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Abstract

For kinetic calculations of a periodically pulsed fast
reactor the code AIREK-MOD has been supplemented. The new
code AIREK-PUL integrates the kinetic equations for a periodi-
cally pulsed reactor for two space points and few neutron
groups and for one group with an external neutron source.

The kinetic equations solved by the code AIREK~PUL are
described and the listings of the three versions of the code
are given in the report.
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I. Introduction

The code AIREK-PUL is a version of the code AIREK-MOD [1]
which has been prepared for kinetic calculations for fast
reactors periodically pulsed by reactivity variations.

A design study has been made for a periodically pulsed fast
reactor with a highly enriched core surrounded by a steel
reflector with water scatters in the reflector [2]. For the
kinetic studies of this reactor it was necessary to develop a
few-neutron-group kinetic theory [ 3, 4] and subsequently to
extend the few-energy—-group model to a two-space-point-model
[5]. In addition to these kinetic calculationsa study has been
made on the performance characteristics of a fast reactor by
periodic and coincident variations of the reactivity and an
external source [6]. For this kind of calculations the code
AIREK-MOD has been supplemented,

The new code is called AIREK-PUL and has been used in

three versions:

ATIREK~PUL "Two group" (for several periods)
"Few group - Two point "

"Source"

The version AIREK-PUL "Two group" solves the kinetic equation

for two neutron groups which have been described in a previous
report [4] and for the delayed emitters in single or double
precision. The program with the single precision integrates

the kinetic equation over one reactivity pulse and varies the
maximum of the multiplication factor until the obtained pulse
fulfils the stationarity condition. For a fast reactor periodically
pulsed by reactivity variations exists such a condition for the
stationarily pulsed operation, i.e. an operation with time
independent pulse amplitudes [7, 8, 9]. After stationary pulses
have been obtained the program evaluates the main characteristics

of the bpulses, the amplitude and the half width.



The program in double precision integrates the kinetic
equations for the two neutron groups and the groups of delayed
emitters over several periods. In this case the stationarity
is reached if the shapes of the pulses are periodical., This is
seen directly by comparing the amplitude of consequent pulses.

The version AIREK-PUL "Few group - Two point " calculates
and plots the shape of the neutron flux for one of the space
points, the core region, in two neutron groups and for the
second point, the scatter region, in three groups. For all two
point calculations the stationary solution has been first
searched with the version "Two group". The flux shapes in the
core and scatter region have been calculated and plotted with
the version "Few grour - Two point " for the stationary
maximum value of the multiplication factor.

The version AIREK-PUL "“Source" integrates the kinetic
equation over one reactivity pulse and for a neutron source
which has a certain value during a small time interval of the
reactivity pulse. The maximum of the multiplication factor is
kept constant for these calculations but the time interval during
which the source is on is varied until the stationarity condition
is fulfilled. The main characteristics, amplitude and halfwidth,
are evaluated from the calculated pulse shapese



II. Integration of the kinetic equations with a periodically

varying reactivity and search for a stationary solution

A, Kinetic eguations to be solved

The equations which had to be solved during the course of
the kinetic studies for a periodically pulsed reactor are

dn k,(t)(1-p)-1 k, (1-8)
(1a) dlc = 1 T, n1c(t) + _z—i;;_ n2c(t) + 3nper(t) + S,
dn, (t) D
2C _ —J2¢c _a
(10) at T 1, Ryo(t) 1, Rpe(t)
dey (t)
(1) —gg— =B T ﬁ; n, () = M e (t)
+ (
(2a) dn1s(°) _ n1s‘t) dn1c(t)
at T on, (t) at
dan, (t) _ n, (t) n,_(t)
(20) —5r— =B 1 -5
1s 2s
dn_ (t t t t
(2¢c) __5§£_2 =D Eiﬁi_z + Do n2s( ) _ n%s( )
dt 128 l1s 238 12s 15s
where

- the subscripts 1, 2 and 35 indicate the first, second and
third neutron group;
- the subscripts ¢ and s indicate the core region and the

scatterer region;

and
njr the neutron density in the group J and region r
ljr the mean lifetime of the neutrons in the group j and

region r



kj the multiplication factor in the group J

cy the density of the delayed emitters in the group i

B the total fraction of the delayed neutron groups

fi the fraction of $ for the group i of the delayed
emitters

li the decay constant for the group i1 of the delayed
emitters

The derivations of the eqe. (1) and (2) are given in two
previous reports [L, 5].

