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Abstract

A computer program to perform variational neutronics calculations
is described. The inputs are direct and adjoint fluxes and the basic
multigroup data. The program has been written to couple with output

from ANISN calculations. A sample problem is included.



1. Theory
1)

Variational methods

(2)

coupled with discrete ordinates transport

calculations have recently been applied(3’4’5) to the problem of
estimating a functional, G[¢], of the neutron-photon flux ¢, which is

the solution of the linear equation

L$ = S. 1)

Here L is the neutron-photon transport operator and S is external source.
Suppose we have solved for a reference flux ¢o in some particular (reference)
system (represented by the transport operator Lo) and the associated
adjoint flux ¢g for the same system. ¢g is the solution of the adjoint
equation
L’ ¢' o ] 2
S 9,15 (2)
*
Lo is the corresponding adjoint transport operator and G'[¢O] is
. . . . 1 .
the functional derivative of G with respect to ¢( ). An estimate of
the functional G[¢] in a perturbed or altered system can be obtained
variationally without performing additional and costly transport
calculations. Two variational principles which can be used to provide

(1,4)

such estimates are the Roussopoulgs variational principle

% = + <p% —_ >
1.[0%,0 1= G[o_] + <¢%,5 - Lo_ (3)
or Schwinger variational principle

_ o 0!
5l0%0,) = Clgagg S

<¢ 80 | “
|

Here, G[¢] is the estimate of the functional in the perturbed system L.

If the reference functions ¢O,¢z differ from the exact solutions ¢ and ¢*



by first order errors, then the variational results IR and IS will

estimate G[¢] within second-order errors with respect to the exact answer.
Let L = L0 + AL, where AL is in practice a relatively small

change to the reference system, LO. AL is often the change due to the

variation of some material already in the system or newly put into the

system. Equation (3) becomes

% _ L oen®
1[6%,0.1 = 6lo_1 - <¢¥,aL0 > (5)
and (4) becomes
| <%, 550
* _ 0 ]
IS[¢O,¢0] =G <¢§’S> - <¢3’AL¢0> (6)
since =
Lo¢o =8 (7)

Here G[¢o] is the ordinary O-th-order perturbation estimate and
<¢:,AL¢O> is the variational compensation of the functional due to the
flux change. The term, <¢:, AL¢O>, is called the sensitivity term(3),
in accordance with its effect on the estimate of the functional.

The computer program, VARIED, has been written mainly to calculate
the sensitivity term, <¢:,AL¢O>, whgn the fluxes ¢o and ¢: are calculated
from discrete ordinate transport codes, in particular, the transport
code ANISN(6).

The multigroup discrete ordinates form of the transport operator, L,

%
and its adjoint L , are

5 g g I§ Loghs
L. =U, —+ 2% (x) - y = (x)P, (U OW,, P, (1.,)  (8)
DO j ox T g'< g i'=1 220 2 O R P



g fz; 1§ If g>g'
LAt I () - L (x)P,(uIW, P (u,,) 9
DO j ox T g'> g 51 250 8 27737731 i

where j is the index of the angular ordinate, Wj is the angular weight,
Uj the angular root, N is the order of the discrete ordinate expansion,
g is the energy group number, G is the total number of energy groups

) is f~th Legendre polynominal, and

L is the order of scattering anisotropy(z). Note here the 2-th moment
gg'

of the scattering cross section éz

(6)

generally used .

used in this transport problem, P

is already multiplied by 22 + 1 as

From Equation (8) we get

g G N L g'g
AL = AT, (x) - ] DL AL, (IR (OW P(u.,) (10)
g|_<— g jl=l /Q,=0 J J J
where
© ( (11
AZT () = ZT,éggturbed - ZT,r}e{%erence
g'~g g'~g
= - x
Aé& (x) éﬁ,éggturbed él,re erence (12)

and both are always due to the change of concentration of some materials
already in the reference system or newly put in from the reference system

to the perturbed system. When the differences are due to changes in the
nuclear data, as in the problem of nuclear cross section sensitivity studies(7),
we treat the different nuclear data sets for the same nuclide as

different materials. From Equations (10), (11) and (12), the sensitivity

term becomes



I G
% = :g _ATV8 g
<¢O’AL¢O> iZlAX‘ gzl le Jq)o’.] s 1 Az,i q) sJ s1

g'>g g
é!&,i ¢O’j.’iwj.P£(uj)P2(uj.)] (13)

G N L
+ 1 Z Z
g'<g j'=
The sensitivity term is calculated in some zone defined by homogenizing
the materials contained in this particular region. In this zone,
g'rg

AZ% and Aéz should be the same in each of the intervals making up a
particular zone. Thus AXi is the width for the i-th interval. T is

%
the total number of intervals in this zone and ¢ &  and ¢

0,],1 0,j,1

are the adjoint and forward flux for the reference system in the

g-th group j-th angular ordinate and i-th interval respectively.
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2. Input Description

The description here uses standard FORTRAN conventions to describe

the data formats.

Card No. 1 (20A4)

Title Card

Card No. 2 (716)

Item Cols. Name
1 1-6 IMA
2 7-12 IGM
3 13-18 ISCT
4 19-24 IHM
5 25-30 IHT
6 31-36 IHS
7 37-42 ISN

Card No. 3 (416)

1 1-6 ITA

2 7-12 NPRINT
3 13-18 NXSEC
4 19-24 INDEP

If NXSEC = 0, Cards No. 4, No. 5, No.

Description

number of materials to be changed
number of energy groups

order of scattering anisotropy
length of cross section table

position of total cross section
in the cross section table

position of inner scattering cross
section

order of discrete ordinates

number of intervals

i

0 Print input cross section sets

I

2 also do not print varied cross
section set

0 using new cross section sets
as input

file name for the cross section sets,

if not equal to zero

6, No. 7, No. 8, and No. 9 are used.

1 do not print input cross section sets

1 using that of the previous problem



Card No. 4 (ANISN FORMAT)

Cross section sets in ANISN FORMAT

Material 1,

Material 2,

Po

P1

i
i
i

Pn

Card No. 5 (6E12.5)

ITtem
1
2
}
{

IMA

Cols.

1-12

13:24
|

Card No. 6 (6E12.5)

1
2
i
{

IMA

1-12

13-24
|

!

