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ABSTRACT

The Fortran IV digital computer code SHUTDOWN uses atrial and error procedure

to find the optimum method of altering the reactor power before shutdown foran outage of
Al
a given desired duration. Exact optimum solutions are not found by this method but the

solutions that are found can be used to improve reactor operations.
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1. INTRODUCTION

It is sometimes possible to improve the operating efficiency
of a reactor that does not have complete xenon-135 override capability
by appropriately varying the reactor power Jjust before shutdown. For a
reactor having low excess reactivity, outage durations are restricted by
the outage xenon transient; often this directly results in a reduction
in reactor efficiency. However, since the outage xenon transient is
determined by the pre-shutdown power history, it is sometimes possible to
vary the power in a way that will produce a more favourable outage xenon

transient and a gain in reactor efficiency.

This concept is illustrated in Figure 1. Curve A is the normal
abrupt shutdown power reduction and its xenon transient; curve B is a
sample time-varied shutdown and its transient. With shutdown method A
the startup is delayed past the desired startup time, a, to b. However,
with shutdown mode B a startup can be made at a, with a saving of time
AT . The problem is to find the power reduction mode that gives the most

efficient operation.

2. THE SHUTDOWN CODE
The SHUTDOWN code determines the best method for shutting the

reactor down for a given set of conditions by examining the xenon transients
for all possible paths through a power-time grid super-imposed on the power-
history curve. The code can optimize the shutdown in four different ways

for a given desired startup time =

(1) It can demand startup at exactly 7, and will minimize

the loss in MWd incurred during the power alterations.

(2) It can demand startup at exactly 1, and will maximize

the time spent within a given range of reactor powers.

(3) It can require that the outage be at least 1, and will
minimize loss in MWA incurred from two sources: (i) the

loss during the power alterations, and (ii) the MWd loss



from any outage extension beyond <t The first of these

two contributions may be weighted.

(4) It can require that the outage be at least 1, and will minimize

" the sum of two time contributions: (i) the loss in time spent
while the power is outside the desired power band, and (ii) the
time lost from any outage extension beyond 7 The first of

these two contributions may be weighted.

The several previous attempts to develop a method for determining
optimum shutdown modes were hampered by the lack of a direct analytical
solution. Consequently the results were rather limited in scope. For
instance, the early work described by Kirk (1953) examines only the situation
where the reactor power is reduced to zero in two successive step decreases.
The advent of modern high speed digital computers has provided the means for
calculating optimum shutdown modes in a reasonable length of time. The
first attempt to do this is discussed by Ash et al (1959). The method
proposed used a dynamic programming technique to find the shutdown mode giving
the minimum xenon peak after shutdown. However, aside from the fact that
simple minimization of the xenon peak does not necessarily lead to the economi-
cally optimum shutdown mode, this method has proved too cumbersome for solution
by present day computers. Another approach to the minimization of the xenon
peak was tried by Rosztocay (1964) using Pontryagin's Maximum Principle. The
power-time grid approach was used for the first time to approximate the optimum
shutdown function for the NRU Reactor, (Kerr and Lennox, 1962). The grid
analysis was used 1in the earlier part of the study to determine the general
shape of the shutdown function. This treatment was mainly concerned with
regulating the outage time available before the reactor was made subcritical

by the rising xenon concentration.

The approach used with the SHUTDOWN code is similar to that of
Kerr and Lennox in that a power-time grid is employed, but the code makes
it possible to determine optimum shutdown modes for a wider variety of
conditions than has been attempted before. Its main limitation is that a
significant number of calculations must be done (that is, 16,777,216 different

power variation functions are available with an 8 x 8 grid) if a near optimum
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mode is to be found from the initial grid. Hence the code is designed to refi
efine

solutions by examination of finer grids placed in the regions of interest
Another feature is that it can solve for the shutdown method thét gives the

smallest peak xenon value after shutdown. This feature will be of interest

as a check should the dynamic programming method broposed by Ash et al (1959)
ever be used.

3. DISCUSSION

3.1 The General Calculation Method

The calculation method employed in the SHUTDOWN code is simple;

a shutdown mode is selected, its outage xenon and reactor reactivity transi-

ents are calculated, its associated losses are calculated for the desired
outage time, and these losses are compared with the Previous best results.

This process continues until all paths through the time-power grid have

been investigated. For comparison the losses associated with a "sample

shutdown' mode (that is, an abrupt shutdown) are also calculated.

3.2 The Power-Time Grid

The initial power-time grid used can be fairly flexible. Up to
20 time intervals can be used, and in each of these intervals up to 20 power

levels may be designated. Also, the intervals may be of varying duration,

and the number of levels in each interval may vary.

3.3 ‘The Xenon and Iodine Calculations

The equations for calculating the xenon and iodine variations
through the power-time grid are fairly simple since the power is varied in

steps. The xenon and iodine reactivities at the end of the k—th interval
are :

X(k+1) = Xe(k) + [X(k) - Xe(k)] exp [- DE(k) T (k)} +

AT " '
DE(R) - 3 ﬂ:I(k) - Ie(k):l [ exp <— A T(k)) -

exp < - DE(k) T(k)> }} ...... (1)
I(k+1) = Ie(k) + [ I(k) - Ie(k)] exp [— M T(lk) jl ... (2)




Here Xe(k) and Ie(k) are the equilibrium xenon and iodine reactivi-

ties for the selected power level P(k) in the k-th interval :

_AP(K)

A P(k)
Xe<k) ) Ay *+ BP(k) DE(k)
Ie(k) = CP(k) - e (4)

The above formulae can only rigorously describe the point isotopic
concentration of xenon-135 in a fuel element, but it has been found in
practice that, with the proper choice of the constants A, B and C, the
equations can also be used to describe reactor xenon poisoning transients.
These constants can be found if the xenon reactivity is known for two power
1evels and the effective iodine reactivity is known for one power level.
Alternatively, one can use the fact that the ratio of A to C is determined
This ratio is a function of the fission

by the reactor fuel composition.

yields of xenon-136 and iodine-135 and can be expressed as
+
n (g + 1) //TI
The value of this ratio is 2.89 x 107> sec™  for Pu239 and U233 (y, = O for

these fuels) and is 3.03 x 107° sec™t for U235.
ANT, 5800) .

3.4 Reactivity Calculation

The reactivity formulation use:: in the SHUTDOWN code has four
portions, a constant base reactivity RB, a prompt linear power coefficient

PRC, and two delayed linear power coefficients as follows

R(k) = RB + PRC [ P(k)} + R1(k) + R2(k)

The delayed contributions are :

C Ri(k) = {ij [ P(k)T - R1(k-1) }- exp {:- CR] T(k)}-+ R1(k-1) ,
..... (6)

R2(k) = {:DZ [ P(k)T - R2(k-1) }- exp {_- CR2 T(k)}-+ R2{k-1) ,
P (7)

(See Reactor Physics Constants,
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where D1 and D2 are the power coefficients and CR] and CRZ2 are the reactivi
decay constants. activity

An important condition employed in finding the optimum shutdown
mode is that the reactor reactivity wmust not fall below the xenon reactivit
, . < vity
during the time covered by the power-time grid, unless the power is zero i
‘ n

the time intervals adjacent to the point of calculation This conditio
. ion

usually allows the elimination of a significant fraction of the possible

paths through the power-time grid, unless the reactor reactivity is relatively
large.

3.5 Subroutine TCAILC

The subroutine TCALC is used to calculate the time intercepts of

the pile reactivity and xenon transients after the reactor is finally at

ZEero power. The near-side intercept

> Or rising xenon intercept is found

in the following manner. First the time scale is adjusted by a time increment

AT so that the transient starts from zero xenon (Figure 2). (This treatment

for the xenon transient is similar to that of Ward (1957)).

Then the intercept is found by an iterative procedure. The first

guess for the intercept is the time at which the Xxenon 1s maximum. The
second iteration intercept value is found by determining the intersection

(point 2) of the reactivity level and a line drawn from the origin to the

peak of the xenon transient. The third guess is found in a similar manner.

(See Figure 3).

The far side intercept is found by iterating on the equation of the

zero initial xenon transient (See Figure 2). The equation of this curve

is

X - (e-kx t

(const) e Mt )

Or as 1s used in the subroutine :

(const) '
(Reactor Reactivity) exp [(Ar - Ay) T1] - 1.0 }-]




The first guess for the far side intercept is chosen from a
simplified representation of the far side of the xenon transient. {See

dotted lines in Figure 4).

This approximation allows an explicit estimation of the intercept

for any reactivity value.

An alternative method of solution is also included in TCALC. This
method uses a read-in table of values for the equation 8 (called the universal
shutdown curve by Ward, 1957). As presently used the table consists of the
time values for 39 different levels of xenon reactivity. If the intercept
proves to be above the 39th level (X(t)/XmaX = 0.975) or below the first level
(X(t)/Xmax = 0.025) then recourse is made to the trial and error method

discussed previously. Values that can be used for this table are listed in

Appendix 2.

Two other features are embodied in this subraaitine. First, the 3;
xenon reactivity can be reduced by a fraction, corresponding to the loss i
in poisoning effect with a partial discharge. Secondly, the reactor base f
reactivity may be changed afteg shutdown, corresponding to the charging or

discharging of spike fuel or poison.