The multiplication factor k, is a periodic function in

1
time

k1(t-T) = k1(t)

and a parabolic shape during one period has been used

(3a) k,(8) =k, - avi(s - 50)2 0<s <28
(3p) k,(s) =k, 25 <8 <T
K m K 0
(3e) 5 = | 210
av
where
k1m’ k1O the maximum and the minimum of the multiplication

factor in the first group
Qy, V a constant and the velocity in the parabolic

reactivity variations

B. AIREK-Transformations of the kinetic equations for fhe

cQre _region

For the numerical integration of the kinetic equations for



the core region equations (1) are modified by introducing the
reactivity

(La) p,(t) =k, (t) - 1
and the relative quantitatives

n, (t) n. (t)
(4b) Ny (t) = E—; N, (1) = 24—

c —
1¢e Die

c. (t)
(k) g, () ==

n

1c

where 510 is the neutron density in the first group of the
core averaged over one period

- 1 T
(L) o, = /; n, (t)at

Furthermore the equation for the neutron density of the second
group in the core NZC’ is rewritten in the same form as the

equation for the delayed neutron emitters by introducing the

definitions
(5a) Eoet) =N, (t)
P
; _ -12¢
(50) fZC B
(5¢) hoe = ii_
2c

With the definitions (%) eqguations (1) are rewritten

an, (t) p,(t)-p 6
ic _ 1 .
(6a) ErR A U N1c(t) LR S S gZC(t) + ? MEL(L) + S,
(6b) Waelt) Br. —— N, (t) - A, N. (t)
dt - 2c l1C 1c 2c ~2c¢
dgg
(6c) —7 = BfL T N, (8) - A (%)

1c



where the value 8 in the term with the multiplication factor k2
has been neglected.

The equations (6) are transformed further in the usual form
of the code AIREK by introducing the reactivity in dollars.

p,(t)
B

(7) r,(t) =
and transforming the gquantities gj(t) and S .

1, A,
(7b) wj(t) = —%%j—ﬂ gj(t) J = 2C, 152,046
3 .

S

(7¢) 8% =3 8,

gor] B

With these definitions equation (5) are obtained in the form

an, (t) 6
(8a) ie— . 18 ﬂ:r1(t)—1:‘N1c(t)+k2f20W2c(t) + 3 fiWi(t)+S*}

1c i=
aw.(t) '
(8b) ——g;—— = xj N1c(t)-kjwj(t) J = 2¢, 15250006

The kinetic equations in the form (7) are numerically integrated
with the input function (3) in the form

(8e) o, (%) - ocv2(s--so)2

Pim
(8a) p,(t)

P10

From the pulses which are obtained for the relative neutron
censities N1c(t) and Nzc(t) the main characteristics: pulse
maximum N1m and N2m the half width of the pulses{}10 and &20
are printed. For this purpose the value W2c(t) is retransformed

to give N2c(t) by means of the definition (7b).

C. Integration of the kinetic equations for the core region

1. General

For the numerical solution of the kinetic equations in the
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form (8) the code AIREK II has been written by A. Schwartz [4C].
This code uses a modified Runge-Kutta method developped by

Eo.R. Cohen [11]. Among other modifications Co Mongini-Tamagnini
introduced in the code AIREK II a periodically varying reactivity
and called the modified code AIREK-MOD [1]. The code AIREK-MOD
has been used as starting point for the calculations for
periodically pulsed reactors. These calculations lead to the
writing of a new code, called AIREK-PUL.

In the code AIREK II and AIREK-MOD the integration interval
can be given as input data or an adjustment by the code can be
chosen. In the first case the integration interval is kept
constant during the calculation. In the second case the slope
of the flux is calculated and the integration interval is
chosen by the code accordingly. In a periodically pulsed fast
reactor e.g. Ref. [2] the multiplication factor is constant
and smaller than 1 for the largest part of the period but is
raised above the prompt critical value during the remaining
fraction of the period. In a typical case the period is 10—2 sec
and the time interval during which the multivlication factor is
above the prompt critical value is about 10-& sec. Due to the
above prompt critical value of the multiplication factor the
flux can increase in this short time interval by a factor of
500 to 1000, depending on the kinetic parameters. Due to this
steep slope of the flux the self-adjusting of the integration
interval is not efficient. In the time interval where the
multiplication factor is constant and below 1 the flux changes

very slowly.

Because of these difficultles the code AIREK-MOD has been
modified to integrate with two appropriately chosen integration
intervals: the first during the reactivity pulse, the second
during the remaining time interval and exchanging them

automatically at the end of the pulses.
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2. Integration over several periods

For the integration of the kinetic equations (8) over
several periods the introduction of two different integration
intervals was not sufficient because of the small intervals
and the large number needed for the integration. Generally
the number of integration steps during the pulses was chosen
to be 1000 and in the remaining interval to be 100. This choice
give for typical cases an integration interval of about
L X 'IO”7 sec., during the pulse and for the remaining part of

n

in single precision the error caused by the conversion of the

the period an interval of 10 * sece By operating the program
input data accumulates and assumes already after very few pulses
magnitudes of the integration interval used during the pulse.
Consequently the point in which a change of the integration
intervals occurs, shifted, and it was not possible to obtain a
stationary solution.

Because of these difficulties the program had to be
operated completely in double precision for the integration
over several periods. In this way the system (8) has been solved
satisfactorily over 10 periods and it is possible to integrate

even over a larger number,
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3, Integration over a single pulse and use of the stationarity

condition

Over a single pulse the kinetic equations for the neutron
density in the two group are either integrated with or without
the kinetic equations for the density of the delayed emitterse.

In the first case the kinetic equations are integrcted in
the form (8) by setting the socurce term S*¥ equal to zero. In
the second case the time behaviour of the delayed neutron
emitters during the pulse is neglected and only the two eguations
for the neutron density are integrated.

dN1c(t)

- B (] - g
'(9a) s =1, ﬂ_r1(t) 1] N, ()+k,f, W, (t)+

s £ 7. (1))
i=

aw,. (t) -
(9b) ""2§€"' = 7\20 [Nﬁc(t)_WZC(t)J

where Wio is constant during the pulse and corresvnconds to the
mean value of the density of delayed neutron emitiers in the
steady state. This density is obtained from eqg. (4c) by introduc-
ing the average density of delayed neutron emitters

Ei(t) = % /;fT ci(s) ds

and setting the time derivative equal to zero

- g -z
Z?\.C._Bljn)l
c1

By performing the transformations (i4c) and (7b) the value
of 2 fi Wio is obtained.

The pulse integral B or I which is defined by the
integration of the relative neutron density in the first jroup
over the duration of the reactivity wave, depends 1if ail otner
parameters are determined on the maximum value of the multipli-

cation factor
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2t
(10a) I(k1m) = / N1(k

t)dt
o b

1m
For a stationarily pulsed operation this integral must have

a certain value Io which is given by the stationarity condition
[7, 8, 9]. The value of the multiplication factor k1m0 which
fulfils the condition

)=I

(10b) I(k1mo o

gives pulses with time independent amplitudes,

The code has been provided for varying the maximum of the

multiplication factor k, until the function

1
(10¢) F, = I(k1m) - I

is zero.

D. Integration of the kinetic eguation in the scatterer region

The version "Two points" is written to solve the kinetic
equations in the two regions in order to obtain the pulse shapes
in the scatterer region for three energy groups. Eq. (1) are
integrated in the form (8). For the integration of eqg.(2) the
solution which is obtained by variation of the constant 1s used

N

_ 180
(11a) N1s(t) ~ N1eO N1c(t)
-t/1. ¢ t'/1
- 2s 1s
(11b) NZS(t) = b, € ) N1s(t) e at' +
- t/1
28
+ NZSO e
t
-t/1 . t'/1
_ 38 38
(11¢) N3s(t) = e /o e [}138 N1S(t') +
—t/l38

1 1
+ bZBS N2S(t )] at' + NBSO e
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' n. (t)
where N. = —g
js n,
end (11d) D = 5—]‘3-3—
kjs ~ lks

The numerical calculations of the integrals (11) has been
added to the program "Two group". In order to obtain the pulse
shapes in the scatterer region for the stationary state the
equations (8) and (11) are solved for the value k, - which has

been obtained for the stationary state by means of the version
"Two group ".
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III. Integration of the kinetic equation with periodical

variation of the reactivity and an external source

1. General

The kinetic equation to be solved is

dn(t)
(12) T = k(t)§1'8)'1 n(t) + 2 ameg(t) + S(t)

with a periodic variation of the multiplication factor k(t)
and the neutron source density S(t) due to an external source,

k(t-T) = k(t) S(t-T) = S(t)

During one period T the multiplication factor has the shape
given by relations (3). The neutron source density S(t) is a
rectangular function which is zero except in a time interval
At,. In this time interval the source function has the constant

A
value S o
o}

The position of the time interval AtA with reference to
the maximum of the reactivity can be chosen in two ways:

-~ the time interval AtA is symmetric to the maximum value of

the reactivity

- the end of the time interval coincidences with a value k of
the multiplication factor, which can be chosen freely.

In order to study the characteristics of a fast reactor
pulsed by coincident periodical variations of the reactivity
and an external source the kinetic equation is integrated over
one pulse and the stationarity condition is used, as in the
case of a reactor periodical pulsed by reactivity variation
only.

The maximum multiplication factor km is kept constant.
In order to achieve stationarity the time interval during
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which the source is on is varied until the pulse integral
has the stationary value.

With the relative neutron density and the mean density
of the delayed emitters in the stationary state eq. (12) is

rewritten
(13a) ae) k(t)§1'3)’1 N(t) + £ [1 + R(t)]
with
(13b) R(t) =ﬁ%)—

%o
and 3 &, =20

The ratios R(t) is the source density ratio and has the same
form as the source density S(t).

Purther details on the kinetic equation for a reactor
periodically pulsed by coincident variations of the reactivity
and an external source are given in another report [6].

Eg. (13a) is integrated numerically with the corresponding
functions for the multiplication factor and the source density
ratio. The source at time At, 1is varied until the pulse

A
integral

. 2t
- O
I(AtA) = /o N(AtA, t)dt

has the value

I(AtAo) = I,

which is given by the stationarity condition.
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2o Division in integration intervals

Dﬁe to the steepnes of the resulting neutron pulses
different width of the integration intervals have been
used. The width of the integration intervals are compiled
in Table 1 together with the corresponding time intervals
and values of the source strength. The time t
the relation

y is given by

) k -k
14 t, =t + -
_( .1 o) ,J av2

Table 1 The width of the integration intervals and values
of the source used in the numerical integration

procedures.

A) Accelerator-on-time symmetric to maximum of the

reactivity
time interval value of - width of the
the source | integration interval
At At
_ —A - — - A
0<t<t, -7 ° by =500 (to 5
At At h
t - —4 <t gt + —4A S h, = —1
o] 2 o 2 o) 2 100
At
—A -
to + 55 < t <2to o h3 = h1
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B) End of the accelerator-on-time coincident with a value k

of the multiplication factor

time interval value of width of the
the source| integration interval
- R -
o<t <t - At | o) h, = =55 (1;1 AtA)
At
- - —b
t1 AtA <t < t1 SO h2 = 700
2y
t = =
t1 < < t t1 + 1O h2 o] h3 5
t1 + 1O h2 < t f 2to o hu = h1
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IV. The code AIREK-PUL and its versioné

A, General description of the versions

The code AIREK-PUL has three versions
"Two group" (for several pulses)
"Few group - Two point"
"Source"

The version "Two group" integrates the kinetic equations
for the neutron groups and for the delayed emitters, Eg. (8)

in double precision over one or more periods.