Card No. 7 (1216)

1
2
i
|

IMA

1-6

7-12

Card No. 8 (6E12.5)

1
2
]

!
ISN+1

1-12

13724
|

group 1, group

group 1, group

group 1, group

Name

DEN(1)

DEN(2)
!

i
DEN (IMT)

VARIA(1)
VARIA(2)

I
VARTA (IMA)

TACT (1)
IACT(2)

TACT (IMA)

TMU(1)
™U(2)

f
TMU (ISN+1)

2, « + « ., group G
2, « «. « ., group G
2, . . . ., group G
Description

old concentration of material 1

old concentration of material 2

old concentration of material IMA

new concentration of material 1

new concentration of material 2

new concentration of material IMA

position of the response to

calculate the 0-th order perturbation
term for

material 1, 2, . . ., IMA. 1If not
used, assign each IACT(I) as zero.

Roots of the discrete ordinate

“j where j = 1,2, . . ., ISN+1



Card No. 9 (6E12.5)

Item Cols. Name
1 1-12 wW(1)
2 13724 w(2)
! ! ;
: i i
ISN+1 W(ISN+1)
Card No. 10 (6E12.5)
1 1-12 SS(1)
2 13-24 SS(2)
i { 3
| | :
ITA+1 I SS(ITA+1)
Card No. 11 (516)
1 1-6 ITAPE
2 7-12 IMIN
3 13-24 IMAX
4 25-36 NFO
5 37-48 NAD

If ITAPE = 0, Card No. 12 and No. 13

Card No. 12 (6E12.5)

Description

angular weights for the
discrete ordinateshg,

ISN+1

where j = 1,2, .y

interval boundary for each
mesh points SS(I), I = 1,2, .
ITA+L

b

0 Read the angular fluxes from cards

I

1 read the angular fluxes from tapes
(or files)

# 0 for ITAPE = 1 only,
number of interval to start reading in

# 0 for ITAPE = 1 only, total number
of intervals in this zone or system

# 0 for ITAPE = 1 only, tape (or file)
number for forward fluxes, ¢o

# 0 for ITAPE = 1 only, tape (or file)
number for adjoint fluxes, ¢§

are used.

1 1-12  FOFLUX(1,1,1)
Forward fluxes FOFLUX(I,J,K)

2 13-24 FOFLUX(1,1,2) I is the mesh point, J is

| energy group, K is the

‘ angular ordinate, the input

| order is mesh point (ITA+1) x

i energy group (IGM) x angular ordinates
| (ISN)
ISN FOFLUX(1,1,ISN)
ISN+1 FOFLUX(1,2,1)



Card No. 12 (6E12.5) con't.
i

ISN x IGM FOFLUX(1,IGM,ISN)
ISN x IGM +1 FOFLUX(2,1,1)
{
i
ISN x IGM x (ITA +1) FOFLUX (ITA+1,IGM,ISN)
Card No. 13 (6E12.5) Adjoint fluxes ADFLUX(I,J,K).

The description is the same as Card No. 12.

Note: If adjoint fluxes are input in cards. The orders of energy
groups should be rearranged from the output of ANISN code.

3. Output Description

The output of the program VARIED is described as follows.

Title.

If NXSEC = 1. The input cross—section data sets will be listed.
If NPRINT = 1, print out the varied cross section sets, if NPRINT = O,
also print out the cross section data for each material.

Interval boundaries

If IWRITE = 1. The forward fluxes are printed out and then the
adjoint fluxes also are printed out.

If IACT(I) # 0. The total fluxes will be listed in the order
of energy group x interval number. The functional estimated by the
reference fluxes for the particular zone G[¢O] is given.

Intervalwise summation for the sensitivity term

Result of the sensitivity term or the total estimated function for

the particular zone, if G[¢O] is given.



4. Sample Problem

The sample problem applied here is from Reference (). It is to
estimate the helium production rate in a Controlled Thermal-Nuclear
Reactor blanket system. The reference blanket system has a 0.5 cm
niobium first wall followed by a 3 cm homogenized zone of Natural Lithium
and 6% niobium structural material coolant and breeding, another 0.5 cm
niobium second wall, a 60 cm natural lithium and Nb zone, a 30 cm graphite
reflector and another 6 cm homogenized coolant and breeding zone. The
helium production rate in the first and second walls is 10.6833 x 10—4.
The transport calculations are performed with 6 group, Pl cross section,

slab geometry, and an S, discrete ordinates approximation using the ANISN

4
Code. The first wall is divided into six intervals and is designated

as the first zone. The second wall is divided into two intervals and
designated the third zone. The test problem is to determine the helium
production rate in these walls when the walls are replaced by vanadium.
We proceed using the variational method. Knowing the forward flux

¢O and the response-corresponding adjoint flux ¢:, we can estimate the
0-th order perturbation value and sensitivity term by VARIED.

The input and output are listed in the following. When the niobium
walls are replaced by vanadium walls, the helium production rate in
these walls is the sum of the results shown in the output, which is
4

20.8848 x 10 ¢ + 11.7996 % 10~
4

&
I 067,01

32.6844 x 10
The helium production rate in lowest order perturbation theory is

4 4

20.5621 x 10 @ + 11.2657 x 10

Glo,]
4

Il

31.2878 x 10

The exact solution calculated from ANISN is 32.7548 x 10 .