3.6 The Refined Grid Option i@l

Solutions obtained from an examination of the initial power-time
grid can be further refined by the SHUTDOWN code. This 1s accomplished by
allowing the power level intervals of the original power-time grid to be sub- ué
divided in the regions adjacent to the obtained ' solution. The code provides “
for alternative power levels, one above and one below the previous solution. Vé
Their spacing is gradually lessened as the calculation proceeds, until the
desired accuracy is obtained. This calculation sequence can then be
followed by a sequence in which three power levels are offered, the old ;g

solution, and values above and below the old solution.

The time intervals in the original power~-time grid can also be
subdivided. In this case the power levels in the right hand subdivisions
of the original time intervals are allowed to vary first, while the power

levels in the remainder of the subintervals are held constant at the old

solution. Upon convergence the power levels are allowed to vary in the

subintervals that are second from the right, and so on until all of the
subintervals have been examined. This sweep through the subintervals

is repeated for a designated number of times. Following completion of
this operation the subintervals are again subdivided, and the Process is
repeated until the designated maximum number of subintervals has been

examined.

3.7 Example Calculation

Appendix 5 presents the output for a determination of the optimum

shutdown mode for the NRU reactor. Actually two desired startup times

were examined but only one of the solutions was determined more exactly

through the "refined grid" option. This startup time of 1.70 hours was

also examined under the same conditions as in Kerr and Lennox (1962); a
comparison of the two shutdown modes is given in Figure 5. One can observe
that although the two functions shown in Figure 5 both accomplish startup at
exactly 1.70 hours down, the one given by Xerr and Lennox loses 1.72 hours

more in full power operating time. Thus the function determined by the

shutdown code is significantly closer to the optimum.

4. CONCLUSIONS

The SHUTDOWN code can be used to approximate the optimum shutdown
modes for reactors under a wide range of conditions. The principal limita-
tion of the code is the running time required to analyse large power-time
grids. This limitation is aggravated if the reactivity of the reactor is
large with respect to the equilibrium xenon reactivity, or if the reactor
has a large negative power coefficient. Under these conditions it becomes
necessary to depend more on the "grid refining" option which redefines the
grids in the regions of interest. This process may distort the solution
function in relation to the actual theoretical optimum shutdown mode, but
the difference should be small from a reactor operational poimt of view since
the real problem is to improve operation of a reactor, not necessarily to

find the exact shape of the optimum shutdown mode.
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APPHNDILX I.

LNEIT fSOR EHUTLOWN

Card variable irevmats Wxplanation
Name
1% CY 10.5 The I-135 deuay constant ir hr-l.
Cz 10.5 The Xe-1356 decay constant In hr_L.
ARF 10.5 J& ARF < O then thz wiiversal shatdewn curve

will e read from the next 3¢ cards.

ARI" >~ 0 when no table is given.

2-40% TSUBN( L) 10.5 The neur side values of the universal shutdown
curve.,
TSUBF( L) 10.5 The far side values of the universal shatdown
curve,
41 NT : I2 Trie number of time intervals in the initisl
power-time grid.
NSDD I2 The numbher of desired startup times (1's)
to be analysed.
NOPT 1 1£ NOPT = 1 tlien outage is at least - . If
NOPT
NOPT

)
H

2 then outage is exactly t . 1If

3 the solution will be found

il

whiich gives the minimum of the maximum

xenon after shutdcocwn.

MQPT T1 If MOPT = 1 then optimization is on MWa. IF
MCPT = 2 then optimization is cn the
time spent with the power within a fraction

(FRACT) of a given power level (WCALC).

JqHICTY L1 1f NHJIOPT < O then the maximum power level in
each time interval will be given and
cards 53 and 54 must be given. I
NHGPT > 0 then the maximum gower level
through ihe grid is taken as WCALC.

% These cards arc read only at the start of the Data cards.



Card

42

43

Variable Format
Name
NRITE Il
FRACT F4.2
WEIGHT F4.2
NTOPT Il
KOPT Iz
TITLE AS3
A F10.5
B F10.5
C ¥10.5
D1 F10.5
CR1 F10.5
Dz ¥10.5
CR2 F10.5
PRC F10.5
WCALC F10.5
RB F10.5
ZF1 F10.5

(continued)

APPENDIX I

—’ N N’ N

Explanation

If NRITE > O then full output will be printed.

If NRITE < O then full output will not
be printed.

See MOPT.

This is the weight to be applied to the
losses (e.g. MWd) incurred before shut-

down relative to the losses after shut-

down.

If NTCOPT > O the tabulated universal xenon

curve (see cards 2-40) will be used to

calculate the times of zero net reactivity '

after shutdown. If NTOPT < O then the

iterative method explained in the text

is used.
The number of "Refined Grid Calculations'.
Case identification.
Xenon and iodine equation constants.

See Equations 3 and 4 in text.

The first delayed linear power céeffiéient.
The decay constant corresponding .to D1.

See D1.

See CRI.

The prompt linear power coefficient. -

The powefﬁlevel used for calculating losses

in the power-time grid.
The reactor base reactivity.

The fraction of xenon and iodine reactivity

discharged'after shutdown.
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Card

44

45

46

47 48

49 50

—

APPENDIX

Variable Format
Name

DELTAR F10.5
TLIMIT F10.5
WSD F10.5
ZSDTI ** F10.5
YSDI *x F10.5
R1T** F10.5
R2I¥** F10.5
WLOSSTI** F10.5
WSTART F10.5
z(1) F10.5
Y(1) F10.5
R1(1) F1.5
R2(1) -
N(l)—N(BO) I3
SDD(1) - F5.2
SDD(20)
T(l)-T(ZO) F5.2

I (continued)

Explanation

The reactivity added after shutdown.

The convergence 1limit for calculations of
the zero net reactivity points after

shutdown. (in hours, say 0.01).

If WSD # O then 2ZSDI, YSDI, RII, R21, and
WLOSSI will be calculated assuming WSD

is the equilibrium bPower level.

The xenon at shutdown for the reference shut-

down method.

The iodine at shutdown —----—-;- ete.
The value of R1 at shutdown ---ee=-a ete
The value of R2 at shutdown —=~eeo-_ ete

The loss incurred during the power reduction
for the reference shutdown method.
WLOSSI = 0.0 if WSD #0 .

If WSTART # 0  z(1), Y(1), R1(1), and
R2(1) will be calculated assuming WSTART

is the equilibrium power level,

The initial conditions at the start of the
power~time grid.
WSTART f 0.

These are ignored if

The ngmber'of power levels in each interval

of the Power-time grid.

The startup times to be analysed (in hours)

The duration of the time intervals in the

power-time grid (in hours).

*%* These values are

not used if WSD # 0



Card

51 52

53 54

55

APPENDIX I (continued)

Variable Format Explanation
Name

WLO(1) - F5.2 The lowest power level in each interval in ]?

WLO(20) the power-time grid.

WHI(1) - F5.2 The highest power level in each interval of

WHI(20) the power-time grid. Cards 53 and 54
should not be used if NHIOPT > O.

NTSPL I2 The number of times the intervals in the £
power-time grid are to be split in i
half. b

NPSPL I2 The number of times the spacing between the /ﬁ
current solution power level and the Aé
alternative power levels is reduced by ;é
the factor DEM. i

NTIMES IZ The maximum number of calculational sweeps ;
through the subdivided time intervals ;
before another time split is made. “

NREP Iz NREP < NPSPL. The number of times three lf%
alternative power levels are offered f
(the centre one being the current /
solution) starting with the finest power
subdivision. These calculations are
made after the calculations with two
alternative levels are completed.

DEM F4.3 The fraction by which the spacing between the
current solution and the alternative
power levels is diminished at each power
split. |

NSUT(1) - 12, 1X The numbers of the startup times (in the order :

NSUT ' i

(KOPT) of cards 47 and 48) that are to have

refined grid calculations.