The version "Few group - Two point" integrates the two group

kinetic equations for one region with or without the equations
for the delayed emitters Eg. (8) over one reactivity pulse and
varies the maximum value of the multiplication factor until

the obtained pulse fulfils the stationarity condition. With the
stationary solution for the one region as input the kinetic
equations for the scatterer region Eq. (11) are solved.

The version "Source'" solves the one-group kinetic equation
with an external neutron source in the form of Eg. (13) and
varies the on-time of the external source until a stationary
value is achieved.

Be Preparation of the input data

1. General input data

For all three versions "General data'" are necessary. Up to
500 memory positions are reserved for input of "General data",
which are labelled Data (1), Data (2),..., Data (500). Since
entire groups of successive data may be zero, the input is such
that it is possible to read only sets of significant data. Each



set of successive

Data

the number of the

that

- 20 =~

significant data (Data k1), Data (Ki+1),...,

(k2) must be preceded by the integers k, and k, defining

the k2 ’

1 2

decimal Data to be read. It is to be noticed
the last integer which appears in the input

sheets, must be preceded by the minus sign. A zero data contai-

ned in a set to be read may be left blank.

sequentially.

Data

Data
Data

Data

Data
Data
Data
Data
Data
Data
Data
Data

Data

Data

Description of the Gerneral Input Data

(1) = Total number of the differential equations to be

+1.0 The subroutine RANAL will be used. The expression

Total number of the delayed neutron groups.
(Used only for "Version Source).

for the reactivity in the RKANAL is relative to

-1,0 The subroutine RANAL will be used. The expression

for the reactivity in the RAIAL is relative to

Integration step during pulse (half period).
Total fraction of delayed neutrons,

solved.

(2) =
(4) =

dollars unities.
(5) =

pure numbers,
(6) = k2
(7) =0
(8) =
(13) =
(14) = Neutron lifetime.
(15) = Constant source term.

(18) = +1
(19) ... Data (68)

(69) ... Data (93)

(94) e.. Data (142)

l

This space of memory is reserved for
the initial conditions: N(0), wi(o),
Tm(O) are to be introduced in order.
(If inhour is used the wi(o) will be
calculated by the code itself).
Insert in order the fi the fraction
of each delayed neutron groupe

Insert in order the Pn coefficients,

Many cases can be run



Data
Data

Data

Data

Data

Data

Data

Data

Data

Data

Data

(143)
(144)

(193)
(194)
(2113)
(2Lk)
(2u5)

(2ub)

(262)

(263)

(500) = N

~Z1—

= Number of "half-periods"
... Data (192)
/// < O start with the pulse

Insert in order the Un coefficients.

N\ 5 0 start with p(t) = p(0)
«oo Data (242)
Integration step during the second '"half period"

Insert in order the Yh coefficientse

r(0) or p(0) depending on the sign of Data (5).
(Data (24lL) is used in RANAL)

Interval of integration for a "half period". It is
correspondent to Data (243).

«os Data (261) = Are the coefficients A

1, A.2, LN N ]
1, 0*, y in the following expression
for the analitycal function.

2 3
Data (2ul) + A+ Ayt + A3t + Aht +

+ A5 sin Ot + A6 sin 20t +'A7 sin 30t
+ A

cos N*t + A_. cos 20%t + A
8 S

yt .2yt
+ A11 e + A12 e + A13 e

*
10 cos 3N*t+

3yt

Interval of integration for pulse. It is correspondent
to Data (8).
... Data (310)

In these data must be given the
coefficients appearing in the following
expression ror the feedback terms in
reactivity: a1T1 + a2T2 + eeo

This expression is used both in RANAL

and in the RTABL.

O« Normal integration method.
#Z O. A longer but better integration method is

indicator for printing. It is necessary for

rrinting the output every N steps.



2. Particular input data for the versions

b) Input for "Few group - Two point"

——— e ———— — o ————— — — s i ] o e W - s —— W i A — —

K.0 initial multiplication factor

D increment (is done always + D)

I0 stationarity condition

EP precision

HHH indicator for calculation of "Two-point"

BTA10 initial condition for neutron density

ETA2O " 1t 1! 1 114
ETABO t 1t 1! 1 1!
B1 . are not read
Bo fractions defined by equation (114d)
if HHH = O

BEL2 lifevime in the second group of the

scatterer region
EL3 lifetime in the third group of the 5

scatterer region -~
AA factors for the conversion of the
BB

1ati R

A relative neutron densities N1c’ N2C
A2 .
3 N1s’ N2s’ N38 into fluxes.

PRINT indicator. If zero ; no tabulation Fluxes

¢) Input_for_ "Source!

DATA (L) k

m
ATAO initial value
A increment (is done always + A)

I0 stationarity condition



EP precision
RO cogstant source
ALQ ov
= 0 symmetric calculation
KA N € KA{ |
£ 0 unsymmetric calculation

3. Output data [(*), (**)]

R - i s G —————— —— o f——— O —— — — —— o o — T —— Soi

1) Input data

2) For every N time steps are printed:
Reactivity
Average inverse period

Neutron flux
Delayed neutron groups
Feedback variables

3) For each pulse are printed:
Maximum reactivity
Maximum flux
Interval of time corresponding to the
half-maximum fluX,

1) Input data
2) Iterations
3) KM_(I) good

(*)

(**)

In addition to the described output data it is possible to plot
the solutions as function of time by use of the "Calcomp" [12]
Curves plotted with the program are given in Ref. [4] and [5].
The program for plotting has not been included in the listing
but it can be obtained on requeste.

Running time for typical cases (IBM 7090)

a) "Two group" (ten periods). About 50 minutes.

b) "Few group and two point". About 5 minutess.

c) "Source"., About 2 minutes.



c)

[1]

(2]

[3]

(4]

l4) Data for "Two point'" calculation

5) Characteristics core and scatterer in the order
maximum neutron density and time,
NMAX/NO , FMAX , TETA are also printed.

6) Data foriFi(j)

Version "Source"

1) Input data

2) Iterations

3) ATA (I) good.

l4) Characteristics for 'SYMMETRICY or "UNSYMKET:ICY
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END
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I

TIME IN SEC.



DTA = Ce12466659E-04 EPF = -0.110012L48E-006

DTAT = 041245996004 BTA2 = 0.12LR0ONGOE-NY EP1 = ColU430LI179E~NS EP2 = -0.88751549€-05

CHARACTERISTICS FOR —=SYMMETRIC-

MAX REAC = (. TIME = 0. I IMP(GOOD) = 0.84601099E-02
MAX FLUY = (Q.66486947NE 03 TIME = 0.25120536E-C3
0T = 0412473N63E-0V DTL = C.1397C630E-0Y DTR = 014324323605 T! = «2U49722uF~-03






ADDENDUM TO : EUR 2552e

NOTE:
The pages containing listings and samples of the programs
were unfortunately mixed altogether in the version you have

received. So as to have them in the right order, do the following:

1) Number the pages starting from the beginning of the listing
of AIREK-PUL TWO GROUP (VERSION FOR SEVERAL PULSES)

(The numbers will be 1,2,3,4,0e0000000s16)

2) Number the pages starting from the beginning of the listing
of AIREK-PUL FEW CROUP AND TWO POINT

(’I‘he number‘S ‘/‘]ill be 1’2’3,00'..01000020)

3) Number the pages starting from the beginning of the listing
of AIREK-FUL SOURCE

(The numbers will be 1,2,3,c00c00aas. 14)

4) Now read the contents following the numeration (respectively
for the 3 programs mentioned above):

-1,2,3,4,5,6,7,10,11,8,9,14,15, 12,13,16

- ,2,3,4,5,6,7,12,13,14,15,8,9,10,11,16,17,18,19,20

-1,2,3,10,11,8,9,6,7,4,5,12,13,14
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