4¢1 LIST OF SAMPLE PROBLEM

(CARD NO, 1)

s®eeSAMPLE PROBLEM OF VeA=RwmEmD,

(CARD NO, 2)
2 6
(CARD NO, 3)
é 0
(CARD NO, 4)
9422 -3
39612~ 6
8403 =3
36969= 6
64138 -3
33017= &

3R O
He®i -3
28400~ 6

97701= 8 2R

3062 -3
23298~ 6
16870~ 7

2,58 -
18724« 6
27737« 7

4R O
4R De
4R O
4R O»
4R O
4R Do

2.2 =02

0,0

1+4000~02
0.0

8,0000~-03

D.0

3.8000=03
Qa0

2R 0,0
2.0000=03
Oe0
H46119~03
1.0000=03
0.0
7+8059-03
Qe0

040

00

0«0

Oe0

D0

4R
4R
4R
4R
4R
4R
T
(CARD NO, 5)
D«0555

! 10

0 0

De
O

O

Qe
e

O
18496« 7

O
30667- 7
52215~ 4
55307~ 4
57268~ 4
58244= 4
57978= 4
56190= 4
547465=02
2,3106
4,6955=02
2.4387
3,7531=-02
2.5714
3,04618=02
247349

2,4960=02
2,8858
D+0
2,0305=02
3,0460
6.4145-03
247261
3.,0865
344343
3.7410
3.9975
4,2537

G0

INPUT

4 5

39757~ 4
40973~ 4

41908« 4

42581= 4

42921= 4
Os

4283 1= 4

32350= 7
5R Qe
31950m
HO67 4w
48593=
54069 =

o000

140924
12254
13519

JaMb648
1.8%622

12665y

SR U0
”35“Q9~ﬂ7
1e1882mpn2
3,2205=02
H447823=02
548979=02

NBwy

ZONE | w%aa»

19269= 4 SR O,

20443= 4 50001~ 6

21305~- 4 b4621= &

21903= 4 61129= 4

22412= 4 69712+ 4

21885~ 4 80200~ &

HR
4R
4R Oe
"R Do
HR Qs

Oe
Qe

ER 0.0
14230901 4R 0,0

1,2882=01 2,0072-023

1+3401=01 4,5303-03

1+4004~01 7+9092«03

1.4937~01 1.0908~02

00
DeD
Qo0
0«0
Oe0

4R
4R
4R
4R
4R

4R Qo

47287= 8

85392~ 8

14651= 7

25381« 7

3R 0,0

341371«03

64862003

121628=02



(CARD NO, &)
0.0
(CARD NO, 7)
i ]
(CARD NO, 8)
=1e0
{CARD NO,
Ge0
(CARD NO,
De0
5.00000E~D1
(CARD NO, 1}
0 0
(CARD NO, 12
+91B26E+D0
2 47977E=01
241027E~01
2 72143E=01
v5449RE=n)
2544 18BE=01
»eB5374E=D )
'HO284E=D1
1 40454E-01
072329E=01
+64675E~0]
+54791E=D}
~e85160E=D]}
+32803E~0 1
¢ 39B4LLE~DI
s 72499E=01
264842E=D]
+54958E~01
~s846751E=0}
22551 1E~D1
+392462E=01
2 724650E=01}
+HH499BE~D]
255119E~01
~e87154E~01
+18402E=01}
¢ 384643E=0]
+72782E=01
265143E~01
¢55273E~01}
»eB7375E=0D1
e 11449E=01
+38007E=01
+72892E=D1

1 2]

10

eb65274E=01

e55419E=Q1
~e87420E=D1
247039E~02
2 37354E=0]
272979E=01}
+4656391E=D1
+55856E=01}
(CARD NOo 13

1066667E~01

3.333336”01

+11063E+D]
+79560E=01
250216E-D]
+78667E~01
26B394E-01
+B57200E-01
|22Q33€*Ul
+87711E~0D1
e504647E=D1
+782985E=~D1
248097E=D]
256940E~01}
2 22452E+01
e 954677E-01
e 51065E=01
»77912E=01
+$7T95E~D]
+5646T7E=-D]
222457E+01
«10332E+00D
e514469E-D1
2778521E«01
2STHBTE=0Y
+56409E=01
222448E+01
0‘10665*00
Q51§5?E"D’
Q77t225'0‘
g67&75€98i
+56138E-D1
1 22426E4+01
«11770E+00
+52234E=01
2767T14E=01
e b6BEDE=D]
+55864E~01
022392E+014
«12443E+0D
+52594E=-011
+76306E=01
26654 HE=D]
+»55591E=01

Qe0722
~8+81917E-01~3,33333E~0}) 3,33333E~01 8,81917E~0]
1066667E-01 3,33333E=01 3,33333E=0]
)
8+33333E~02 1,66467E=01 2,50000E~01
)
0 o 0 0
)
2 11063E+01  ,33643E+01  ,33443E+01}
+79560E=01 428915E+00 ,28915E+00
*50216E=01 ,95433Em~0) +95433E=01
*78667E~01 4 1G946E+00 L 10946E+00
+68I9HE=01  (BHB43E-0) LB4843E=Q)
+57200E=01 +67530E=0! ,67530GE=01
=+30716E~D1 - 41104E+00 ,61820E+01
+71494E-01 ,27947E+00 ,L29855E+00
+49770E~01 496944E=01 ,?4004E=D1
*79027E=01 L11232E+00 L10474E+0Q0D
+68685E=01 ,86446E-01 483131E=01
+S57456Em01  +68860E=01 ,66267E=01
=+33581E=01 +38893E+00 0.59384E+01
+63635E-01 ,26993E-00 ,30711E+00
+49310E~01 ,98541E=01 ,92650E=01
*79375E=01 411533E+00 ,10416E+00
+6B96BE=D] ,BBS4TE~D] LB1506E~0L
+57708E-01 470263E=01 +65066E=01
~e36194E~01 436737E+00 ,57051E+01
+55970E=01 ,26065E+00 ,31464E+00
+48836E-01 ,10023E+00 .91368E~01
*79709E=~01 L 11851E+00 .10171E+00
- 0b9244E=01 L90547E=D1 L79965E=01
#57956E=01 ,71743E=01 ,63925E=01
m+38562E-01 ,34434E+00 54816E+01
+H4B491E~D1 4251606400 432121E+00
a“Blﬂ?Epnl QIQZQZE*DD 0901525“01
»80027E-01 412184E+00 L,99400E=01
*6951LE~D] ,92651E=0l L78506E=0!
+58200E~01 ,73301E~01 L,62842E=01
=e40695E-01 43257BE+N0  ,52674E+01
*41190E~01 ,24278E+nD ,32488E+0D
+»47B44E=01 L10391E+00 ,88998E~0l
+80327E~-01 ,12535E+00 ,97210E~01
!697655'01 ,948635001 ,77’26&‘01
+58438E~01 ,74942E=01 ,61816E~01
=+ 42599E-01 430564E+00 L,50623E+01
*34D60E~01 42341BE+00 ,33172E+00
»47325E~-01 L10591E+00 ,L87902E~0!
*B0609E~-01 412903E+00 .95141E=01
+70012E=01 497(85E=0) +75825E=01
¢58669E-01 o 76666EmD]l L 60845E=Q1
)

4016667EwD



22651 4E~D3
022745E=03
+17834E~03
e} 346%9E=023
+78704E=-04
269047E-D4
222071E=03
2188464E=D3
2 14747E=03
+ 1 1090E=D3
*B81193E=D4
+55BI5E=0H
e 17636E=D3
¢ 14995E=D3
211466E-02
287 170E=04
063721E-04
e44614E~04
+13212E=~03
2 ]11137E=0Q3
+85957E~04
+63524E-D4
246309E=0H4
¢32445E~D4

+B803HE~DY .

2 72955E~D4
+55398E=04
+39995E~04
+289746E=D4
+20323E=04
244 149E=0H4
2 J4742E~04
22501 5E=D4
»16605E~04
+ 1 1742E=~D4
«B82401E=Q5
+5p851E=D6
"s322446E-05
"e51554E=0B

"ebb6176E-DD
=¢5370%E~D5 -
=¢37316E~05
(CARD NOo 1)

119352E9ﬂ3,

+89055E=-04
2 69996E~04
«53038E=D4
2 38742E~DH4
2 2666DE~04
+15189E~03
+13105E«02
v 10337E-03
«78732E-D4
«STINBE=DY
2 39970DE=D4
+20021E~02
21 7312E=03
+13681E~D2
» ID448E=D3
e 76482E=04
+53288E=~04

+4H48B4E~0)

+21522E~03
«17029E-02
s 13D25E=~03
295467 3E=04
266603E-04

+29482E-03

225731E~D2
22037 6E-D3
»15603E=D3
2 1 146BE=D3
2 79902E~04
«34503E~03
029934E~03
223720E=-03
«1B177E=D2
+13361E-03
Q93173Enﬂq

- 23931 0E=03

234128E-03
2270546E-02
¢ 20745E=03
¢152%1E~03
«J06HDE-Q2]

310362£-Q3
+BI055E-04
169996E=04
+53038E~p4
+38762E-04
026660E=04
w23258E-03
v20133E~03
+15924E-03
é12172£nﬂ3
+8936BE-04
v 62157E=0D4
+35579E~03
¢3084BE=~03
?24433En03
¢18715E-03
¢ 13756E=03
+95940E=p4
gq73qu*03
+41068E=03
+32541E=-03
1 24946E=Q3
+18341E=Q3
912807E~03
+58572E-03
+50809E=03
,40261&-03
+30874E=03
022702E=03
9158635'03
0 69280E~03
v60088E=D3
+H760BE=3
+36509E~03
+26846E=03
3187655~O3
¢ 79484E=03
168919€~-03
+54592E~03
+H41863E=03
+30780E=03
021521&"03

279328E~03  L31011E=023
+68249E=03 ,26596E=0)
eBITNLE~DI +20854E=03
+40769E=03  LISTH47E=D2
+29782E~03 +11518E~D3
+20396E=03 ,79890E~D4
¢69179E=03 426090E-03
+59442E=03 422301E=03
9467245FQ3 9174375033
+35395E~03 +13113E=03
¢25822E=03 L95790E=04
e 17596E~023 0663395904
+158529E=03 421155E=03
+50189E~03 L1799SE~03
¢39380E~03 +14010E=03
229739E=03  L10473E~03
021652E=03  476345E=04
o 1HE64FE=03 +52728E-04
+H7361E=03 +16209E~023
24N475E=03 L 1368B2E-D3
231 4664E~03 2 J0B77E=02
+23792E=03 ,7828B4E~04
2 17264E=03 +56865E~04
21 1848E=03 ¢ 39095E=04
0365660E=03 +11254E=03
+30285E-03 +93455E~04
e23561E=03 L71427E~DH4
s 17542E=03 g53331E~04
e12652E«03  437372E~04
282874E~04 G25444E~04
+23407E=03  4463020E~04
¢« 19603E=03 +50496E~04
+15059E~03 ,37)100E~04
e 10979E~03 +25391E-04
+78057E=04 +17885E~04
9486035'04 0117875-34
+10584E=03 +13503E-04
+84106E-04 +73880E~05
+61435E=04 +28270E=05

¢ 40925E=04 =4 10055E=05
227178E=04 =4 15741E~05
e 12601E-08 =0 184643E=0S

*¥08SAMPLE PROBLEM OF VeA=RwI=E=D, NBaV ZONE 3 sose

(CARD NO, 2)
2 6
{CARD NOo 3)
2 0
{CARD NOo 10)
0.0
(CARD NOa 11)
0 0
(CARD NO# 12)

»BsbH235E=~02 2401684E=00 2,96703E~00

1 10

1 0
0425
0 0

4 5
0.50
o 1

=2,18799E~02 1+85470E=01 3,17190E~01
1,753555 =02 7401303E~02 1,02944E~=01

4038988E=02 9439126E~02

1.25053E=01

4

2'Q7283E-03”5’34736E'02
1109828E~01~3,32159E~023
5,78910E=02 2.,46028E=02
7e3744BE=D2 4,90829E=~D2

1ol
1-2
1-3
1=4



4934030E~D2
3+84581E=D2
»8,36921E=~02
*2,48247E=D2
1e74297E=02
G9H8299E~-02
4942360E=D2
3492639E~02
«8402924E=D2
«2+79427E=02
1¢70594E~D2
%452540E~02
4449949E=02
H.00235E=02

(CARD NOo 13)

2¢4]12863E=-04
2,03392E~=04
1¢54577E=04
11571 7E=DH
8452921E=05
6426018E=DB
1+10873E=04%
B8+495050E=DS
6458351E~p5
4+457D09E=DS
3.35675E~05
24b2095E=05
=1 o 79994E=DB
24277 13E=DS
w2+ 34879E~05
«2+31567E=05
»1973337E=05
~7467751E=06

65482929E=02
5¢459H8E=D2
1+%7503E~0D
1+84019E=01
6¢BR832E=072
9e17514E=02
6eb66365E=02
5232129E-=02
1+92980E=0pD
1¢82024E~D1}
6475204E=-02
BeF47FUESD?
6049234EmD2
5+17958E=02

8+55708E=04
2:¢54398E=04
5¢59112E=04
He | 2B04E=DY
2¢96857E~04
1971899E =04
FeB24614E=04
BoI4bBT7E~DH
bsU47648BE-DY
4481 190E=-04
3¢47065E-04
2027737E«D4
110796E~02
P2 4485 7E=DH4
7¢35334E=04
BalB8I19E~04
3«?7062E~04
24563202E=04

8,39315E=02
6447048E=02
2,65123E=00
2,86780E=0)
9432057E=02
13131935‘01
7.65813E=02
5,91937E=02
2,37264E=00
2,60019E=01
8,47591E~02
1.02934E=01

7.02396E=02

5,44355Emn2

1419655E=03
7.51281E=04

5,43954E-04

3,84170E~04
2,39297E=-04
144606E-03
1321280E9u3
9430207E=D4
4,89836E=D4
3,17480E~04
1466139E=03
1440308E=p3
1o 0BABGE~QD

8,05178E~04

5,8001%E~04
3,84227E~=04

5.93244E~02
4,80)23E~02

4965252E=D2
4404951E~-02

1975681E=01=5,40590E=02
1¢15983E~01-6,00172E~023

6:28193E=-Q2
7,99085E=02
b6441997E=02
S5.189461E=02

2:,46607E=D2
5+01498E-D2
447634%4E=02
4,18191E=02

1945738BE~01~5,37458E~02
1123950E=01~8,81754E~03

6.846927E~D2
8472253E=02
5,64766E=02

9.11635E~04
9+91471E=04
6+01497E=04
44,4907 1E=04
3¢25249E=04
2419124E=04
5,71793E=04
4,94385E=04
3,78355E=04
2.76337E=04
10971 48E=04
1e2757HE=D4
2.26089E=04
1473395E=04

2:,46300E~D2
5,1 1459E=D2
4¢87006E~pD2
942521 1E=02

3:044632E=04
7923546E=04
1¢97169E=D4
1o45691E=-04
12046494E=04
7457605E=05
1:56458E=04
1e28BO4E=DY
?+54558E=05
6¢71838E=05
H4BH4AH4E=DD
3,48718E-05
1+23575E=05
1e16430E~06

1¢21637E~0464,20115E=06
Te71416E=D5=1412534E=05
4492014E~05=9,54389E~06
2,16407E=05=6,08225E=06

i=5
=6
2«
=2
2=3
2=y
2=5
2=6
3=}
Je2
3=3
Imy
3=5
I=b

l=1
=2
I1=3
1=y
1=5
1=6
2=
2m2
2=3
2=y
2=5
2=6
e
3=2
A=3
=4
=5
=6
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*2*2SAMPLE PROBLEM OF V-A-R-I-E£~Nys NB-V 70NE 2 ss2x

INTERVAL BOUNDARIES ARE

POINT 1 0,030022 CPOINT 2 2+50000-01 PCINT 3 £.00000-01 POINT



FORWARD FLUX INPUT

NOTEZ

ENERGY
-8.50578-02

ENERCY
~2.33523-0D2

ENERGY
1.75576-02

ENERCY
4, 42543-02

ENERGY
4 .38195~02

ENERGY
2,88510-02

GROUP 1
1.99593+40C
EROUP 2
1.84745-01
GROUYP 2
€£.95C67-02
CRCUP &

2,23323-02

GROUP 5
€.78E847-07

CRCOUP 2
5.,393033-02

INTERVAL 2

ENERGY
~-8.19923-0C2

ENEREY
-2.533%7-02

ENERGY
le72886-02

ENEREY
5,49413-02

ENERGY
4.,46164-C2

ENERCY

CROUP 1
1.85241+C0C
CROUF 2
1.83021~-C1
GROUP 3
&.82018-C2
EROUP 4

9,05154-02

GRDUYP 5
& «5780C-02
CROUF £

AVERASGE FROM TH E ADJACENT

ANGLE FROM 1
2.80913+0C

ANGLE FROM 1
3.01385-01

ANGLE FROM 1
2.80748-02

ANGLE FROM 1
1.13123-01

ANGLE FROM 1
8.02564-02

ANGLE FRCM 1
£+19%92-02

ANGLE FROM 1
2+51184+C(

ANGLE FROM 1
2+73399-01

ANGLE FROM 1
8.89824~-02

ANGLE FROM 1
1.308064-01

ANGLE FROM 1
«28104-C2

ANGLE FRGOM 1

MESH POINTS

70 5
le914864-01

T0 5
1.,12905-01
10 5

c.03551-C2

T0 5
T+568266-02

T0 5
6.17620-C2

10 3
4 .33542-02

T0 5
l1.60709-C1

T0 5
1.13366-01

T0 5
6.575€0-€2

10 5
B8+435553-02

10 5
6.70760-02

0

m

~84376€63-02

~ 4 46€165-13

2.46317-02

4.4361563~-12

B,70798-02

4.10071-02

~5,29024-02

-7 +40363-03

2.48453-02

3

5.06473-02

t

B.81€75~-02



2.968437-02

E.2ENg2-07

B.cBile~-072

4.20201-02



8, 26600-06 2,45453-08 2.50853-08 7.45173-05 1.53948-15

TOTAL FLUX

1.32330+00 1.2073C+0C 1.68311-01 1.60391-01 6.84997-02 €.70540-02
8.90572-02 8.74210-(2 6.64202-02 6,58201-02 5,31196-02 5.27544=02

THE REACT RATE FROM REFERENCE FLUY IS 1.12857-03



ADJOINT F_UX INPUT

NOTE:

INTERVAL 1

ENERCGY
1,75068-0%

ENERGY
l.46848-04

ENEREY
1,11206-08

ENERGY
8.07089~-05

ENEREY
£, 34298-Nn%

ENERGY
4 45056-05

CRCUP 1
9.,19161~-0%

SROYP 2

SJHEEZ2E-DY

EROUP 3
£.,03390~04

GROUP 4

Y.46387-C4

CROUP 5
3.,21311-0t8

GROYP (]

2.09818-04

INTERVAL 2

ENERGY

ENERGY
3.33668-05

ENERGY
2.11736-085

ENERGY
1.12721-05

ENERGY
8,11590-06

ENERGY

EROUP 1
1.54529-03

GROUP 2
g.89507-Ct
EROUF 3
Be 31501-01%
BROYP 4
S a150F4-04
CRCUF 5

2.720563-0%

GROYP 5

AVERAGE FROM TH E ADJACENT

ANGLE FROM 1

1.32130-03

ANGLE FROM 1

9.83488-04

ANGLE FROM 2

8.4087454-04

ANGLE FROM 1

6.14365~-CHk

ANGLE FROM 1

4.37003-04

ANGLE FROM 1

2.78388-04

ANGLE FROM 1

1.55372-03

ANGLE FROM 1

1.30794-C2

ANGLE FROM 1%

1.00688-03

ANGLE FROM 1

745897704

ANGLE FROM 1

543492704

ANGLE FROM 1

MESH POINTS

TO 5
7+51714-04

T0 5
Te42928-04
T0 13
4 .83926-04
70 5
J.62704-04
TO 5

2+511933-04

T0 5
1.723438-04

TO 5
4.08341-04

10 5
24338380-04
TC 5

24%4393956-04

T0 5
1.767339-04

To g
1.23175-04

70 5

2+30b645-104

&.26176-04

le48312-04

1.06427-C4

T +74802~-715%

83.45077-0%S

6.45851-06%

4.46273-05

2.78652-C5

1.34503-05



INTERVALWISE SUMMATION IS

-1,043738-04 2 ~1.03603-C4

' 222X EEESE RIS SRR SRR S A SR EER S R R R RS

* *
* THE RESULT IS EGUAL JC! 1.17396-(3 =
* *

I E 2 S SR RS SRR 2RSS RSS2 RS RS R RS E R E R E RS



Main DProgram

READ, Title

Subroutine VAFID@

READ, X-section
data from cards

> READ, IMA, IGM, ISCT, INM,
IHT, IHS, ISN
READ, ITA, NPRINT, NXSEC,
INDEP
Yes
NXSEC=0 ? INDEP=0 ?
No READ, X-section data
\ from file No. =~ INDEP
y
<
T
Subroutine DENST
READ, DEN(I), I=1,IMA
READ, VARIA(I), I=1,IMA
READ, TACT(I), I=1,IMA
READ, TMU(K), 'K=1,ISN+l
READ, W(K), K=1,ISN+1
READ, SS(M), M=1,1TA+1
\
Subroutine F@RADJ
READ, ITAPE, IMIN, IMAX,
NF$, NAD, IWRITE
No Subroutine TADA
ITAPE=0 ? >
READ, Forward fluxes
from file No. NF@,
adjoint fluxes from
Yes file No, NAD
READ, Forward and
adjoint fluxes from
cards
No Subroutine SUMI
IACT(I)=0 ? >
Calculate O-th order
perturbation value
G{%o]
Subroutine SUMM > Subroutine PEGENI
Intervalwise summation < Calculate Legendre
polynomial coefficients
Y
Subroutine SINTEL
P4
< sum up

G[#a]=<00,AL00>

5-) Diagram of the program VARIED




5.2 ngmm VAEfE_Q Ligt

THIS IS A VARITIONAL PROGRAM TO CALXULATE (S%sW) AND (W¥*s%LW)s WHERE W AND Wi
ARE THE REZFERENCCZ FORWORD ANGULAR FLUX AND ADJOINT ANGULAR FLUX OBTAINED FROM
THE RELATIONS LW=5s AND L#wH*=S¥*,s WHERE L IS THE TRANSPCURT OPERATUR.
DIMENSION T(20)
COMMON DI(23920) s IMASIGM s ISCT o IHM e IHT o IHS e ITASISNsTHMU(S) sW{D) s
*¥S5S(60) s REACT o NPRINT o NXSECesCXH{S094644) 9 INDEP
1 NIN=5
NON=6
READ(S5920)(T(I)sI=14s20)
WRITE(6+30)T7
###*RCAD IMASIGMe ISCT s IHM e IHT s 1HS
IMA IS THE NUMBER OF MATERIALS
IGM IS THE NUMBER OF ENERGY GROUPS
ISCT IS THE ORDER OF ANGULAR QUARDRATURE
IHM IS THE LENGTH OF CROSS SECTION TABLE
IHT IS5 THE POSITION OF TOTAL CROSS SECTICN
IHS 1S THE POSITION OF INNER SCATTERING SCATTERING CROSS 5E
ISN IS THE QORDER OF DISCRETE ORDINATEL
READI(NINSL1O)IMASIGM s ISCT o IHMe IHT 9 IHS 3 ISN
#%%#READ ITASNPRINTSNXSECSINDEP
ITA IS THE NUMBER OF INTERVALS IN THIS ZONE
NPRINT DETERMINES WHETHER TC PRINT THE CROSS SECTICON DATA AND FLUXES OR NOT
NXSEC IS O OR 1 DETERMINES USING NEW CROSS SECTION DATA OR USING THAT OF THE F
PREVIOUS PROBLEMa
INDEP IS THE NUMBER CF THECROSS SECTICN FILEs IF USED.
READ(NINSIQO)ITASNPRINTsNXSECS INDEP
ISCT=15CT+1
ISN=ISN+1
JI=IMARTGMH* THM* I SCT
IF{NXSECSNELD IR0 TO 2
IF{INDEPEQWD)ICALL VAFIDD(NINSNONsJI)
2 CALL DENST(NINsNON) «
GO TO 1
10 FORMAT(1216)
20 FORMAT({20A4)
30 FORMAT(1H1+10Xs20A4)
END

o
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C THIS IS TO READ THE CROSS SECTION DATA IN A-N-I-S-i FORMAT,

C PROGRAM SUBROUTINE F-=I-D-0 IN A-N-I-S5-Na
SUBROUT INE VAFIDO(NDyNOEsJJ)
DIMENSION IN(G)sK({B6)sVIB)

COMMON D(1)
DATA LRsLToLPLoLMI/LIHRSIHT s 1lH+9e1H~/
J=0
1 READINS 10 (LIN(I) oK (I)sV({I)eI=146)
10 FORMAT(6(IZsAlsFS40))
DO 27 I=1+6
IF(K(I)eNEeLPLoANDeK(I)eNCelLMI)GO TO 27

C #**#%EXPONENTIATION

L=IN(I)
IF(LeEQeO)YGO TO 27
E—fl0.0**L
IF(K(I)eEQeLMIIGO TO 28
VII)y=V(I)*E
GO 70 27
28 v(I)y=v{I)/E
27 CONTINUE
DO 2 I=146
IF(K(L)eEQaLR)IGC TO 7
IF(K(I)eEQeLTIGO TO 9
GC TO 14
C #*%%¥%#TERMINATION
9 WRITE(N6,100)JJ
100 FORMAT (1HOs10H X—=SECTIONsI7+131 ENTRIES READ)
IF(JeEQeJJ)RETURN
WRITE(NG6,200)J
200 FORMAT(1Xs13H ERRCOR*##NOW o179 14H ENTRIES READ)
STOP
7 L=IN(I)
DO 18 I1I=1yL
J=J+1
18 D(Jy=v (1)
GO 70 2
C ##%%¥REGULAR INPUT
14 IF(VII)«eNE«QeOYGDO TO 17
IF(SIGN(1eDsVI(I))eLTe0DeQ)GO TO 2
17 Jd=J+1
DJy=v(I)
2 CONTINUE
GO 70 1
END

STOLEN FRUw

THE



SUBROUT INE FORADJ
C ##3¢3xS5UBROUT INE FORADJ
COMMON FOFLUX(52546495) sADFLUX(5294645) 9 IMASICMs ISCT s IMMsIAT s IHS,
FITASISNSTMUID ) swi(5) 95S(60) s REACTINPRINT s NXSECsCXH(DDs4694) 9 INDIP
*¥¥x¥READ THE FORWARD FLUX
JA=ITA+1
READ ITAPEs IMINs IMAXs NFOs NAD, IWRITE
#¥%¥ ITAPE=0, READ THE ANGULAR FLUXES FROM CARDS
#% ITAPE=1ls READ THE ANGULAR FLUXES FROM TAPES
*% ITAPE=1s IMIN= NUMBER OF INTERVAL TO START READING IN
<% ITAPE=1s IMAX= TOTAL INTERVALS IN THIS SYSTEM
*¥# ITAPE=1ls NFO= FORWARD FLUX TAPE NUMBER
#% ITAPE=1s NAD= ADJOINT FLUX TAPE NUMBER
®¥% IWRITE IS 1 OR 0 DETERMINES WHETHER TO PRINT THE FLUXES OR NOT
READ(54350) ITAPE s IMINSIMAXINFOSNAD S IWRITE
350 FORMAT(616)
IF(ITAPECEQ4C)IGC TO 5

@)

OYOY OOV OOy (O
e

IAF=1
NIN=NFG
CALL TADA(NINSsIMINSs IMAXsIAF)
TAF=2
NIN=NAD
CALL TADA(NINSsIMINs IMAXSsIAF)
GO TO 6
C H3 3303 63303 3 K A3 I 3636 503336303 303036 36 3 3 563 3 30 36 30 03 6336 3 39 203696 3603 30 3 0 383696 K
5 DO 10 II=1s14
DO 10 J=1,1GM
READ(5450) (FOFLUX(ITsJsK) sK=1sISN)

10 CONTINUE
*¥%#¥XREAD THE ADJOINT FLUXES
DO 20 II=1sIA
DO 20 J=1+1IGM
READ(5450) (ADFLUX{ITsJsK)sK=1sISN)
20 CONTINUE
€ 3 3 3 S 36 336336 33 0 35 BRI RN IR K K
CALCULATE THE AVERAGE ANGULAR FLUX FIRSTseesssceccosscossnsee
6 DO 15 J=1+10GM
DO 15 K=1sIS8N
DO 15 11=24IA
IM=11-1
FOFLUXTIMsd oK )=(FOFLUX(IMeJsKI+FOFLUXITITIsJaK) )}/ 20
ADFLUX(IMsJd oK)= (ADFLUX(IMsJoK)+ADFLUX(IIsJsK) )/ 20
15 CONTINUE
IF(IWRITECEQeU)RETURN
WRITE(6,45100)
DO 30 I=1,1ITA
WRITE(64150)1
DO 30 J=1,1GM
WRITE(6s200)J9ISN
WRITE(64250) (FOFLUX(I9JsK)sK=1sISN)
30 CONTINUE
WRITE(64+300)
DO 40 I=1,1TA
WRITE(64150)1
DO 40 J=1.1GM
WRITE(64200)JsISN

[

: o Y Y 5 A YA DL M DM AL YARRT
3 336 3 G0 36 36 3436 3 3630 38 3534 36 36 36 56 36 3690 3 36 I K K K KK Kk e



WRITE(65250) (ADFLUX(IsJsK)sK=1sISN)

40 CONTINUE

50 FORMAT(6E1245)

100 FORMAT(1H1910X»18HFORWARD FLUX INPUT/10X»53HNOTE' AVERACE FROM TH
1E ADJACENT MESH POINTS )

150 FORMAT(///10Xs10H INTERVALsI4)

200 FORMAT(//10Xs13H ENERGY GROUPsI4418H ANGLE FROM 1 TO I4)

250 FORMAT(5Xs6(1PE1Z245))

300 FORMAT(1HI»10Xs18HADJOINT FLUX INPUT/10Xs53HNOTE' AVERAGE FROM TH
1E ADJACENT MESH POINTS )
RETURN
END



SURROUT INF  SUM

DIMENSION ’)LX\K\ 0)sPLEG(445)
COMMON FOFLJX 22 4695)3“«D:LUX 529%693)9IMA91\4M915"T9IHM,IHT,IriC;
FITASION s TMU(S ) oW (5) 955(60) sREACTsNPRINT sNXSECH»CXHID0 946 94) 5 IN

[A=ITA
DO 99 I=1,1A
99 SOCXSN(I)=0e0
CALL PEGENL(ISCTsISNsTMUSPLEG)
DO 200 NX=1sIA
DO 200 1G=1,1GM
DO 200 JN=1,15N
51=0.0
DO 100 IGl=1s1G
1GS=1HS+(I1G=1G1)
DO 100 JN1=1s1ISN
DO 100 IL=1+ISCT
IF(CXH(TCS4I%5sIL) eGTale05=201G0 TO 50
$=0,40
GO TO 10¢C
50 S=CXH{IGSsIGs IL)*FOFLUX(NXsIGLsJNL)*W(JNL)*PLEG(ILsJNL)*
T1PLEG(IL s JN)
100 $1=S1+5S
2= CXH IHT o IGs L)Y *FOFLUX(NX s IGeJN) -
S3=W(JIN)¥ADFLUX(NXs IGsIN) %52
200 SOgXSN(NX)=SOCXSN(NX)+53
WRITE(6520) (I sSOCXSN(I)sI=1s1A)
20 FORMAT (1H1s10Xs25HINTERVALWISE SUMMATION IS//6(I14s4Xs1PE12e5) )
CALL SINTEL(SOCXSN)
RETURN
END



o

-

SUBROUTINE PEGENL(LSHNDISCsTMUSPLEG)
DIMENSION TMU(S) sPLEG(455)
DO 10 I=1.NDISC
PLEG(1lsI)=140
IF(LS=1)1s1s2

RETURN

DO 20 I=1,NDISC
PLEG(Z2s1)=TMUI(I)

IF(LS=2) 19143

DO 30 I=14NDISC

0O 30 J=3,sLS
G=TMU(I)*PLEG(U~141)

PLEG(Js1)=G=PLEC(J=2s1)+G—-(G=PLEG(JU=241))/FLOAT(J-1)

RETURN
END



SUBROUTINE SINTEL(SOCXSN)
DIMENSION SOCXSK(60)

COMMON FOFLUX(52’46’5)9ANFLUX(5294695)91MM9 M’ISLT,IHMQI(TSIHbQ
¥ITAsISNsTMU(S ) swW(5) s35(60) sREACTsNPRINT sNXSEC s CXH(50 946 94 ) » INDER
SUM=0e0

DO 1 I=1-1I7A

[I1=1+1 .

SUM=SUM+(SS(II)=58(1))*s0CXaN(])

SUM=REACT~- Ddy
WRITE(Es10)SUM

10 FORMAT(1H /777 LOX o4 (O 363638 3636 3 36 363636 36 3 36 3636 56 3 3¢ 3¢ ¢ %%*%w%*%xﬁAAm%X‘%*/lOXQ

T1H® 938X s IH*/10Xs 1H* s 1Xs23HTHE RESULT IS EQUAL TO'1FE1245+2H %/10Xs
2L1H* 938X s TH¥ / 1OX 9 & QH 363 33 33 36 3 358 3635 38 36 3603 3 3363 3 356 9 3056 3 360363 536 3 3 3 %3 % )
RETURN

END



P

-

SUBROUTINE SUM1(XACT)
DIMENSION TOF(52446) s XACT(46)
CCMMON FOFLUX(529464+5) s ADFLUX (5
DC 10 I=1,1TA
DO 10 J=1,IGM
10 TOF(IsJ)=0e0
*%%%CALCULATION (F TOTAL FLUX
DO 20 I=1,ITA
DO 20 J=1,I1GM
DO 20 K=1sI8N
20 TOF(IsJ)=W(K)*FOFLUX(
WRITE(é;lﬂO)(
FORMAT(1H //10Xs10H
REACT=0.0
DO 30 I=1,I1TA
Il=1+1
TEM=0e0
DO 40 J=1,I1GM
40 TEM=TEM+XACT (J)*
30 REACT=REACT+TEM*®
WRITE(B.27"N)REACT
200 FORMAT(1H //10Xs40HTHE REACT RATE
15)
RETURN
END

{IseJsK)+TOF

TCF (TsJ)
(SS(IT)-5s(1))

294645
*ITA;ISNsTMU(5)9W(5),55(6O)9REA;T9NPRINT9NXSE

FROM REFERENCE

)91MA9I0M9I3&|514M9¢HT9IHS9
s CXH{Z0 946 94) y INDEP

(IsJ)
TOF( I)J)’I-L’ITA),leglGM)
OTAL FLUX/(5Xs5(

1PEL1Z245)))

FLuXx Is s LPE12.
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SUBROUTINE TADAININSIMINsIMAX s IAF)
DIMENSION FLUX(9245)

COMMON FOFLUX(524695) s ADFLUX(52346435) 9 IMASIGMeISCT o IHMeIrTelHS
*¥ITASISNsTMU(S) s W(5) 95S(60)sREACTsNPRINT sNXSECeCXHIB 004634 ) 9 INDE
IA=IMAX+1

I1A=ITA+1

IF(IAF«EQeZ2IC0 TO 50

DO 10 K=1,IGM
READININY({FLUX{TsJ)oI=1eIA)sd=1sISN)
DO 10 L=1sI8N ’
I1=IMIN~-1

DO 10 M=1s11A

I11=11+1
FOFLUX(MoKsL)=FLUX{ITIoL)
CONTINUE

REWIND NIN

RETURN

DO 15 K=1+IGM
READININY((FLUX(IoJ)eI=1sTA)sJ=1sISN)
DO 15 L=1sI5t

II=IMIN~-1

DO 15 M=1,11A

1I1=11+1
ADFLUX(MsKsL)=FLUX(IIsL)
CONTINUE

I11G=1IGM/2

K=IGM+1

DO 55 I=1,11G

K=K~1

DO 55 J=1yI5N

DC 55 M=1,11A

ADL=ADFLUX(MsIsJ)
ADFLUX({Ms I s J)=ADFLUX(MsKod)
ADFLUX(MyKsJ)=AD1

CONTINUE

ISN1=ISN/2

IDIF=ISN-2%1SN1

JMAX=ISN+1

IF(IDIF)Llsls2

JJ=0

GO 70 3

JJ=1

DO 60 JU=1sI5N1

Jd=JJ+1

JMAX=JMAX -1

DO 60 I=1,1IGM

DO 60 M=1sIT1A
ADZ2=ADFLUX(MsIsJU)

ADFLUX (M T 9 JU)=ADFLUX(Ms I o JMAX)
ADFLUX(Ms I 9o JMAX)=AD2

CONTINUE

REWIND NIN

RETURN

END





