
PRNC093
PRNG - 93

PUERTO RICO NUCLEAR CENTER

?The Problem of Xenon Buildup in Operating Reactors"

Angel Sanchez del Ro

and

Aviva E. Gileadi

January 1967

 

�

---Page Break---

PRNC - 93

PUERTO RICO NUCLEAR CENTER

?The Problem of Xenon Buildup in Operating Reactors"

Angel Sanchez del Rio*

and

Aviva E. Gileadi



January 1967

* submitted to the University of Puerto Rico at Mayagues in

partial fulfillment of the Feqiirenents for the degree

Of Master in Science (Ituclear Engineering)

Work performed at the Puerto Rico Miclear Center, Mayaguez

  

(NO, AT (40-1/-1839 FOR U, 5. ATOMIC ENERGY COMMERHION

�

---Page Break---

UNIVERSITY OF PUERTO RICO

College of Agriculture and Mechanic Arts

Mayaguez, Puerto Rico

?THE PROBLEM OF XENON BUILDUP IN OPERATING REACTORS

oy

ANGRL SANCHEZ DEL RIO

A thesis submitted in

partial fulfitinent of the



requirements for the degree of

MASTER OP SCIENCE

HOVENEER 1966

    

 

 

Ka Risinag Lex 16/966

a iaiats teealteee a

Dts As A EE

g ie

Le Le L506.

ite

�

---Page Break---

Apstaact

A computer Piai~progran was written on the IEM-1620 to determine 1-135 and

%e-135 concentrations and negative reactivities associated with the buildup

of Xel35 under various operating conditions of a nuclesr reactor, The one

?velocity point resctor model was used. The program provides operating options

for: (a) continuous operation, (b) eight hours a day and (c) 16 hours a day.

?The results are presented graphically in such a way that nogative reactiv-



Stes due to Xe-135 buildup tn operations of the same time-pattern but

various power levels can be compared. Negative reactivity values due to

xenon buildup computed by the program for the PRNO resnarch reactor agree with

manred values within 16 of A,

The problen of minintzing the after shutdown xenon pea: with respect to the

pattern of shutdown 1s treated using a method described by Ash, In this

rethod a finite muber of flux changes are allowed pricr to cosplete shut~

dow, ?The sequence of flux steps within a certain ?control period" 1 de~

termined in auch a way that the resulting after shutde:m xenon peak should

be minimum. A computer progra -? HOKE ? has bewn written on the TEK-1620

computer to perform this optinization.

Minintaing the after shutdown xenon peak, with the ald of the KINEE code

hhas been carried out for a number of operating fluxes, control times and

stepsizes. The results are presented in tabular and graphical form,

MINEL-computied flux values seen to be corroborated by results obtained by

�
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?other investigators using the Pontryagin Macimm Principle,

?An important advantage of the MINK method 1s its versatility, which per-

ite extension of its use to a rather broad class of optimisation problens

with only minor modifications,
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APPENDIX 1.
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Bagio Equations of Kenon Suildup

?re operation of thermal resctors 1s unavodably aceompanied by the pro-

uction of various fission frammente, Asong these fission fraqmante

xenon-135 has a special alenificance, because of ite enormous thermal

absorption cross section (about 3 x 10° bare). Due to this hure ther

ral aboorption cross section, xenon-135 unavoidably produced durine oper~

ation, tends to shut down the reactor and, as will be seen later, leads

to a mmber of problens closely related to the operability of the system.

In order to gain sone insight into these problens one has to consider



?the mechanians by which xenon-135 4s produced in the operating core, as

well as those by which it is renoved from there.

Some of the xenon-135 ie produced directly in fission but the major part

of St, sone 95%, 4s created as a decay product in the following radic~

active chain:

WIS PI, rel, cal 5 wl

?he nechanions of removal are: radioactive decay and formation of x=

?wy neutron absorption (xenon burn out).

Using the one velocity, point reactor model, the dynamic equations des-

ertbing the tine behavior of xenon-135 and Lodine-135 concentration are

given as:

�
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Bae Ve EO + APT - WHXO-a,x a)

B= yry0 - a, - wo @)

ware

X te the mmber density of xenom-135

As the number denaity of Sodine-135



Ty 4s the macroscopic fteston cross wection of the

reactor under consideration

Yq Ae the fractional yield of xenom-135

Yr 4g the fractional yield of iodine-135

Dx Ae the decay constant of xenon-135

Dr 4s the decay constant of iodine-235

Wo" 4s the microscopic absorptien cross section of xenon-135

Yor 4s the microscopic cross section of todine-135

to the neutron flux which, in the case of the one velo-

@)

city point reactor model, is given as the function

of tine,

To above aysten of differential equations determines X(t) and I(t) 4.

?the xenon and iodine muber density as a function of tine, provided that

the tine pattern of the flux, Q(t) and a set of initial conditions X(0)

 

and I(0) are giv

?The analytic expression of the general solution is given by: (See Ref, 12)
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1 ,

10) « eFaLiOdoly j25, (eng (0)elot4' de « 210] w

xt) = MOM ro yrKa QE MMMerxe} ?

were

Lt) = Ap GE OU 3)

WOE) a Ay + TSO) m

?The negative reactivity associated with the presence of the xenon-135

to given by

i «

oe

ware

Y= EP Xt o

= tof

is called "the poisoning" and Z is a parameter given by

Z= E/E Qo)

Ig? of and EqMbeing the macroscopic absorption cross sections of

?the poison, fuel and aoderator respectively, The value of negative

reactivity due to the presence of xenon-I35 is an important piece of

information for the reactor operator, since adequate amounts of excess

reactivity to coupensate for xenon poisoning have to be included in the
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reactivity taventory -- 1f the reactor 18 to be operated for ary appre~

ciable length of tine,

1+, Zquilibrium Xenon Poisoning

If a reactor is operated for a long enough tine at a constant power level

(as 4s nomally the case with power reactors), the xenon buildup reaches

equilibrium i,

 

4 point when the rate of xenon-production from direct

fieeioning and from the decay of iodine exactly matches the rate of dos

truction by cecay ard by neutron capture, This value, the equilibriun

xenon concentration, can be computed at once from equations (1) and (2)

by eotting

qa)

 

a2)

 



Mais ?equilibrium xenon poisoning" is a significant figure that has to

bbe Ancluted dito the dnventory of the exsese reactivity required for the

contimious operation of the reactor, e ean be sean from equation (12)

?the oquilibritu xenon poisoning depends upon the value of the constant

operating flux; St snereases as flux inoreases to a Limiting value of

Prag = 5 a3)
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Ir the reactor has to be operated on a continuous time schedule appro

priate compensation in terns of excess reactivity has to be mde in order

te overcome equilibrium poisoning.

Lie, After Shutdown Xenon Buildup

Vile the value of the oguiltteiun xenon potsoning is Linited to 5f AK,

the xenon bulldyp after shutdom may be one or nore ondors of euynituds

roster ? and the problene aesccisted with overriding At may becone very

severe, Af not unsursountabl

 

Shutting down the reactor i.e, dropping its operating Mux instantly fron

 



?the constant operating value to

 

jentially zero, causes a sfjtftoant

Acceleration in xenon production due to the vanishing of the lange flux

dependent negative tern Yo°Xt) in equation 1. Thus the xenon ecneen~

tration begins to build up ewiftiy after shutdown, and it comes to a

peak value where xencn production ie exactly compensated by xenon decay.

Since in the shutdown condition the fodine supply is not replenished,

further decay of edine inte xenon reduces xenon producticn blow xenon

Gestruction and a slow decay of xencn sete tn that S9 completed wlthin

40-50 hours after shutdow. ?The value of the after shutdom xenon peak

4s sensitively dependent upon the operating flux pricr to shutdown, Te

value may be computed fron equations (1) and (2) a

 

»

Yeax = {To + (1- wddx XoPRIe aay

{To +t Ro} (1-Dare ES x

ware Ijand are the terminal fodine and xenon munber density, vésch

ars eapntet pen the eprating ac Qs can be



   

12 from equations

(22) and (22); 0 that Kyi, 4s also dependent upcn the operating flux,
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prior to shutdom, A fanity of curves representing afver shutdown xenon

poisoning as a function of tine for various operating fluxes (Fic. 1)

gives an idea about the magnitude of negative reactivities involves

 

The

fact that there are a number of high flux reactors operating at a flux

Level Os 10" ny and hicher makes the optinization of the after shutdown

xenon peak an actual problem,

1-4. Scope

?The musertca value of the negative reactivity dve to the presence of

xenone1J5 in the core is an important plece of data, It indicates the

anount of excess reactivity that has to be included into the reactivity

Anventory in order to compensate fer xenon bufldup, For equilibria



conditions this value can be conputud sisply frua equations (8) and

(12); for tine variable flux patterns one hes to integrate equations

(4) and (5). A computer propran, MBL, to perform this integration has

been written for the JEM-1620 computer, using the FORTRAN computer

Janguaze,

In an attenpt to test the validity of these ecputations, e 52 hour long.

xenon buildup experinent was performed on the PRNC research reactor, and

?tho measured negative reactivities due te xenon buildu were compared with

?the values computed with the aid of the PHEK program. The agreecent is

YerY eutiatuctory, the deviation being within x AK, (Fig. 2)
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After the validity of the PRX prooran was thus tested, PREX was used te

compute negative reactivities due to xenon buildup during operation and

after shutdom, for a variety of operating schedules and power levels of

practical interest.

?The second part of the work is devoted to the optinization of the after

shutdown xenon peak, As stated in Section 1-c the after shutdown xenon

poisoning may reach several hundred dollars.

Restartine such a reactor any tine after shutdown may be very difficult

? Af not impossible. Loading the required ancunte of excess reactivity



In the form of additional fuel may be unsafe or at least very disadvan-

tageous from the point of view of neutron econony, cost, ete.

In ender to overcone the abore described difficulties it has been prom

posed by several authors to mininize the after shutdown xenon peak, by

allowing a certain tine interval, called "control peried", between the

termination of fill poer operation and the tine of complete shutdown,

During this control peried the flux should te varied 4p such a way that

4 should result in a minindaed peak after complete shutdown, The prow

Mies then cenofsts in optimising the Mux tn the control period with the

intsal after shutdown peak ae a perfornance index 4, e. detersining the

?Mux pattern during the prescribed control period in such @ fashion that

it should lead to a raininized xenon peak after complete shutdown.

In on attenpt to solve this problem a FOXTRA!-procran HINEX was written

(hppendix 2)
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fon the IEH-1620, using the basic principles described in a paper of Ash,

BeLimann and Kaluba (Ref. 9). As will be seen, further, MIX not only

furnishes a numerical solution to the mintaising of the after shutdown

enon peak, but with very slight modifications can also be used to sclve

4 number of related problems such as mininising the xenon poisoning at

given tine after complete shutdown or minimising the contrcl period nec



cessary to reach a certain given minimm peak, etc, Besides its fexibil-

sty and versatinity this

 

olution has the advantage of supplying an actual

?optimal shutdown program, using not all too long computing tines on the

TBN-1620 ? which 1e the only readily available computing facility for

students or for PRIC staff, It is estimated thet the ruming tine of this

Program cn an IHNW7090, or a similar size computer, would not exceed a

few minutes,
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2. SURE, OF UE RELSVANY LITERATURE

?the probles of optinizing or at leust reducing the after shutdown xenon

peak by weans of varying the preshutdown operating flux in a suitable

manner has been the object of many investizations. In order to cain @

better understanding of the backeround of our optimization solution, &

brief survey of the relevant Literature is included herewith:

 



dal and Babb (See Ref. 4) proposed various tine varying shutdown

ethods to Saprove the after shutdown xenon situation ? without ob-

taining an optimun solution,

Rosetécay ané Weaver (See Ref. 1) optintzed the after shutdown xenon peak

?using the Pontryarin mucimss principle, The Pontryarin maximum principle

is outlined in Appendix 3 of this report. Since the llaniltonian of the

syste contains the contre) flux as a Linear variable, it follows that

optimun control leading to the mininization of the after shutdown xencn

peak consiste of a munber of svitehings of the flux between sero and ite

naximun value, Qo, 4, ?. the type of control referred to ae a pulsed

control or "bang-bang" control, To determine the optinun mmber switch~

ings the authore used a trial and error nethod.

Kohes Sato (

buildup after shutdown ae well as after power reduction, assuming that

 

Je Ref, 3) considered the problem of optimization xenon

?the power level after reduction will remain constant. His treatment is

?aloo based on the Pontryagin maximum principle, lle obtained solutions

for six problens; using the fluxrate and the inves



 

period as control.

variables and the after shutdown xenon peak and a minimin xenon value

�
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at a given tine as performance indices. The flux after reduction was

kept steady in four cases, in the remaining two cases flux reduction

amounted to complete shutdown.

In a later paper Ash (See Ref, 12) presented a method to solve the ain

mization of xenon polsoning at a given tine using the nethede of dynante

programing, The results of bis computations -- carried out on a Philco=

2000 computer with an ALTAC-code called DINPROG ? verify the resulte

 

obtained with the Fontryagin maximin principle, nanely, that the optimal

?flux pattern for a minim after shutdown xenon peak consists of pulse of

"bang-bang? control, An enpirical formla correlating the magnitule of

the control period to the magnitude of the after shutdown xenon peak £9

siven, In this paper (See Ref, 12) Ash points out that dynante program



sing and the Fontryagin saximm principle are conplenentary methods of

investigating optinally controlled processes, The DINPROG progran 1s

Aeveribed in detail ina report of Ash (See Ref, 16).
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3. PREX, A OIGITAL NOTiOD TO COMPUTE NEGATIVE REACRIVIRIES DUE 70 XEVON

BUDLDUP_UWER GIVEN OPERATING CONDITIONS

 

 

 

3+a, Mathematical Node) of the PREX Code

Numerical integration of equations (1) and (2), furnishing the Sedine and

xenon concentration aa functions of time, were performed with the aid of

?the PREX code, written in the FORTRAN language for tho 1B%-1620 computer.

Jn order to make the probles: amenable to digital solution, a suitably

small tine interval At 1s chosen and the differential equations (1) and

(2) are converted Ante éifference equitions 8 follows:

dr =[¥,E¢ - NT -WLOlar as)



Ax 0 [ded «eZ -ax - WE xolar a6)

?The mumberdensities st tine t+ t are determined as:

Xte Ot) = Tt) + Or a)

x(ty At) = x(t) + ax aa)

Using this step by step approximation PREX permits evaluating the values

of the Lodine and xenon mumberdensities as well as the negative react

Avities associated with xenon-135 as functions of tine, for any given

=e) Murpattern and for a ziven set of initial conditions XoaX(0)

? TooI(0), The flow diagran of PRX a¢ well as a Listing of the program

�
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?are given in Appendix 1 of this papor. (See also Ref. 10.)

Bed. Comparison with the Experiment

As mentioned before, the validity and the accuracy of caleulations, per~

formed with the aid of PRX, were tested against experinestal data, ?The

?testing experinent was performed at the Puerto Rico Ihclear Conor Re-

search Reactor with the participation of the 1964 Advanced Reactor Lab=

oratory Class under the supervision of Dr. A, Gileads, Reactivities in

this exporinent were neasured with the ald of a calibrated reulatine



rod. The remulating rod wae calibrated with the stable period method

Ancediately befere the performance of the 52 hour long experinent, No

chanres were nade in the core confiruration after the calibration was

completed. At the bezinnine of the experinent the ore was xenon-freo,

After the control rod had been calibrated, the reactor was broutht to

igh power, about 1 Wi, and was put in automate mode, The red positions

were recorded at regular tine intervals and with the aid of the cali.

bration curve the reactivity chanres were evaluated and plotted. After

42 hours of high power operation the reactor was shut doxm and dsmedi-

ately after that brought to a very low power level of sbout 30 watt

This power Level, being several ordere of magnitude snaller than the

 

?operating power, corresponds to zero power from the point of view of

xenom135 production or burn out. The buildup of the after shutdown

enon peak was observed and followed through several hours after the

?Peak was reached, Simultaneously the xenon-135-caused negative re-

�
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activities were computed with the aid of the PHEX code using paraneters

appropriate to the materials composition of the Puerto Rico Nuclear

Center Research Reactor, Neasured and Pilx-conputed values are com



pared in Table ) and represented graphically in Figure 2, As can be seen

 

from the table, as well as fren the diagran, the agreement is within 1%

ot x.

5

Be may be concluded fron here, then, that the Paii-eomputed values of the

negative reactivities due to xenon buildup can be reasonably trusted, and

?that PREX-cosputed values have @ good enoweh accurary to determine xenon

caused reactivity requirenente to be included into the reactivity Savent~

ory of @ reactor, This establishes the value of PRE ao a design tool.

Jeo. Xenon Associated Reactivity Requiresente in Various Operating Hodes

Computed with the Aid of PREX

PREX was used to determine xenon associated reactivity requirements

under variots operating codes, The operating modes considered wore

?chosen with actual operating schedules and power levels in mind, including:

1s Steady-ctate operation, at 11

2, Steady-state operation, at 2 i!

3. steady-state operation, at 5 6!



4k, Gue-shife operation, at 116!

5. Ono-ahift operation, at 2 18

6, Onevshise operation, at 5 14

7 Twonshift operation, at 1 101

�
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?Two-shitt operation, at 220i

9. To-shift operation, at 5 HW

Jiegative reactivity due to Xg-135 buildup, as a function of operating

tine, under the atove uentioned operating conditions, is presented

graphically in such a way that nerative reactivits

?up in operations of the sane type, but at various power levels, can be

compared, (See Figures 3 through 5), Tables 2 through 10 contain the

computed concentrations of 1-135 and X?-135, as woll as the negative

reactivity due to the buildup of X-135, The xenon concentrations are

siven at each hour, but the couputation is carried out with At = 5 nin,

?due to xenon build

 

in order to minimize tho error due to replacing differential equations



with difference oquations.

From the above diacrans and data one can see thet the negative reactiv-

 

ty duo to the xenon tuildup will ronain well der 33A/; only if the

power level cose nct exseod two meranatts, For Sive-negawatt operation

a noactivity aliewance of about 5fAX/y has to be made,
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4» Tii& SOLUTION OF THE OPTIMAL SHUTDOWN PROULE:!

 

 

2. Method of Solution

The problen of nininizing the after shutdown xenon peak is treated in

this report with the ald of the concepts developed by Ash, HelImann and

Kaaba. (See Ref. 9) First, tho problem ie reformilated in a sonewhat,

more explicit manner, as follows



Te 4s asuned that a high flux reactor is operated for a lonz enough

?time, 90 that xenon and iodine are present in equilibriun concentration

(given by equations 4 and 5), At a certain tine St is decided to shut

down the reactor. liowever, instead of shutting it down by reducing the

value of flux from to zero in one otep, a certain tine interval, the

control peried b, is allowed between termination of the operation and

complete shutdown and in this control poried the flux will. be varied in

euch a way as to result in a minimum xenon peak, after complet

 

shutdown.

?The problea is to determine the flux as function of tine in the control

period in such a way, that the after shutdown xenon peak -- which is ob-

viously dependent upon the operating history in the control period ?-

should be minim with respect to the choice of Q(t) in b, In order to

determine the optinal flux pattern in the control period, let us note that,

 

tthe magnitude (and also tine of cecurrence) of the after ehutdoyn xenon

peak is determined by Xp, Ip, the terminal values of xenon and iodine

mumberdensities at the nonent of complet



  

shutdown. Further, the values

�
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of Xp and Ip are deterained ty the flux pattern in the control period,

b, and by the initial values Xo, Io and (Jo; in other words

Sue = Hoax Cte Tp)

Kaa = Fuax? X£(%0, 10, 00); 210%, 26, Qo)

?the after shutdown xenon peek value Tyge 18 @ functional of the flux

pattern in the control period, b, Our purpose is to determine O(t) in

bin auch a way that At should mininize X,,*. This we shall do by using

an approxivation that makes our nethod amenable for digital computation,

?fo achieve this we shall divide the tine interval b inte m subintervals

each At tong, #0 that

nxde ed

and then we shall determine the value of Q(t) in each of these subinter-

vals, considering (Xt) constant in each subinterval. This step dirital-

420s the probles: instead of having to determine Q(t) in b, 4% 49 suf

Hetent to determine Oy, Qpeseen a set of constant fur values An each

At tines interval, Ry makeing At saad? enough thedy, Oye--+ dn se



?quence thus deterained will approxinate the optimal (t) ind, Beside

?the parameters b, At, @, Xp and Ip the value of Lug, is dependent upon

te chotce of the , Opeese On sequence; theratore, to ach shotoe

 

 

at the set Oy, Qyeeve ay ona can caleatate the stable ge Velie

ety sang woe of the PEEK computer sate desertbed in Ghapter 3

of thts pape.

 

+ On

ith thie in nin oar prbien of Hinting the opti ©, ©

 

sequence is reduced to the following steps:
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On



a, Bhuberate all the possible chose

of eet Oye Oe

 

under a piven ®, At, Qo.

. Te each adatattte set of, Qevee Qa ealente fase

CO, Opes Qa) uotng the FRE code.

x dnorg all ras thus ealeulated,chowe the anaest.

tre Q, @, On set Leading to tds minimal Xyyy valve Ss

the optinal flue pattern we wero sooking.

 

Step (ay th press of emartine al} tho aatastte sete of,

On can be significantly simplified by observing that since the

 

Wanittenian of the aysten contains the control flux at the first desree

only, the optinal flux pattern ?- according to the Pontryasin Kaxtmus



Principle ?- can only take on one of two values: sero and pay ?

a mecimm values 4, 0, the optinizing flix pattern consists of a svitehine

back and forth between O and Qage The valve of Qnax miY de equal to

the operating flux Qo or, in certain cases, may be grester than Qo.

?aio type of control is referred to as pulse control, or ?bans-bang?

control, Since in each subinterval there are only two adatentble choles

of the flux value, nanely, 0 and Q,.,» tho total muber of sdnisstble

acts is 2", n being the number of subintervals. Thus our method of op-

?imization can be further reduced to the following step

 

a, Enumerate all. adais

Ga - 2 tn mnber,

 

te chotces of the set 4,

 

b. Uekng the RRB code compte Xgagy Pertatnin to the flest

adadaeibie choice of Qyasss On and store.



?cs Repeat step (b), with the next admissible choice, compare

�

---Page Break---

the two values of Tag discard the bigger, store the

alien of the two, also store the pertaining @,, 0,

see On sete

ds Repeat step (¢) ? ttl all the adaisaible choices are

aed vp and the Last set of Qyee++ Qn stored ts the required

optinizing flux pattern, with a given b, At and ho.

A computer code ? KINEX ? that will execute the above outlined optim

zation has been weitton in FORTRAN on the 15-1620, The program listing

and the flow chart are given in Appendix 2.

Ub, uerical Results Obtained with the the

optinization caleulations using the MINEE code were performed on the

TEA1620 computer at the Yayaguer campus of the University of Puerto Rico

for a lange mmber of cases, The operating fluxeo wied varied from

3.10% av to 104 nv, controt pertods ran fron .5 hour te 8 hours,

sizes of the subintorvals varied between .5 hour and I hour, In certain

problens the control flux was raised to twice as high as the steady op-

erating flux, under the assumption that operating the reactor at this

higher pover-level will not be a safety hazard 4¢ continued for a short

?ne-intorval only. Our results indicate that using 2 Qo instead of



o (tor naz) doos not inprove optintzation results significantly.

Characteristice of the probleas solved with the ald of the KINEE code,

 

?together with the resulting control flux sequences, are presented in

?Table 11.
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Figure 6 shows the ratio of the optimized after shutdown xenon peak to

?the untreated xencn peak vs the macnitude of the control interval b for

various fluxes. As can be seen, the results inprove as the operating

?flux increases; with an @ hour control interval we cet a peak reduction

0 00% at 3 x 1019 mux but sist xith a 1015 sux, The eubtntervel

At = L hour,

Figure 7 shows the sae values for At = .5 hour.

 

Figure & showsP (b)/P (0) vs.

control periods



 

ondy stat

?this family of curves also shows a very definite in

 

operating flux, for various

 

Provenent in optimteation with the increase of the operating flux as well

?a9 with the inerease of control tine.

Figures 9 throwh 22 show the diagrans of MINK optinized after shutdown

xenon buildups compared to the xenon buildup for the sane operating ?ue

following a shutdown in a single step. The optinizing control flux pat=

?torn is also Snclud

 

?re, Application of the LINX Kethod te other Optimization Problems

Tt can be shoun that with very slight modifications the 2I"RX method can

be applied to perform other optimizations besides the mintnization of the



after shutdown xenon peak, described in the previous sections. Optim

ination problons that can be solved with the MIIGX method include the

?so-called xenon minimum and the xenon tine optinal problem. ?The xenon

�
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ainimm probes can be formated as follows:

A reactor 2 operated at rated pover level for a long enowh tine to per=

ait the development of equilibrium xenon concentration, It 4s decided to

shut dom the reactor, allowing a certain given contre) ported b. ?The

xenon minim protien conatste in determining the control flue pattern

4n the control period that will lead to a minimun xenon concentration at

a civen tine T>b, Using the sane argusent as in section ina,

Page 17, the optisal control pattern will te of the "bang-bare? type and

the steps of optintzation will be the following:

a, Bunerate all adaiseibie choices of the control flur set

Pr Opes On, alt together 2 in number,

Using the PREX code compute X(T) pertaining to the first

aéntsaitle set and store,

 

©. Repeat step (b) with the next admissible chose

 



compare

?the two values of X(7), discard the bigger, store the

?aller of the two and also store the pertatnine i, 2

seve On set.

Gd, Repeat step (c) ?- until all the admissible choices are

sed up and the Last set of Ors Qyreee Gn stored 4s the

required optimising flux pattern for a given b, At and Qo.

 

4s can be seen, the only modification consists in using X(7) instead of

Yuax #9 8 performance index, A sample problen for minintaing X(2) vith

?the above described modification of MIMEK has been run for an operating

fix of Gon 104 nr, bw i hours and Ta 6 hours, and the optimization

Fesults in a reduction of xenon-caused negative reactivity to 52 of ite

�
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?uncptinized value, The detailed results of this run are included in

?Table 12 and represented in prapbical form in Ficure 23.

The tine optinal xenon probles consists tn deterninine the cininal eontrel

tine necessary to reduce the after shutdown xenon peak below @

given value, The solution of this problen requires tho following modifi-



cation:

a, fin 8 KINGX problem with b= o and ccapare the resutin?

after sluutdown xenon poal Iya With the given value of the problen. If

Sto Yqax 42 sualler than the given value, we have the sclutien;

 

Af not,

g0 to step by

b. Increase » ty At and repeat step a.

The required mininal b ie the first b which will lead to @ smaller after

ahutdown xenon peak than the value specified in the problea.

?thie problea has not been run on the Ts\-1620 because it would require toc

mich tine; however, {t can be run with no diffiowty on a bigger and quicker

computer e.g. the IS7090 or TBATOPA.
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5. SURBARY AND CONCLUSIONS

 

Sa, A computer code -- PUK ? has been written for the Tii-1620 in the



FORTRAN Lenquate that Wil] furnish mmerieal values of xenon-135 and iodine

135 matberdensities, and of negative reactivities tied up in xenon-135

for any piven operating, flux and schedule,

Seb. PREX has been used to conpute xenon-235 associated reactivities in

?the Puerto Rico tuclear Center Research Reactor for several. actual oper-

ating modes and power lovele, thus determining reactivity requirenents

for 1, 2 and § megawatt operations ini, 2 and 3 shifts, Asong other

?things, {t has been determined that the present fuel loading in the

 

PRNC Research Reactor ie ineufficlont for § meganatt operation.

5c, The validity and accuracy of PREC has been checked against reasured

 

values in the PAC Research Reactor, and the agreewont has been found to be

within 3% of Ak/g for the case considered.

Sed. A computer code MINEX has been written for the IiM-1620 in the FCR-

?TAU Language to perform the optinteation of the after shutdown xenon peak.

this conputer code is very versatile and flexible and with minor modifi-



cations St can alec aclve the xenon minimum and the tine optinal xenon

protien, A further advantage of thie method consists in the fact that tts

output oupplies the actual operating data for the control flux program

Leading to the prescribed value of the performance index.
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5-0. Aster running a large munber of MINEX problens, it can be con

cluded that the optintsatton of the after shutdowa xenon peak leads to

Increasingly better results as the operating flux and the control period

Increase (See Figures 6, 7 and 8)-llowever, the increase of the control

flux fronge to 2 Qo does not seen to affect the Iggy values signifi

cantly (See Figure 22).
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?TABLE 1. COMPARISON OF PREX COMPUTED AND MEASURED REACTIVITY VALUES IN

?THE PUERTO RICO MUCLEAR CENTER RESEARCH REACTOR

 

  

 

ax ax

t é x ee



couPureD ?weatuneo

2.00 .3u4ss7asee13???_.39107s03n013 wore 06

2:00 ?Socssrageeia ??Taovaaeoseeze ?oto ?ote

3.00 Shuissnusini = ?igvearereele cons ?oes

00 Sauussiaseena ???aoueeaaezeie ine ome

S00 Thaissoeeneis ??agarasoveeie ne a

8:00 Sauissraeness ????s5os00seeeie ry ?06

$00 ThuiSsraseea ???easosso reese 00 ?hse

300 ?aeapreceet3 saeaTiueeis oh ar

3:00 ?Seassraseeas ???ssasenaserie es Sis

10:00 ?Seussrasesta ??Toaeaodortas ate tas

ie Seassreersa ? ?anarasiserts eee ite

i200 Soeusszegenna = ?aaauriiseris ?saz 37

13.00 ?Seussraseeis§? ?hueraszereis 39 ?Sez

tee Sausszeseni3???iseeoeaseeis ?eos ?ae

13.00 ?aussresenis???iessouieris ?ete ?eo

18:00 ?Seussiesena ???eeesuigeeas ?eas ie

7-00 ?Seassraseeia ???Hsoeassseeds ar ie

xe.00 ?Seassrasenia ???zogusaagee1s

13.00 ?eusszeaeeia??_?zossovocee1s

20.00 Saeissnuonea3???ateouaoeee1s

21:00 ?Secssruseni ??Laasaresienas

32100 Seussreseeas ? ?aaseassaenis

?heusszeces ???auoneaaizels

eussreseens??2usaasagevis a

Seusszeenex3 ???asauaanieess ?ee



eussreereas ? ?asetosouenas es

elsszeeeeia ??? ?aeasros7esis 1203

?Seussreeeers ??aeasuszer13 1023

st7sni7vern «2 7069aeeneas 103 1,070

Nasauneens ???araraseaeeas dew = ono,

?iignireceas ???arraisseri3 iosy Loss

?Genres ?anzossseris kom = oe

?ijsaiypesia ??saeseoneas ioe az

?Gszurpeens ???esenssaneis ii LLB

?Gsaiipeena ??aapstaeneas Mia is

Tatpaurveeeis ???Lasezasoreeis tur ae.

?ignirreseis ???aozaszasend3 iiss Ls

Tarpaurrees3s ???a0es77ateeis vies aes

Uatavrenis ???atossouzEes tise Kise

Lgsatrreees3 pueaeeigeels Vis Lae

Teveaurrenes ???3teossoseei3 rap as

1479237768413, 1321503448415 3.226 11226

[479217768413 1324784388415 1238 1.240

 

�

---Page Break---

?TABLE 1 (Contdmued)
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TABLE 2, THERMAL FLUX (CD), IODINE MUMBER DBNSITY (1), XHVON MOMEER

[DENSITY (X) AND NEGATIVE REACTIVITY DUB TO XEWON BUILDUP VS.

?TIME UNDER 1 MEGAWATT STEADY STATE OPERATION, AND AFTER SHUT-
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TABLE 3. THERMAL FLUX (()), TODING WIMBER OENSITT (I), XENON NUMBER

?DRNSITY (X) AND NEGATIVE REACTIVITY DUE TO XENON BUILDUP VS.

?TIME CORR 2 MECANATT STEADY STATE OPERATION, AND APTER SHUTDON
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XENON BUILOUP, 2 MW, STEADY OPERATION.
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TABLE 4. THERMAL FLIX (()), TOOT MUMERR OENSITY (1), TENON NUMBER

DENSITY (X) AND MBGATIVE REACTIVITY DUE TO XENON BUILDUP VS.

?TIME UNDER 5 MEGANATT STEADY STATE OPERATION, AND AFTER
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ENON BuILoUP,

 

SMW, STEADY OPERATION.
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TABLE 5. THERMAL FLUX (>), LODINE MUMEER DENSITY (1), TENON NUMBER

[DENSITY (1) AND NEGATIVE REACTIVITY DUE TO XEWON BUILDUP V3,

?TIME UNDER 2 MEGAWATT @ HOURS ON ? 16 HOURS OFF OPERATION DURING

A'S DAY WERK AND AFTER TERMINAL SHUTDOWN
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XENON BUILOUP, MW, BRS. ON-16 HRB. OFF.
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TABLE 15, IODINE MIMGER DENSITY (1), XEVON MOMBER DENSITY (2),



CONMRL FLAK AND NEGATIVE REACTIVITY QUE 70 XENON BUTLD-

UP VS, TIME UNDER THE FOLLOWING CONDITIONS: OPERATING

THEWAL FLUX 2 10Mnv, b = 2 HOURS, Ot = 0.5 HOUR AND

aux = O°
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?TABLE 16, IODINE NUMBER DENSITY (I), KENON NUMBER DENSITY (1x), CONTROL

FU AND NEGATIVE REACTIVITY OWE TO ZENON SUTLOUP VS. 16

WER TH FOLLOVING CONDITIONS; OPERATING THEGMAL FLUX =



allay, b= h HOURS, Dt 21 HOUR AND Ogg = Oo
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?TABLE 17, IODINE MUMBER DENSITY (1), KENOW MIMBER DENSITY (2),

?CONTROL FLUX AND NEGATIVE REACTIVITY DUE TO XENOW BUILD

UP VS, TDS UNDER THE FOLLOWING CONDITIONS: OPERATING

THEOL FLIX 2 104ny,
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?TABLE 18, LODINE MUMBER DENSITY (I),

?XENON NUMBER DENSITY (X),

CONTROL FLUX AND NEGATIVE REACTIVITY DUG TO XENON BUILD-

?UP VS, ?TIME UNDER THE FOLLOWING CONDITIONS: OPERATING

THERWAL FLUC 2 10U4ny, bx 6 HOURS, At = 2 HOUR AND
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?TABLE 19.

JODNE MOGER VEASITY (7), XENON NUMBER DENSITE (1),

?CONTROL FLUE AND NEGATIVE REACTIVITY DUS TO XENON BUTLD-

?UP VS, ?TIMG UNDER THE FOLLOWING CONDITIONS: OPERATING

THBOUL FU 2 105ny, b= 2 HOURS, At = 0.5 HOUR AND
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?TABLE 20, IODINE NUMBER DENSITY (1), XENON NUMBER DENSITY (x),

CONTROL, FLUX AND NECATIVE REACTIVITY DUE TO XENON BUILD~



UP VS. TMG UNDER THE FOLLOWING CONDIEIONS: OPRRATING
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?TABLE 22, IODINE WMGER DENSITY (1), XENON NUMEER DENSITY (x),
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Figure 2

Negative reactivity due te after

shutdown xenon buildup for various

operating fluxes
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Figure 4. Megative reactivity due to xenon buildup versus operating tine ? one shift operation
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CONTROL PERIOD (HOURS)

Figure 6, tatdo of the optinized after shutdewn xenon peak to

the peak cotwines with lawdleve shuiduwn fur several

@Lfferent cperating fluxes, fort - 1 hour
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CONTROL PERIOD (HOURS)

Figure 7. fatio of the optinined after shutdown xenon peak to the

peak obtained with imediate shutdown for several different

operating fluxes fort = 0.5 hour
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Figure 8

Ratie of the optinized after

shutdwon xenon peak to the

peak obtained with tanediate

shutdown versus steady state

operating fue, fer several

different control poricds (b)
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inure 10

HUMBioptindzed after shutdown

xenon buittup ae ecapared to the

xenon buildup following ehutdewn,

in a cingle step

Control parameters: Qo = 10av,

bs 4 hours, At =i tour, Onax = Oo
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Figure 14

vaaioptintaed after shutdown

xenon bufldyp as compared to the

xenon buildyp following shutdown,

tn a single stop

Control paransters: o = 10M,

ba 7 hours, Mt = 1 hour, Oma = Po
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Figure 15

MINEX-optintzed after shutdown

xenon buildup av compared to the

xenon buildup following ehutdow,

ina sinle step

Control paranetere: o = 10-nv,

ba 6 hours, At = 1 hour, Dna = Yo
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Figure 26

MINEX-optinized after shutdown

xenon buildup as cempared to the

xenon buildup following shutdown,

ina single step

Control parameters: Qo = 10'Fnv,

De 2hours, At. 0.5 hour, daax = Qo
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Ecure 27.

YOMEL-optinized after shutdown

xenon buildup as compared to the

xenon buildup feLlewine shutéom,



tn a single stop

controt pareneters: do = 10%m,

beh tours, Dt = 0.5 hour, Onax «bo
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Figure 19

MMWEX-optinized after shutdown

xenon buildup ay conparad to the

xenon buildup following shutdown,

in a sine step

control paraneters: @o = 10%nv,



b eb hours, Bt 2 Pour, eae >
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Figure 20

HIMEL-optinized after shutdown

xenon buildup as compared to the

xenon buildup following shutdown,

in a single step

Contre paraxaters: Wo 2 10'5nv,

da Thours, At «1 now, Daa =o
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cure 2



optimized after shutdown

 

Er

enon buildyp as compared to the

xenon buildup following shutdown,

ina single step

contro pareseters: Qo = 10a",

vachours, Bt 22 hour, sax = bo
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Figure 22

vmmoptintsed after shutdown

anon butldup an ceopared to the

enon butldup folloving shutdown,

fn & single atop

centred paraneters: (bo = 204,

be 6 hours, At = 1 hour, max = 20
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Higure 23

MOI-optintzed xenon buildup for minimising

?the xenon concentration eix houre after

completing full power operation
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Flow chart of MIXEX-proeran (continued)
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Listing of the MINE-progren (continued)

xouTa9
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105 Vx=XENO

VF=FLUXO
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124 TPlao.

GO TO? 53
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A statement of the Pontryagin maxinun principle and ite application to

minimizing the after shutdom xenon peuk is presented pereith.

In order to state the saximum principle in its simplest form, the syster
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Now define a function it as

 

Werte P2 faeces Pati foe,

H ip called the Hamiltonian of the system, From the cefinition of it i

Ls evident that the state variables x) %2) +++) %,,1 and the auetliary

+9 Py gy Satdsty the following equations:

gi = 28 and

a opt

at = Bu for 123, 2 sey nt
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variables py» Pz»

 

?These equations are called the Hamilton canonical equations of the syates.

Prom the canonical equations it follows that p, ,, is constant in time

since H does not depend explicitly upon x, 4+

With regard to the control functions uy, uz, +++, ti, the maxima principle

requires that they should be bounded, i, s., ai Sui sbi for i=

 

1, 2, , motherwive the cptimination problem is meaningless.

With the above definitions and relationships in mind the maximum principle

ey thon be stated as follova: Mie required optimal control vector Tt,
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%yo) to A final. state, minimizing the criterion functional J [u} , while
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the sane control vector thet willl muxinise the Hantitenian of the aysten,

constructed as explained above, Thus H * setiafies the folowing equation:
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H de constant in time ae can be seen fron differentiating it with respect

to tine:

e-S fae + a

2p;

land applying the canonical equations, leading te:

+E fib & 8}

He const.

�
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a4

Jn order to apply the Fontryagin maximum prineiple to the protien of

miniaizing the after shutdown xenon peak, the nuberdeneities of xenon

?and iodine (X and I) are considered as state variables, x and x3}

?the flux during the control period b as control variable; the magnitude

of the after shutdem xenon petk Inge a¢ the criterion functional x5.

%yax 18 computed from the terminal values of xenon and Jodine muaber-

Gensities as given in equation (14), page 5 of this paper, so that using

x for the iodine mmbertensity and x, for the xenon numberdensity one

gets for the criterion functional: »

NK

b

2X3 does not contain and t explicitly; it depends upon ