm
259 Minimum reactivity in axis Ak/fk
260 Maximum reactivity in axis "
if negative, scaling is made automatically
261 Length in period axis cm
262 Minimum period in axis sec
263 Maximum period in axis sec
if negative, scaling is made automatically
264 Length in fuel teﬁperature axis cm
265 Minimum fuel temperature in axis °C
266 Maximum fuel temperature in axis "
if negative, scaling is made automatically
267 Length in cladding and coolant temperature axis cm
268 Minimum cladding and coolant temperature in axis °C
269 Maximum cladding and coolant temperature in axis "
if negative, scaling is made automatically
270 Length in coolant velocity axis cm
271 Minimum cooclant velcocity in axis cm/sec
272 Maximum coolant velocity in axis "
if negative, scaling is made automatically
273 Plotting option of temﬁerature distribution
0.0 : No
1.0 : Axial distribution
2.0 : Radial distribution
3.0 : Axial and radial distributions
274 Plotting option of state

1.0 : initial state
2.0 : final state

3.0 : initial and final states

_.22*
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Data No. Comment Unit
275 Plotting option of channel
1.0 : channel 1
i 2.0 : channel 2
| 3.0 : chanmel 3
4.0 : channels 1 and 2
5.0 : channels 1, 2 and 3
276 : Length in channel axial direction axis cm
277 Length in channel radial direction axis "
278 Length in temperature axis "
279 Minimum temperature in axis L °C
280 Maximum temperature in axis °C
if negative, scaling is made automatically

* Data 61-73 are used to calculate first initial temperature in the

iteration procedure when datum 94 equals 1.0.

%% All data are written here in CGS system, but also other system is

possible as far as they are consistent,

%*%% Tnput data for EXPLOT are prepared in EXCURS.

4,2 Output Data

Title and all of the input data are printed out in the output list

of EXCURS.

including

The following values at each print interval set by input

initial state are printed.

{1} number of calculation steps

(2) time

(3) time

interval

{(4) total reactivity

(5) instantaneous inverse period

(6) average inverse period

(7) power

(8) integral power

(9) concentration of delayed neutron precursors

(10) feedback reactivity

(11) control rod reactivity

(12) coolant velocity in channel 1

(13) coolant velocity in channel 2

unit
sec
sec
Ak/k
sec ™t
"
relative

relative power X sec
relative
Akfk

cm/sec

T
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(14) temperature in each radial and axial node in

each channel °C

(153) average temperatures of fuel, cladding, coolant

calculational values used for plotting as a function of time are printed.

and structure in channel 1 °C

In EXPLOT, title, input data which are necessary for plotting, and

5. SAMPLE CALCULATIONS

5.1 Reactivity Insertion Accident

ingserted externally to the typical fast reactor core.

A sample calculation is shown in which reactivity of 0.5 $/sec. is

tional conditions are as follows:

o)

Reactivity insertion rate

Fuel pellet diameter 5.5 mm
Cladding outer diameter 6.3 mm
Cladding thickness 0.35 wm

Core height 60 cm

Delayed neutron fraction 0.0033

Prompt neutron lifetime 1.0 x 1077 sec

Reactivity temperature coefiicient

o Doppler (Tg-lti) 5.0 x 1073 Ak/k
o Fuel axial expansion : 4.0 x 107% aAk/k°C
o Cladding expansion -5.0 x 10°7 "

o Coolant expansion -5.0 x 1076 "

o0 Structure expansion -2.0 x 107 "
Power density (initial)

o Average channel 300 cal/cm® sec.

o Hot channel 450 "

The main calcula-

0.00165 Ak/k/sec
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(14) temperature in each radial and axial node in
each channel °C
(15) average temperatures of fuel, cladding, coolant
and structure in channel 1 °C
In EXPLOT, title, input data which are necessary for plotting, and
calculational values used for plotting as a function of time are printed.

5. SAMPLE CALCULATIONS

5.1 Reactivity Insertion Accident

A sample calculation is shown in which reactivity of 0.5 $/sec. is
inserted externally to the typical fast reactor core. The main calcula-

tional conditions are as follows:

Reactivity insertion rate

Fuel pellet diameter

0.00165 Ak/k/sec
5.5 mm

Cladding outer diameter 6.3 mm
.Cladding thickness 0.35 mm
o Core height 60 cm
o Delayed neutron fraction 0.0033

o Prompt neutron lifetime 1.0 x 1077 sec

Reactivity temperature coefficient

-5.0 x 1073 Ak/k
4.0 x 1075 Ak/k°C

o Doppler (T%%)

o Fuel axial expansion

o Cladding expansgion -5.0 x 10=7 "
o Coolant expansion -5.0 x 1076 "
o Structure expansion -2.0 x 107% "

Power density (initial)

o Average channel ' 300 cal/cm3 Sec.

o Hot channel 450 Y
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Coolant velocity

o Average channel 5 m/sec
o Hot channel 5.5 "
Inlet coolant temperature 370 °C

Heat transfer equation between cladding and coolant

Nu = 0.625 Pel-"

Power distribution

o axial ‘ chopped cosine

o radial flat

Scram conditicn

o - Power setting _ 120 %

o Scram delay time 200 msec

o Acceleration rate 9.8 m/sec2
o Rod worth 0.033 Ak/k

The physical constant is assumed to be temperature independent in
the case. The output is shown in Figures 5v16, and also input and a part
of output lists are added in the appendix. Power reaches 120% levei of
the initial at 0.37 seconds, and control rod insertion by scram starts at
0.57 seconds. The computing time by CDC - 6600 took about 35 seconds in
this case (2 chaﬁnels, 12 axial meshes, 14 radial meshes, physical values

not temperature dependent, 500 time steps), except plotting time.

5.2 Loss of Coolant Flow Accident

A sample calculation for a loss-of-coolant flow accident is presented.
Most of the input data in the case are the same as those in the former

case. The input data concerned with coolant flow and scram condition are

as follows:

Coolant flow

<
—
rt
'

= 0.8 1.0t 4+ 0.2 (35)
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Scram condition

o Coolant flow setting 80 %

o Scram delay time 500 msec

o Acceleration rate 9.8 m/sec?
o Rod worth 0.033 Ak/k

In the case the material physical properties are assumed to be tem—
perature dependent.

The output is shown in Figures 17~ 24. The coolant velocity goes
down to 80% at 0.29 seconds and the control rod starts to drop at 0.79

seconds. A part of the output list is presented in the Appendix.

5.3 Hottest Channel Calculation

A sample calculation for the hottest channel is made at the initial

value. The following engineering hot channel factors are assumed in the

calculation.

0o Tolerance in dimension 3%

o Uncertainty in gap conductance 10 %
o Uncertainty in power level 10 %
o Uncertainty in coolant velocity 5 7%

o Uncertainty in film coefficient 5%

Other calculational cenditions are the same as those in the former

case., The output is shown in Figures 251 26.

6. REMARKS

The EXCURS programme was developed about 11 years agog) and has been
used for the safety analysis of fast reactors as well as kinetics analysis,
although it does not contain sodium boiling calculation. The report is
publishéd by many requests because the original one was classified report.
As the code uses only a small amount of computing time, it is quite
convenient to make survey calculations in the design state of fast reactors.
The EXCURS is easily extended to a multi-channel model and it is also

possible to change the code for core transient behaviour calculation for
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Scram conditiocon

o Coolant flow setting 80 %

o Scram delay time 500 msec

o Acceleration rate | 9.8 m/sec
o Rod worth 0.033 Ak/k

In the case the material physical properties are assumed to be tem—

perature dependent.
The output is shown in Figures 17 24. The coolant velocity goes
down to 80% at 0.29 seconds and the control rod starts to drop at (.79

seconds. A part of the output list is presented in the Appendix.

5.3 Hottest Channel Calculation

A sample calculation for the hottest channel is made at the initial

value., The following engineering hot channel factors are assumed in the

calculation.

o Tolerance in dimension 3%

o Uncertainty in gap conductance 10 %
o Uncertainty in power level 10 %
o Uncertainty in coolant velocity 5 %

o Uncertainty in film coefficient ' 5%

Other calculational conditions are the same as those in the former

case. The output is shown in Figures 25 26.

6. REMARKS

The EXCURS programme was developed about 11 years agog) and has been
used for the safety analysis of fast reactors as well as kinetics analysis,
although it does not contain sodium boiling calculation. The report is
published by many requests because the original one was classified report.
As the code uses only a small amount of computing time, it is quite
convenient to make survey calculations in the design state of fast reactors.
The EXCURS is easily extended to a multi-channel model and it is also

possible to change the code for core transient behaviour calculation for
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other types of reactors in changing the coolant heat transfer characteris-

tics. In fact, for instance, the calculational code for the TRIGA-type

reactor based on the EXCURS, EXCURS—NSRR“), has been developed.
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Yes

Ho

h'= O-5 h

Forward Compute

v
Recompute

Fig. 3 Method of self-adjusting time interval
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Read input
{MAIN)

b7
Jat initial values
(MATN)

A
Calculate initial
temperature {INIVA)

Print input,
initial temperature
{OUTPUT,MALN)

Set time interval
(MAIN)

Calculate
iecay hest
( DECATY)

Calculate power
INTER, RNFBT, CNr'BT
y ’

Change time

- Calculate feedback
interval

reactivity
( HATTAL)

eck time interva
(TIREC)

Yes

Sy

r

Calculate temperature
(TEMP)

Print power,
temperature
(MAI T)

No Change data Next job

(HATH)

Fig. 4 "EXCURS" flow chart
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Fig. 11 Reactivity insertion accident (0.5 dollars/sec.)
Initial temperature distribution of channel 1 {radial)
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Fig. 12 Reactivity insertion accident (0.5 dollars/sec.)
Initial temperature distribution of channel 1 (axial)



JAERI-M 72890
8
®
g |
-]
8
4]
a
E
b
8
|
B
2
-8
. =
i
) s
3]
% ]
gl
Es
e
8
g
g
g |
g J
5 e AT T T T
200 .20 .0 .00 B0 L.O0 1.20 1.40 1.80 L8O .00 B30 R0 E.00 T.00 .00 .00 .40 3.00 300 .00 4.20 4.40 4.00 4.80 8.00 4.20 B.40 E.00 E.00 9.00
RADIAL DIRECTION {MM)
Fig. 13 Reactivity insertion accident (0.5 dollars/sec.)
Initial temperature distribution of channel 2 (radial)
B
£
3. FUEL CENTRE
g
&
R |
1
g8 J
g
d
8 ]
s |
-8 ]
ig
d3 ]
e
& g .8_ h
£
! E E
£
i 8
2
8
g8 |
8 ]
] A AT T T

0.00 2.00 4.00 §.00 8,00 10.00 12,0 14.00 13,00 18,00 £0,00 22.00 24,00 78.00 26,00 30.00 5.0 34-00 30.00 .00 40.00 42.00 44,00 4500 4800 M0 BE.00 54.00 0000 500 8000
AXIAL DIRECTEON . [CH] .

Fig. 14 Reactivity insertion accident (0.5 dollars/sec.)
Initial tempetrature distribution of channel 2 (axial)




TENPERATURE (OEG.C){wlG B}
0.00 1.60 3.00 .60 %.00 7.50 .00 10.50 17.00 13.50 15.00 16.50 18,00 19.50 21 .00 £¥,50 £4.00 26.50 £7.00 70.50 30,00

) TEMPERATURE (DEG.Cliaia M1
0.oQ 1.80 3.0 4.50 8.00 7.80 .00 10.5¢ 12.00 19.50 L6.00 $0.50 {5.00 15.60 71.00 £2.50 24.00 25.50 27.00 25.50 30.00

JAERI-M 7280

CORE TOP PLANE

0.00 20 .40 .50 50 .00 L.20 k.40 1.00 1.B0 £.00 T.E0.E.40 B0 £.00 .00 320 d4d 3.0 380 4.0 420 .40 4.E0

T

T T T T T 1 T T T T T T ¥ T T T T T T T T T T

RAOIA. DIRECTION (MM

Fig. 15 Reactivity insertion accident (0.5 dollars/sec.)

Final temperature distribution of channel 2 (radial)
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Initial temperature distribution of channel 2 (axial)
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