AP PRIDI Y 2

UNIVERSAL SHUTDOWN CURVE

Ward (1957) was the first to rcalige +}
J. - (] U

o . 12t all xenon t- q
. : ransient.:
following reactor shutdown follow the function rents

X(t) = e ")\,xt - e ")\.It

q .t :] -L t h S~ i' t B ] f— ] : .t_ { :
C u.a y l [w) U.Il(.« L (-']1 (jxl y X U y de SCI J.beS Jb.e }(elloll ol a)lS l e ] t
S t tl O O e Ve a I‘O ’

transients s i
from non-zero Xenon. e Qtartlng

Thi.s 1 :
his function can be used by the subroutine TCALC in t

wo forms:
(1) as given by the equation, and
(2) as given in & table.
F s of b ]
our sets of the tabulated values are given below. Each set

COI I eSpOIld.; LO U d-I lk’us pd.lI S O t - N - S e

thau a-e C e t 3., [ t [l We e e W t 1e
lr'[ n . S

Program GARBAGE in conjunction
accurate to + 0.001 hr.

se of the

with the subroutine TCAIC. The values are



APPENDIX 2. (Cont'd) :
i APPENDIX 2. (Cont'a)
I A = 0.10440 hr ! i
' ; ) Af = 0.1034 np "2
‘ A, = 0.07560 hr * )
i ” A, = 0.0753 nr
Ay = 0.10404 hr_- : A = 0.10345 hr 7 i =2 5 -1 _ L
xi = 0.07524 hr " xi = 0.07534 hr " ffxl 9 x 10 "sec ©, A =2.1x 10 %sec”?)
) - o 0410359 75,
(A7 = 2.89 x 10 %sec™t, A = 2.09 x 10 %sec™ 1) (Half lives = 6.7 hr and 9.2 hr) . 0,20916 65.;32;3 0410433 75490184
' | . 0,31680 59,91120 0421065 66411966
0410401 7576132 0610428 75486292 i 0,42658 55473440 0631906 60429060
0,21001 65498784 0421054 66408582 i 0,53863 52,44868 0442962 56409027
0431809 60416509 0431890 60425978 © 0465305  49,72705 0,54247 52478575
0,42831 55496991 0642940 56i06162 1 0476996 47.39687 0465770 50,04839
0454082 52466979 0i54219 52575881 T 0.88949 45,35266 0e77544 47470457
0,65570 49493624 046573, £bi§62286 i 1.01168 43452677 0.89582 45464828
0,77308 47459592 0.77505 47468025 4 14136B2 41,87258 1,01888 43,81151
0,89310 45,54284 0.89537 45i62502 © 1426502 40435699 1,1449) 42,14730
1461579 43,70904 1,01837 43478919 7 1439644 38495692 1427401 46:62309
1414143 42,04763 1414433 42412585 . 1853130 37.85109 1-406§7 89.21329
1,27015 40452573 1427337 40460203 T 1466964  36,42571 1.542#8 87490046
1,40211 39411945 1,40566 39419413 % 1481195 33426955 14681568 36466763
1453751 37.80796 154140 37488122 4 1495837  34,17276 1482481 3550400
1467642 36457779 1:68065 3664960 Y 2010920 33412746 1497227  34,40040
1481930 35441629 1,82389 35:48596 L 2426476 32,1265 212417 33.34856
1496631 34431481 1697128 343438292 7 2042514 31,16521 ¢28083 32,34184
2411776 33426504 2412310 33§33162 4 2459118 30523824 2044235 31§37453
2427396 32426033 2427968 32432541 2476314 29,34131 2960955 30444173
2543499 31429449 2444111 31435860 4 2494155 28447060 2978273  29,53911
2660169 30436357 2460823 30442581 5 3412663 27,62265 2496240 2B466283
2077436 29446282 2478132 29452364 3e31967 26479474 3414878 27.80938
2495350 28458841 2496090 28464830 3452123 25,98273 3434318 26497554
3.13933 27,73733 3214719 27479529 3.73178 25,18490 3,54615 26415898
3433316 26490530 3,34149 2696188 3095316 24439643 3;75818 25, 35410
3453553 26409011 3.,54436 26614544 4e18600 23,61723 -98112 24&56227
3.,74694 25,28713 3,75628 25434132 4443258 22,84402 4421859 23,77832
3.96923 24449730 3497911 24454984 4469419 32,072 4.46390 22,99950
4420301 23,71506 4321346 23376627 4,97413 23, 29869 4972734 22422380
4445060 22493809 Lit6165 22498794 5é27477 20451917 5400924 21,44425
4e71327 22416307 4372495 22:21154 5460094 19,72837 5431199 20465963
4499436 21438633 5400671 21445738 595862 1891944 5.64043 19i86364
5429623 20460355 5430930 - 20464916 6435651 18,08285 6,00060 19,04936
5462373 19,80946 5563758 19485358 6480748 17,20518 6&40127 18420790
6438240 18415773 5399757 19:83972 7433488 16426205 6485536 1732370
5298287 18499714 6639803 18,19868 7498230 15,21061 7438643 16437519
0483520 17427572 6485190 17.31494 8486631 13,93215 8.03833 15,31577
ésgizgz 12-32958 7438269 16436691 8¢92843 14402858
Lo 15427284 8403426 15430803
¢ 13498899 8692392 14402150



$IB8JGB

DECK

$IBFYD GARBAG
GARBAGE A TIME INTERCEPY CALC

c

5C

COMMCN WANYNE ¢ MANYFA;TSUBN{40), TSUBF (401, TLIMIT,NTOPT,NOPT
CIMENSION TNEAR(100}:TFAR{10G) ¢MANF(100),MANN(100)
FORMAT (1298X43F10.5)

FORMAT(2F1045)

NTEPT=0

NORT=1

CAte TYMIN {SHCLOCK)

READ(S,114:CY+CZoTLIMIT

WRITE(7921CYoCZ

WREITE{6,3)CY,CL

TMAXI=ALOG{CY/CZ)/{CY-CZ)
AAA=CZREXP{CY*TMAXI)/(CY-CZ)

YEAMA®(CY--CZ)/CY

SM=M

S£130/5M

R=$

MA=M-1

DO 10 N=13MA _

OCALL TCALC{Y90505CYsCZs0.0,C.05 TMAXI,AAA,R304020.090.091.0;
ETNEAR(N) , TFAR(N) 3 NNEAR, NFAR, XV AXL)

R=S+R

MANN (N)=NANYNE

MANF {N)=NANYFA

WRITE(7,2) TNEARIN)»TFAKIN)

WRITE(6,4) TNEARIN}, TRAR(N) sMANN(N) ¢ MANF (N)

FORMAT(2F10.5,204  NNEAR NFAR )
FORMAT (2F103593X51595X,15)

CONTINUE

CALL TYMBUT (SHCLCCK)

GO IC SO

END

Eaia nRt
S T ey
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tor
s
i
[
i
H

;

7

%
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v

Normal Output

APPENDIX 3.

OUTPUT FOR SHUTDOWN

The first page of output displays the input data; the actual

output data begins on the second page.

below:
The first two lines

NCALCS

NTRANS

Ave. NNEAR and Ave. NFAR

Initial Iodine and Xenon

TIME LOSS

AMAXT

NFAR AND FAR INTERCEPTS

NNEARTI AND NFART

An explanation of terms is given

A statement of the type of problem solved.

The number of possible paths through the input
grid.

The number of times the subroutine TCALC was used.

The average number of iterations required to

reach convergence in TCALC.

The values of xenon and iodine for the reference

shutdown.
The loss for the reference shutdown.

The maximum xenon concentration following the

reference shutdown.

The times of zero net reactivity following the

reference shutdown.

The number of iterations in TCALC for the

reference shutdown solution.

The next group of data shows the losses that would be associated

with ‘each desired startup time if the reference shutdown were used.
TSUI = Time of Actual Startup.
SDNETI = "Time Loss" + "Weight"

Desired Startup Time.

from not being able to Startup When Desired.

x SDLOSSI.

SDD =
SDI,0OSSI = The Losses

The next group of data shows the results of the shutdown optimi-

zation using the input power-time grid.

The terms are explained below.
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Appendix 3. (continued)

RN S N

SDD Desired startup time.

TSU Time of startup. ?
WLOSS The loss incurred by varying the power. é
SDLOSS The loss incurred after shutdown. g
SDNET WLOSS + SDLOSS

YSD, ZSD, RSD The iodine, xenon and reactor reactivity

values at zero power.

XMAX The maximum xenon after shutdown.

TNEAR and TFAR The times of zero net reactivity after shutdown. (fg

Two alternative messages can be written in this section. One "Sample? é
Shutdown is Best" shows that the reference shutdown method is better than any 4
of the possibilities offered by the power-time grid. The other "No Shutdown
Mode will Work'" is possible only when NOPT = 2; that is, that a startup at

exactly the time desired is demanded. In this case it is possible that no "%

shutdown method - including the sample - will work.

The optimum power level variations are listed next. Following these wj

are the corresponding reactor reactivity, xenon and iodine values at the end
of each time interval. The last value "REJECTS" is the number of times selectei

shutdown modes have been rejected because of insufficient reactor reactivity.

If refined grid calculations are asked for,additional output appears.?*}

The first line reiterates the values designated in card 55. Then follows the

output for each successive time split in the power-time grid. Every time an

improvement in the shutdown function is found the new solution is printed out
along with the corresponding values of SDNET and XMAX (the maximum xenon value ; ‘

after zero power is reached). The series of integers shown is the number of i:ig

i
H

power options allowed in each subinterval of the power time grid. For example,

the numbers 1 2 show that each time interval has been split once and that

R Saba R

currently two power options are allowed in the right hand hal:’ of each of the |
original time intervals. After the calculations have been completed for each

level of time split, then a print-out of the pertinent data for the current

\
\
A\
\

Appendix 3. (continued)

solution is given.

Another feature of the code, and one that could be improved on
g J

1s related to the convergence limits in the subroutine TCALC At p t
. Presen

. . 2 R

after shutdown, then the corresponding path through the grid is

a print-out is given of the level indices for each time interval

of 1 means the lowest power level is being examined etc.)
s ).

. It would be
an improvement to allow this limit of 25 iterations to be an i

nput variable.



NRU AT S8MK

7 21111 1.00 l;qo 1 1 NRU AT 58MK
17.92000 0.50300 168.30000 -0. "=0. -0. -0.
~0. 2.00000 58.00000 ~-O. -0. 0.01000
2.00000 33.14529 336.60000 -0. -0. 0.
2.00000 33.14529 336.60000 -0. -0.
5 5 5 5 5 5 s -0 -0 -0 -0 ~0 -0 =0 =0 -0 -0 -0 -0 -0
1.70000 2.00000 -O. -0. ~C. -0. -0. -0. -0. -0.
-0« -0. T =0. -0. -0. -0. -0, -0. -0. -0.
2.00000 2.00000 2.00000 2.00000 2.0000C 2.00000 2.00000 -O. ~0e ~0.
-0. -0. -0. -0. -0. -0. -0. -0. -0. -0.
o o o o o o o o o o,
2.00000 2.00000 2.00000 2.00000 2.00000 2.00000 2.00000 0. 0. 0.
0. 0. 0.- 0. 0. 0. 0. 0. Ce 0.
SRR ‘¢;B§gg;g;;g;¢gg;;;;m;ﬁ;M;g;ﬁgwMuggaghgmgwmygga:;;h,¢;Lﬁfgkqwu;;;g.;ufga;qﬁm;wu@m¢;;;;;y;\‘ﬂ
OUTAGE AT LEAST SDD PROBLEM
SAMPLE SHUTDOWN DATA
NCALCS = 78125. NTRANS = 2950. AVE. NNEAR = 1.0 AVE. NFAR = 1.0
CINITIAL IODINE = 336.600 INITIAL XENON = 33,145 TIME LDSS = 0. XMAXI= 158.581
NEAR INTERCEPT = 0.832 FAR INTERCEPT =  34.995 NNEARI = 1 NFARI = 1
SDD TSul SDLOSSI SDNETI
1.709 34.995 33.295 33.295
2.000 34.995 32.995 32.995
OPTIMUM SHUTDOWN MODE RESULTS
SDD TSU WLOSS SDLOSS SDNET YSD ZsD RSD XMAX TNEAR TFAR
1.700 1.700 6.500 0. 60500 226.531. 25.727 58.000 108.303 1.777 28.088
2.000 25.497 . 8.000 23.497 31.497 179.369 57.919 58.000 104.496 0.007 25.497
OPTIMUM POWER LEVEL VARIATIONS
SO0 Wl- W2 W3 W WS Wé W7 W8 W9 W10
1.70 1.000 1.000 1.000 1.000 1.000 0.500 2.000 0. 0. 0.
2.00 1.000 1.000 41.000 1.000 1.000 0.500 0.500 0. 0. 0.
REACTIVITY MATRIX 1,10
1.70 58.000 58.000 58.000  58.000 582000 58.000 58.000 0. 0. 0.
2.00 58.000 58.000 58.000 58.000 58.000 58.000 58.000 0. 0. 0.
XENCN MATRIX 1,10
1.70 33.145 49.938 51.807 49.619 46.673 43.911 55.525 O. Q. " 0.
2.00 33.145 49.938 51.807 49.619 46.673 43.911 55.525 0. 0. 0.
IODINE MATRIX 1,10 _
1.70 336.600  305.159 279.591 258,800 241.893  228.144  201.244 0. 0. 0.
2.00 336.600  305.159  279.591  258.800  241.893  228.144 201.244 0. 0. 0.
REJECTS= 2581.




REFINED GRID CALCULATIONS

NTSPL= 2_ NPSPL= 4 NTIMES= 2 NREP= 1 DEM=.500 NSUT= 1
2
1.2500 1.2500 0.7500 1.2500 0.7500 0.7500 2.0Cn0
SONET=  6.00C00 XMAX= 111.33214
2
2 -
2
2
; .
1.2500 1.2812 0.7812 1.2187 0.7187 0.7813 2.0000
SONET=  5.96875 XMAX= 111.49081
3
TYMOUT CALLCLOCK 0404.8
NT= 7
SDD TSU WLOSS SOLOSS SDNET YSD 25D RSD XMAX TNEAR TEAR
1.700 1.700 5.969 0. 5.969  233.982 25.765 58.000 111.491 1.700 28.662
POWER LEVELS
1.2500 1.2812 0.7812 1.2187 0.7187 0.7813 2,0000
REACTIVITIES
58.0000 58.0000 58.0000 58.0000 58.0000 58.0000 58.0000
XE135 LEVELS '
33,1453 44.4958 44,2974 55.0390 43.4807 51.5626 49.9745
1135 LEVELS
1336.6000 313.0189 294.8258 264.3107 253.2520 228.5386 210.4071
1 2
1 2
1.2500 1.1250 1.2812 1.4062 0.7812 0.6562 1.2187 1.0937 0.7187 0.8437
0.7813 0.9063 2.0000 2.0000
SONET= - 5.96875 XMAX= 111.87310
1 2
1 2
1 2
0.7813 0-9378 3 o008 g g:oggg T elrare T T oleses” s1ET rgaae TR e ce -
SDNET=  5.95312 XMAX= 112.07866
1 3
2 1
2 1
2 1
2 1
3 1
1 2
1 2
1 2
1 2
1 3
2 1
2 1
2 1
2 1
a 3 1
TYNOUT CALLCLOCK 1120.2
NT= 14
SCD TSU WLOSS SDLOSS - SDNET YSD " 25D RSD XMAX TNEAR TEAR
1.700 1.700 5.953 0. 5.953  235.670. 25.483 58.000 112.079 1.700 28.779
POWER LEVELS :
3:$§?§ 3:233; é:égéﬁ ;:3353 0.7812 0.6562 1.2187 1.0625 0.7187 0.8750
REACTIVITIES
gg:gggg gg:gggg »gg:gggg gg:gggg 58.0000 58.0000 58.0000 58.0000 58.0000 58.0000
XE135 LEVELS A
39,2032 45.3558  46-1905  so.lags  ‘EF63 S0.47TT 56.9049  46.4383  46.3000  50.5252
1135 LEVELS
-324.2004 310.4357 301.1230 295.3084 279.2153 262.6365 256.9860 249.3074 236.6999

336.6000




227.9141 218.4414 212.4825 224.6751

1 1 1 2

1.2500 1.2500 1.0937 0.8437 1.2812 1.2812 1.4375 1.6875 0.7812 0.7812
0.6562 0.9062 1.2187 t.2187 1.0625 0.8125 0.7187 0.7187 0.8750 0.6250
0.7813 0.7813 0.9375 1.1875 2.0000 - 2.0000 2.0000 2.0000

SDNET= 5.95312 XMAX= 112.11704 .

1 1 1 2

1 1 1 2
1 1l 1 2
1.2500 1.2500 1.0937 0.9062 1.2812 1.2812 1.4375 1.6250 0.7812 0.7812
0.6562 0.9687 1.2187 1.2187 1.0625 0.7500 0.7187 0.7187 0.8750 0.687>
0.7813 0.7813 0.9375 1.2500 2.0000 2.0000 2.0000 2.0000
SDNET= 5.92187 XMAX= 112.40268
1 1l 1 2

1 1 1 2

1 1 1 3
1.2500 1.25C0 1.0937 0.9375 1.2812 1.2812 1.4375 1.6250 6.7812 0.781l¢
0.6562 - 1.00CO l1.2187 1.2187 1.0625 0.7187 0.7187 0.7187 0.8750 0.6502
0.7813 0.7813 0.9375 1.2813 2.0000 2.0000 2.0000 2.0000
SONET= 5.91406 XMAX= 112.43671
1 1 1 3
1.2500 1.2500 1.0937 0.9687 1.2812 - 1.2812 1.4375 1.6562 0.7812 . G.7812
0.6562 1.000C l.2187 l.2187 1.0625 0.6875 D.7187 0.7187 0.8750 0.6259
0.7813 0.7813 0.9375 1.3125 2.0000 2.0000 2.0000 2.0000
SONET= 5.90625 XMAX= 112.46100
1 1 1 3
1 1 2 1

) 2 1 1
1 2 1 1
1 2 1 1

PR TIC BRI T) BERATITTE F L oS U LT EU S eI O Y S PR SN

2 1 1 1
2 1 1 1
2 1 1 1
2 1 1 1
3 1 1 1
1 1 1 2
1 1 1 2
1 1 1 2
1 "1 1 2 i

i 3 1 1
2 1 1 1
2 1 1 1

2 1 1 1

3 1 1 1
TYMOQUT CALLCLOCK 3195.8

NT= 28

SDD TSU WLOSS SDLOSS SONET YsSD FAYY) RSD XMAX TNEAR TFAR

1.709 l.700 5.906 0. 5.906 236.772 25.296 58.000 112.461 1.700 28.855
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SIBFTC EJ6SHD
COMMUN MANYNE sMANYFAsTSUBNI(4U) s TSUBF(40) s TLIMITSNTOPTLNQPT

UDIMENSION T(1ul)sw (2091301 sNP(10C)sY (10115201011 sRE101)»M{20)
IYE(2Us1UG) s ZE(2091uD)sDE(20,100)5P1101)sNPSOL(100520)5SDLOSS(2D),
2WLOSS123) s 3DNET(20) »Y5D(2C) »25D(223)55DDL20)»TSUL20) s TNEARLZ0)
3TFAR(20) sWHI(100)sWLO(1JO)sTITLE( Q) sWSOL(100520) s XMAX(20)
GN(13v) s TSULI(20)sSDLOSTI{20)sSONETI(2031sRSD(20)>RI(121)+ZEMU100520) s
S5REM(100,20)sYEM(1JJ920)sR2(013T11sNOMI1I0)+NSUTI20)+sSOLI20)s4R(100Q)
6TI(20) sNOMT(20) sWRT(20)sWIT(2))sWLOT(20)»WOLD(10C)H»ROLD(1ICC),
720LDI1100)»YOLD130)

1000 FORMATI212s411432544251131298A61A5)

18201 FORMATI(7F10,.5)

1002 FORMAT(2013)

1903 FORMAT(14F5,2)

2U0UUFORMAT (1HUS11XK92(1 12921 X) 94 (11191X)22(1F6a251%X)511351Xs0[291%38AE>
1A5)

2u01 FORMATU1HY»10Xs7F1v,5)

2002 FORMAT{1HO»10X+2215)

2003 FORMAT(1HU»19Xs10F1C,5/11Xs10F10,5}

2VU0GUFORMAT{ 1HC+ 1OXy LUHTHIS 1S A +12A6+14HOPTIMIZATION, s4AK,
19HD PROBLEM)

2005 FORMAT(1HU/1uXs2UHSAMPLE SHUTDOWN DATA)

20060FORMAT(1HS, 10X 1 THINITIAL IODINE = sFBe394Xs16HINITIAL XENON
1FB8e394X312HTIME LOSS = 9sFB8e4394X96HAMAXI=9F8,3)

20070FORMAT {1HO»10Xs 1 THNEAR INTERCEPT = sFB8e394X»16HFAR INTERCEPT
1F8.394X»IHNNEAR]I = »15+4X+s8HNFARL = »15)

2008 FORMAT (1HU»10Xs 29HOPTIMJIM SHITDONN MODE RESULTS)

2009JFORMAT{1HO,10X»102HSDD TSU wL 0SS S5DLOSS SENET
1 YSD 25D R3D AMAX TNEAR TFAR)Y

2V10 FORMAT(1HO»6X511{1XsF84351X))

2011 FORMAT(1HGsB8XsFB.3s26H SAMPLE SHUTDOWN IS BEST)

2012 FORMAT(1HOs»BXsF843929H NO SHJTDOWN MODE WiLL WORK)

2013 FORMAT(1HQ»10Xs30HOPTIMUM POWER LEVEL VARIATICNS)

n
-

20149FORMAT (1HOs4X, 1 10HSDD Wl w2 W32 W4

1 WS w5 w7 we WS Wlo )
2U15 FORMAT(1HOU3XsF5,2224910(1XsF8.351X))
20160FORMAT (1HC»4X,110HSDD wll Wiz w13 wla

1 W15 Wl6 W17 w18 w19 w20 ]

20170FORMAT {1HO»10X s YHNCALCS = sF1Ce032X s FHNTRANS = »F10.0192Xs13HAVE, N
INEAR = 9F44192X912HAVE. NFAR = sF4.l)
2018 FORMAT(1HGs10X»39H sSpD TSUI SDLOSST SDNETI)
2019 FORMAT(IHOs11XsF8.243XsF84333XsFB8,3+3XsF8.3)
2025 FORMAT[1HU»10Xs22HREACTIVITY MATRIX 1s1U)
2026 FORMAT(1HO»10Xs23HREACTIVITY MATRIX 10,20}
2027 FORMAT(1HUOs10X 9 1 7HXENON MATRIX 141Q)
2328 FORMAT(1HG»10Xs 18HXENON MATRIX 10,20)
2029 FORMAT(1HU»10X518HIODINE MATRIX 1,10}
2030 FORMAT(1HO»10X»15HIODINE MATRI.L 101,20)
2031 FORMAT(1HO»10Xs40OHNON COMVERGENCE MNEAR SIDE NP GIVEN BELOW)
2032 FORMAT(1HO»10X539HNON CONVERGENCE FAR SIDE NP GIVEN BELOQO4)
2033 FORMAT(1HO»10X»2013)
2034 FORMAT(2F10.5)
2035 FORMAT(1HOs10XsBHREJECTS=9F10.0)
2045 FORMAT(1H1510Xs8A6345)
2046 FORMAT (3F10.5)
C DEFINITION OF FUNCTIONS
ORXENF(YEYZE+YsZ Do T4CY) = ZE +UZ-2E)2EXP (~D*T)+
1ICYR(Y=YE)R{EXP (~CY*T)=EXP {(~D*T))1/(H-CY)
REACFIYE Y ZYaT 1= YE+IY=YEINEXP (=-CY¥*T])
CALL TYMTN{5HCLOCK)



READ(592546) CYsCZ »ARF
IF{ARF)90G195201+3500
gJ301 N0 7402 1=2s4l
7332 READ(592C34)TSUBNIT ) s TSUBFI{T
TSUBNI(11=0,0
TSURF (] )=ueo
£30 DD 257% 1=1»20
XMAX{1)=C,
M{])=v
SOLOSS(1y=C,
wLO0SSIy=0C,
SONETI(] =4,

YSD(!y=J.
25D(11=0,
TSU(l)=v,

TNEAR(T I =C,
T:AQ(I)=O-
Nty =0
TSUIl1)=C
QDL051(1)=OG
SONETI(T1)=C,
R5Dt1) =%,
NSUTI(T}=3
SCoLlI)=v,
DD 3576 J=11100
TtJ)=0,
W(llsJd)=v,
NP(J1=0
Y{Jy=U,
Z(J)=0-
R(Jy=0,
YE(TsD)=C
ZE((’J‘=OO
DE(T+2)=0,
p(J):o.
NPSOL(Jsl)=v
WHI(J)'—'UQ
WLO () =U,
WSOL(Js1:=C,
R1(J)=0,
R2{U)=0,
ZEM(J»11=C,
REM(Js11=0,
YEM(Js+1)=0,
NOM(J) =0
WR(J)=0,

3576 CONTINUE

3575 CONTINUE

KT=C

DEM=U,

CALL TYMCUT [SHCLOCK)
OREAD (5,100 NT NSDDsNOPT +MOPT s NHIOPT S NRITE»FRACT »
IWEIGHT sNTOPTsKOPTSTITLE

READ (54510011 AsByCrsD1>CR1SD2>CR2

READ (5,1001) PRCsWCALCsRB»ZF1sDELTAR,TLIMIT

READ (5,1001) WSD»ZS5DIH»YSDI»R1TI»R21sWLCSSI

READ (5,1001) WSTART+Z{1)sY{1)sR212)sR2( D)

READ(S5»1502)1 (NI )»1=1+20)

READ(551303) (SDD(I311=192C)
READ(551303) (Tt1)ys1=1.29)

READ{(551C03) (WLO(1)sI=1520)
IFINHIOPT)571+5711572
571 READ(591003) (WHIII)sI=1+20)

C CALCULATION OF W{lsJ) A
572 CALCS=1,0
WRITE(6»2045)TITLE
REJECT=0,
TRANS = 0,0
IF{NOPT-2)2560,3660+3661
3661 NSDD=1
3660 DO 100 J2 = 1sNT a8
NP(D2y = O
IFIN(J2) - 1) 101»1ul»102 C
101 W(l1sJ2) = WLO(JZ2) D
GO TO 104

102 IFINHIOPT)5015501s5C0

500 WHI(J2) = VICALC

501 ARG1=N(J2) - 1
WRIJ2)=IWHI(J2)-WLO(J2)1 /ARG

NJ = N(J2) F
DO 103 U3 = 1,NJ G
ARG2=J3 -1

103 W(J3sJ2) = WLO(J2) + WRI(J2)%ARG?2
104 DC=N{J2)

CALCS = CALCS#®DC
100 CONTINUE

C SECONDARY PARAMETERS 010
ZF=1.0-2F1 '

IF (WSD) 25251 011

1 YSDI=C#*#WSD . 012

ZSpl= A*WSD/(CZ+ B * WSD) 013

R11 = D1*WSD
R21 = D2%#WSD
WLOSST = C,0 0la
2 TMAXI =ALOG ( CY/sCZ) /7 (CY-C2)
RSDI = RB + RlI+R21!
AAA = CZ *» EXP  ICY®*TMAXI) 7 (CY-CZ)
OCALL TCALC(YSDI’ZSDI’CY’CZ!CR11CR2’TMAXI)AAAQReleI’RZI’DELTARpZF’
1TNEARI s TFARI sNNEARI s NFARI s XMAXI)
IF (MANYNE-25)19451945190
194 IFIMANYFA-25)19551959191
195 IF(WSTART)18B»18s17

17 Y(1) = C*WSTART 019
Z(1) = A®WSTART / (CZ + B*WSTART) 020
R1{1) = D1 * WSTART
R2(1) = D2 # WSTART

18 DO 23 I = 1»s NT 022
NPI(I) =1
I1 = NI(I) 023
DO 24 J =1 s 11 024
YE(Jo1) = C® W(Js]) 025
DE(JsT) ="CZ + B * WlJsI) 026
ZE(Js1y = A # WlJsl) / DE(Js1) 028

24 CONTINUE 029
DO 70 11 = 1sNSDD 030

70 NPSOL(Is11) = O . 031

23 CONTINUE 022

R({1) = RB + R1(1)+R2(1)4+PRC®WSTART
C INITIAL VA, UES
ANEAR = Cao



AFAR = an
ANNEAR=UL0
ANFAR=G,C
IFIKT)7?T51027510s7511
7510 DO 19 IN =120
SDLOSS(IN )=0,0
WLOSS({IN )=0,0
SONETLIN 1=WLOSST
YSDIIN )=YSDI
ZSDUIN y=25D1
RSD({IN )=RSDI
XMAXLIN }=XMAX]
TNEARUIN J=TNEAR!
fFARUIN y=TFARI
MUIN 1=1
SHLOSICIN 1=3,.0
SONETI(IN )=WLOSSI
TSUT(IN Y=SDD(IN )
TSUCIN )=SDD(IN )
19 CONTINUE
¥511 DO 50 ND=1sNSDD
GO TO (90991 ¢50)sNOPT
90 IF(TFARI~SDD(ND))5(95054
54 IF(TNEARI-SDDI(ND))55950+50
55 SDLOSIIND)=TFARI-=SDDI{NC}
TSUI{NDY=TFAR]
TSUIND)=TFAR1
SONET(ND)=WLOSSI+TFARI-SDD {ND)
SPDNETI (ND)=SDNETIND)
Go TO 50
91 IF{(TFARI~SDD(ND) 50,5097
97 IF(TNEARI-SDD{ND1193350+5C
93 SDNETI(ND)=0,0
TSUTIND)=0.0

M(ND)=2

5O CONTINUE

C CALCULATION OF ZERO POWER VALUES 117

W{1sNT+1) = 1,90
NP{NT+1) =1

92 JJ =1 118

41 DO 26 K = JJsNT 119
NPK = NPI(K}) ’ 120
P{K) = WINPKsK) 121

NPD = NP{K*1)
P(K+1) = WINPDsX+1)

R1{K+1) = (D1#P(K)-R1(K))*(1.,0-EXP (~-CRYI*T(K)))+R1(K)

R2(K+1) = (D2#P(K)-R2IK) 1% (1.0-EXP (-CR2*T(K)}))+R2(K)

Y{K+1) = REACF(YEUINPKs»K)» YI{K)> CYs T(K)) 122
R(K+1) = RB + PRC*P(K) + RI1(K+1l) + R2(K+1)

Z(K+1) = RXENF(YE(NPK»K) +yZEINPK K1Y (K)2Z2(K)DE(NPKK} s TIK) €Y}

IFIR(K+1) ~ Z{K+1))581+26+26 125
581 NERROR = K
IF(P(K))59035590,8099
590 IF(P(X+1))26+2658099
8099 REJECT=REJECT+1,0
GO TO 27
26 CONTINUE
CALL TCALCUIYINT+1)9Z{(NT+1)9CY>»CZyCR1+CRZ2+sTMAXIsAAARBsRI(NT+]1)»
1R2{(NT+1)sDELTAR»ZF s TNEAs TFAsNNEARsNFAR » XMAXA)
IF(MANYNE - 25) 180180190

180 IF(MANYFA - 25)1815181,191
181 TRANS = TRANS + 1,0
EAR=NNEAR
FAR=NFAR
ANEAR = ANEAR + EAR/CALCS
AFAR = AFAR + FAR/CALCS
C CALCULATION OF WLOSs SDLOSs SDNE 128
WLOS = 0,0 129
DO 153 K1 = 1NT
GC TO (29150) +MOPT
150 A1= FRACT®*WCALC
IF {P{K1l) ~Al) 1519153+153
151 WLOS = WLOS + T(K]1)*WEIGHT
GO TO 153
29 WLOS = WLOS + ((WCALC — P{K1))*T(K1)*WEIGHT)/WCALC 131
153 CONTINUE
GO TO(60s6193501)NOPT

C CALCULATION OF WLOSs SDLOSs SDNE FOR NOPT = 1 133
60 DO 28 XK = 1sNSDD 134
31 IF (TFA — SDD(KK)) 33533534 139
33 5pLOS = 0,0 140

TS = SpD(KK) 141
GO TO 32 142

34 [F (TNEA — SDD(KK)) 35936436 143

36 SDLOS = 0,0 14%
TS = SDDUKK) 145
GO TO 32 146

35 SDLOS = TFA - SDD{(KK) : 147
TS = TFA 148

32 SDNE = WLOS + SDLOS 149

"IF(SDNET{KK) ~ SDNE) 28:28+38 150

38 SDNET(KK) = SDNE 151
WLOSS(KK) = WLOS : 152
SDLOSS(KK) = SDLOS 153
TNEAR(KK) = TNEA 154
TFARIKK) = TFA 155
YSDIKK) ‘= Y(NT + 1) 156
2ZSDIKK)Y = Z(NT +1) 157
XMAX (KK ) =XMAXA
RSD(KK)Y = RB + R1INT+1) + R2(NT+1)

TSU(KKY = TS 158
M(KK) = O .

DO 99 M9= 1#NT 159
NPSOL{M9sKK) = NP(Mg) 160
REM(M9sKK) = R(M9)

ZEMIM9sKK) = Z(M9)

YEM(M9sKK) = Y(M7)

99 CONTINUE 161

28 CONTINUE 162

C CHOOSE NEW NP ‘ 163

9000 NFRROR = NT :

27 DO 39 KQ = 1» NERROR ’ . 164
JQ@ = NERROR - KQ + 1 ' 165
NP(JQ) = NP(JQ) + 1 166
IFINPLJQ)Y - N(JQ)) 40540422 167

40 1FLJUQR-1)6C0+6001601

600 Uy =1
Go TO 602

601 Ju=JQ-1
602 NER = JQ+1



DO 580 M5 = NERsSNT

NP(M5) = 1
580 CONTINUE

GO TO 41
42 IFLJC -~ 1) 43543444 ;gg
44 NPIJQ) = 1
39 CONTINUE 171

C CALCULATION OF WLOSs SDLOSs SDNE FOR NOPT = 2 1;5

61 DO 62 JI = 1» NSDD }74

67 IF (TFA - SDD(JI1) 66166964

64 IF (TNEA - SDD(JI)) 62165166

66 TS = SDD(JI)
SDNE = WLOS }35
IFIMIUT)-1)1655165168

165 IF(SDNET(JI)-SDNE)62+62568

68 SDNET(JI) = SDNE
MIJI) = O 185
WLOSS(JT} = WLOS 86
TNEAR(JI) =TNEA }a7
TFARLUIY = TFA 188
XMAX (3])=XMAXA
YSD(JI) = YINT + 1) 189
ZSDIJI) = ZINT + 1) 190
RSD(JI) = RB + RI(NT+1)+R2(NT+1)
TSULJIY = TS 191
DO 69 K3 = 1sNT 192
NPSOL(K3sJI) = NP(K3) 193
REM(K3sJI) = R(K3)
ZEMIK34+JTI) = Z(K3)
YEM(K39JI} = Y(K3)

69 CONTINUE 194

62 CONTINUE 195
NERROR = NT
GO T0 27 196

190 WRITE (632031}
GO TO 192

191 WRITE (6+2032)

192 WRITE (652033) (NP(L30)+L50=1,20)
GO TO 9000

C CALCULATION FOR NOPT=3
3501 IF(XMAX(]1)=XMAXA)9000,9000,3504
3504 XMAX(1)=XMAXA

M(11=0
WL0SS(1)=WL0S
TNEARU1)=TNEA
TFARI1=TFA
YSD(1)=Y(NT+])
ZSD(1)=Z(NT+1)
RSD(1)=RB+RI1{(NT+1)+R2 (NT+1)
DO 3505 I=1sNT
NPSOL(1+1)=NPI( 1)
REM{I»1)=R(]}
ZEMII91)=2(1])
YEM{I1)=Y(])
3505 CONTINVE
GO TO 9000
C SOLUTION MATRIX
43 TF(KT)210+210,211
210 DO 900 Jg =1sNSDD
DO 9U1 U7 = 1sNT

M19=NPSOL{(J79J6)
WSOL(JT79J6)1=W({M195J7)

901 CONTINUE

900 CONTINUE
ANNEAR = ANEAR®CALCS/TRANS
ANFAR = AFAR®CALCS/TRANS

JWRITE (692300} NT s HEDD sNOPT+MOPT o NHIOPT s NRITEZFRACT »
IWEIGHT oNTOPTsKOPT» TITLE

WRITE (6+2001) AsBsCsD1sCR1+0D2sZR2

WRITE (6»2C01) PRCoWIALCHsRBsZF L eDELTARSTLINVIY

WRITE (6,2001) W3DsZ DI »YSDIHRITsR2] »aLOSS]

WRITE (62091 WSTARTSZ(1)sY (1) sR111)¥R2(1)

WRITE(6+2002) (N{I)sI=1s20)
WRITE(692003) (5DD( T1sI=1s2D
WRITE(6920C3) (T(I1+1=1+20)
WRITE(§92003) (WLO(T19I=1+20)
WRITE(692CC3) (WHI(I)s][=1+20)
GC TOU1365G653651) sMOPT
3650 WRITE(622049)
2v49 FORMAT(1H1910Xs26HTHIS IS5 A MaD OPTIMIZATION)
GO TO 3652
3651 WRITE(6+2050)
20SO00FORMAT(1H1+1CXs49HTHIS IS A TIME ABOVE (FRACTIX(WCALC) OPTIMIZATIO
1N) ‘
3652 GO TO (365329365493655)sNOPT
3653 WRITE(6+2051)
2051 FORMAT(1HU»10Xy27HOUTAGE AT LEAST SDD PROABLEM)
GO TO 2656
3654 WRITE(612052)
2052 FORMAT(1HC»10X»30HSTARTUP AT EXALTLY SDD PROSLEM;
GO TO 3656 -
5655 WRITE(6»2053)
2053 FORMAT(1HU»10X»28HMINIMIZATION OF XMAX PRCBLEM)
3656 WRITE (692C05)

ARITE (5+2017) CALCS» TRANS s ARNEAR s ANFAR
WRITE (6+2006) YSDI»ZSDI»nlCSS! s XMAX!
WRITE (4£42007) TNEARIs TFART s NNEARIs NFARI

WRITE (62018)

DO 555 IR = 1sNSDD

WRITE (6+2019) SDD(IR)»TSUI(IR) »SDLOSI(IR)+SDNETI(IR)
555 CONTINUE

WRITE (692308)

WRITE (6»2009)

DO SUJ00 N16=1sNSDD

IF(MIN16)-1) 5001+5C02,5002

S0010WRITE (6+2G10) SDDIN163»TSUINLIG) sWLOSSIN1ISE) »SDLUSSINLIG) »
1SDNETIN16)sYSDINI6E) s ZSDINIA) sRSDINIE) s XMAX(NI& )+ TNEAR(INTIE) o TFARIN]
261
GO TO 50090

5002 WRITE (692011) SDDIN16)
GO TO 5000

5003 WRITE (692012) SDD(N16)

5000 CONTINUE

WRITE (6220613}

WRITE (692014}

DO S5UU5 J8=1sNSDD

WRITE (§92C15) SDD(JB) s (WSOL(J9sJ8)9J9=1910)
5005 CONTINUE

IFINT = 10)5050+5050.5051
5051 WRITE (6+2016;



DO 5Y10 KB8=1sNSDD

WRITE (652015) S L
5010 CONTINUS DD(KS)’(NSOLlK9’K8).K9=11,20)

5050 IF(NRITE)501695016’5017
5017 WRITE (&s2325)
DO ?UOO L8 = 1sNSDD
WRI1TE {6+2515) SDDIL8)Y » {RE! =
6000 CONT: NUS ) _H(L91L8)9L9-1:10]
IF(NT—10)50181501815019
5019 WRITE (652026
DO 6G01 L1C= 1sMNSCD
WRITE (6+2015)
6001 CONTINUE - SDDlLIO)’lREM(LII!LIO)sLl]: 10,20y
5018 WRITE (6+2G27)
DO 6vY02 L12 = 1sNSDD
WRITE (6+2015) . SDD(LIZ)’(ZEM(L139L12)'L13

-~

6002 CONTINUE - o
IF(NT—10)5052:5052-5053

5053 WRITE {6+2028)
DO 6003 L1a=1,.NSpD
WRITE (652515) SDD(LIQ)9(ZEM(L15yL14)’L15 = 10520

6903 CONTINUE
5052 WRITE (632329)
20 $004 L16 = 1.NSDD
")
GOOA'CQ;TENSS,Zb‘S) SDD‘L16)!(YEM(L]?vLI6)vL17:],]0)
IF(NT-10)5016-5016-5055
- 5055 WRITE (692030
30 $005 L18 = 1sNSDD
6005 cgérfnag’ZOIS) SDO(L18) s IYEMIL19,L18)50L19 = 10+20)
5016 WRITE(632035) REJECT
200 éggg?er)gooo.aooc.zoo
592036 INTSPLINPSPL s NT JMES ; =
203¢ FORMAT(qxz,Fa.a.QO(12.;x)§ T NHER S DEM: (RSUTUL) 5121k 0PT)
DO 2U1 U=1,KOPT
IF(NSUT(J)~NSDD)201:201-202
Soz-:RITE(6.2037)
RMAT (1
2037 Gg v 3622;1CX947HASKED FOR REFINED cALC oF FICTITIOUS SDD..IDIOT)
201 CONTINUE
WRITE(6s2048)
2048 52??2{;lgé;%oﬁ;§5HREFINED GRID CALCULATIONS)
’ ) PLvNPSPLaNTIMES,NREP-D Ms (NSUT = F
2077250RMQT(1Ho.1ox.6HNT5PL=,Iz.zx.6HNPSPL=E:2.22?7;§;;£Eé;§OPT)
Dg:§155?§TE;6,12-2x,§HDEM=,F4.392x,5HNSUT=;20(IZ,IX))
NOMT(1)=N(])
T =T(1)
WRT(I)=WR(]}
WHIT(I)=wWHI(])
WLOT(T)=wLO( )
212 SOL(I)=SpDNETIT)
DAMNT=NTSPL
DAMNP=NPSPL
XMAZ=XMAX (1)
NIT=NT
KR=0
C CHOOSE SDD
234 KR=KR+1

I[F(KR—-KQPT)230,230+3000
230 KT=NSUT(KR)
DO 35G0 =120
NOM(I)1=NOMT(])
T{IH)=TI1(])
WR({I)=WRTI(])
WHI(T)=WHIT(1)
WLO(I)=WLOTI(])
WOLD(I)=WSOL(IsKT)
ROLD{T)=REMII,4KT)
ZOLD(I1)=ZEMI KTy
YOLD{ I)I=YEM(1IsKT)
3500 CONTINUE
ABl:TSU(KT)
AB2=WLOSSI(KT)
AB3=SDLOSSIKT)
AB4=YSDI(KT)
AB5=2ZS5SDIKT)
AB6=RSDI(KT)
ABT7=XMAX(KT)
AB8=TNEARI(KT)
AB9=TFAR(KT)
XMAZ=XMAX (KT}
SOL(KT)I=SDNET(KT)
NT=NIT
C CHOOSE TIME SPLIT
MRS=1
CTLS=-1,0
227 CTLS=CTLS+1.0
NT1=0
GO TO (2375380)sMRS
380 CALL TYMOUT (SHCLOCK)
WRITE(692C38)NT
2038 FORMAT(1HOs10Xs3HNT=5]3)
:2%1%:2:%823;500(KT),ABIDABZQABBlSDNET(KTI,ABQvAB59A861AB7vA889AB9
WRITE(652039)
WRITE(592C55) (VOLD(T)sI=1sNT}Y
IF{NRITE)237+260,260
2039 FORMAT(1HOs10Xs12HPOKER LEVELS})
260 WRITE(692C40
WRITE(692C55) (ROLD{T)+1=1sNT)
2040 FORMAT(1HOs10Xs12HREACTIVITIES)
WRITE(6+2041)
WRITE(692055)(Z0LDIT1)1sI=1sNT}
2041 FORMAT(IHO»10Xs 12HXE135 LEVELS}
WRITE(652042)
WRITE(6+2055)LYOLD(I)sI=1sNT)
2042 FORMAT(1H0,10X512H 1135 LEVELS)
2055 FORMAT(10F13.4)
237 IF(CTLS-DAMNT 235,235,234
235 NDU = CTLS
MRS=2
NODO=2#¥NDU
1F{(NDU)238+238+239
239 DO 216 I=1sNT
J=2# (NT-13+1
12=sNT=-1+1
WOLD(J)=WOLDI[2)
ROLD{J)I=ROLD(12)



20LDtJ)=20LDI(]12)
YOLD(J)Y=YOLD(]2)
WR(J)=WR(]2)
Ttu)=T(12)%0.6
WHIE)=WHI(]2)
WLO(J)=WLO(1I2)
NOM{J) =NOM(12)
WRIJ+1)=WR(J)
T(J+1)=T(J)
WOLD{J+1)=WOLD( )
ROLD(J+1)=ROLD( J)
20LD(J+1)=20LD( J}
YOLD(J+1)=YOLD(J)
WHI(I+YI=SWHIYY
WLO(J+1)=WLO(J)
NOM(J+1)=NOM( )
216 CONTINUE
238 NT=(NIT)*(NODO)
MAN=1
C CHOOSE TIME INTERVALS TO BE VARIED
NDO=NODO+1
233 NDO =NDO-1
NO=1
IF(NDO)281+281,245
281 NTI=NTI1+1
IF(CTLS12279227+284
284 IF(NTI-NTIMES) 29092279227
290 GO TO1227+75C6) sMAN
7506 NDO=NODO
245 DO 24C 1 = 1sNT
N(I)=1
W(lsI)=WOLDI(TI)
240 CONTINUE
C CHOOSE POWER LEVEL SPLIT
CpLs=Ooo
250 CPLS=CPLS+1.0
2398 IF(CPLS=DAMNP)217+217+233
C CHOOSE POWER LEVELS
217 NTOT=0
NTO=0
GO TO (362s371)sNO
362 D0O215% I=NDOsSNTs»NODO
IF(NOM({1)-112155215+241
241 W(251)=WOLD(I)+WR(])®%DEM**CPLS
W(ls1)=WOLD(])-WRI{)*DEM*%CPLS
Nl(I)=2
N{I+1)=1
IF(W{2+T)-WHI(1))218s218+219
219 W(2s1)=WHII(1)
NTO=NTO+]
GO TO 215
218 IF(W{1s1)-WLO(]))222+2155215
222 W(ls1)=WLO(T])
- NTOT=NTOT+1
215 CONTINUE
WRITE(692C02)(N(T)s]=1sNODO)
IFINTOT=NT)226+224+224
226 IFI(NTO-NT)18+2255225
C SAVINGS TEST
211 GO T0(355353550+3551) +NOPT

3551 [F{XMAX(1)-XMAZ)3552,35%»359%
1552 AMAZ=XMAX{1)
GO TO 214
3550 JIF(SOL(KT)-3DNET{(<T))35949359+214
214 SOL{(KT)=SDNETIKT)
DO 251 I=1sNT
NPG=NPSOL I sKT)
HOLD{ 1) =w(NPGs 1)
ABl:TSU(KT)
AB2=wLOSSIKT)
AR3=5SDLOSS(KT)
AB4=YSDIKT)
ABR5=25pIkT)
AB6=RSDI(KT)
ART7=XMAX (KT}
ABB=TNEARIKT)
AB9=TFAR(IKT)
XMAZ=XMAX(KT)
ROLD(I)I=RENMIIKT)
ZOLD{1)=2ZEM(I+KT)
YOLD(T)=YEM{TskT)
251 CONTINUE
1 MAN=2
WRITE(E92US5){WOLDE)sI=1shT)
WRITEL692C8I150LI%T) s XMAZ
2080 FORMAT(]1HG 10X 6HSDNET=9F13e595XsSHXMAX=351045)
G0 TO 217
224 WRITE(g92043)
2063 FORMAT(1HU»10Ks 2 1HCALC HAS BOTTCHMED JUT)H
GO TO 234
225 WRITE(652044)
2044 FORMAT({1HU»10Xs19HCALC HAS TOPPED OUT)
GO TO 234
359 JFI{CPLS-DAMNP)2505365+365
365 GO TO (3529233)sNO
352 NO=2
CPLS=NPSPL-NREP+]
IFINREP)233+9233+371
371 DO 360 I=NDOsNTsNODO
IF{NOMII)-1136093605361
361 W(3s1)=WOLDI(I)+WR(!)*DEM®*®CPLS
W(291)=wOLD(T)
W{1s1)=WOLD!I)Y—WRII)*DEMRERCPLS
Nil)=3
N(TI+1)=1
IF(W{3,1)—WHI(]1))353+353+354
354 W{3»1)=WHI(])
GO TO 369
3583 IF(W(1+1)-WLO(1)1355+3635360
355 W{lsI)=WLO(])
360 CONTINUE
WRITE(692002)(N(T)s=1+NODO)
GO TO 18
END



SIBFTC TCALC
C SUBRQUTINE TCALC
USUBROUTINE TCALCUYI3Z15CYsCZsC2
ITNEAR’TFAR’HNEAR‘NFAR’XMAxg) C 1’CRZDTMAXI!AAA’RB’R]’RZ’DELTAR!ZF'
52&?22 HAgYNE.MANYFA.TSUBN(AG)-TSUBF(AC)aTLIM[T’NTOPToNOPT
MANYFA 0 ‘
NNEAR=0
NFAR=0
TMAX =ALOG ({CZrsCYy= +{ - i -
DELTAT = TMAX - Tmax 1e0+(1e0-(CZ/CY}) = (Z1/Yi))1)/ (CZ-CY)
XMAX =(EXP (-CY®#TMAX))® (CY#Y1)/ cz
) IF(TMAX) 8026802658027
8U26 XMAX1=21
G0 TO 8025
8027 XMAX1=XMAX
0 R =
8025 Rgtx: R;ii/;ﬁgELTAR + RI%EXP (-CR1*TMAX) +R2%EXP (—CR2%*TMAX))/2ZF
i GO TO (2505250514} 9NOPT
259 IF(1e40-REL)333+4
3 TNEAR = 0.0
TEAR = G0
GO TO 14
4 IF (NTOPT)8C01+8G01,8022
8C22 IF(REL—3.975)8000o8001v8001
800U KMAX=REL®#40 a+1,0
KM=KMAX
JRV1=(RB+DELTAR+R1*EXP(~cR1*(TSUBN(KM -
. }RZEEXP(—CRZ*(TSUBN(KM )-DELTAT)))/(ZF;X3§;IAT))+
8UUzuRv2=(RB+DELTAR+R1*EXP(-cR1*tTSUBN(KM+1)—DELTAT))+
1R255XP(—CRZ*(TSUBN(KM+1)“DELTAT)))/(ZF*XMAX)
NNEAR=NNEAR+1
8009 v=KkM
VAL].:(V"']. .0)/‘000
VAL2=V /40,
RNET1=RV]1-VAL}
RNET2=RV2-VAL?
IF(RNET2)8003»800498005
8004 TNEAR=TSUBN(KM+1]-DELTAT
IF(TNEAR)8023,8010,8010
8uY23 TNEAR=0,C
GO TO 8010C
8003 IF(RNET118008+80G7»8006
8007 TNEAR=TSUBNI(KM )-DELTAT
GO TO BO10C
8G0s TNEAR:TSUBN(KM)+(TSUBN( M+1)-—- )
50 10 8010 KM+1) TSUBN(KM))*RNETI*QO.-DELTAT
8005 KM=KM+]
RV1=RV2
GO TO 8002
8008 KM=KM-1
RV2=RV1
ORV1=(RB+DELTAR+R1*EXP(~CR1*(TSUBN(KM )-DELTAT) )+
1R2*EXPI—CR2*(TSUBN(KM -
o To acos Y~DELTAT)) )/ (ZF#XMAX)
8010 IF(REL-0,025)939,8C12
8012 KM=KMAX
0RV1=(RB+DELTAR+R1*EXP(—CRl*(TSUBF(KM 1~DELTAT) )+
. 1R2®EXP (~CR2®* (TSUBF (KM Y-DELTAT) )1/ (ZF#XMAX)
80130sz=(RB+DELTAR+R1*EXP(-CRI*(TSUBF(KM+1)—DELTAT))+

o8s
c89

091
092

A M O e e T Y T A i s oS, g BTy SR T e 3040 R

IRZESXP{-CR2*¥ I TSURF(LKM+1)1-DSLTAT) 1) /1 ZF®XYAX)
NFAR=NFAR+1
. BG21 v=KM
VAL1=lV=-1,.L)/ 4L,
VAL2= V/4u,
RNET1=RV1-VAL1
RNET2=RV2-VAL2
IF{RNET2)8314+80]5+8016
8C15 TFAR=TSUBF(KM+1)-DELTAT
GO TC 14
8ul4s JF(RNET1)8017+8018s8C19
8518 TFAR=TSUBF(KM J-DELTAT
IFITFAR)8 24314914
8024 TFAR=U .G
GO TO 4
8319 TFAR =TSUBF(KM)+(TSUZF(KM+1}-TSUSFIKML)*RNET 1 *40,~-DELTAT
GO T0O 14
B8U16 KM=KM+1
RV1=RV2
GO TG 8v13
8J17 KM=KM-1
IF(KM=2)9,8020,8020
8v2J RV2=RV]
GRV1=(RB+DELTAR+RI*EXP(-CRI*#(TSUBF(KM )~DELTAT))+
1R2#EXP(-CR2*(TSUBFIKM )=DELTAT)) )/ (ZF%XMAX)
GO TO 821
8GC1 TN1 = TMAX]
X1 = lev 295
SUTN2 = TN1*(RB+DELTAR+R1*EXP (CRI#(DELTAT-TN1))+R2#EXP {{R2*
I{DELTAT-TNI )/ {ZFRXMAX®X])
X2 = AAAX(EXP ( -~CZ®TN2) -EXP (—CY*TN2)) 53397
MANYNE = MANYNE + 1
IF(MANYNE - 25) 1755175514
175 R = ABS {TN1 - TN2)
IF(TLIMIT-R)6»697

6 X1 =X2 ' 10C
NNEAR = NNEAR + 1
TNl = TN2 101
GO TO 5 . 102
7 TNEAR = TN2 + TMAX - TMAXI 103
IF(TNEAR) 89859 104
8 TNEAR = 2.0 : 105

9 RELX=(RB+DELTAR)/(ZF#AHAX)
IFIRELX~0,15)172»17051735
172 TFI={ALOG(3.,62/RELX)+11,2)/CZ
Go TO 1<
170 TF1=51,2~40,0%RELX
100XREL = (RB+DELTAR+R1*EXP (CR1#(DELTAT-TF1))+R2=
1EXP (CR2*#(DELTAT-TF1)) )/ {ZF%XMAX)
TF2 =AL0OG ({AAA/XRELY#{(EXP {((CY-CZ)*TFl) — 1.0))/CY 5
MANYFA = MANYFA + 1
IF(MANYFA — 2511779177514
177 S = ABS (TF1 - TF2)
[FITLIMIT~S)11,11512
11 TF1 = TF2
NFAR = NFAR + 1
GO TO 1lu
12 TFAR = TF2 + TMAX — TMaX]
IF(TFAR) 13513514
13 TFAR = 9.0
14 RETURN
END




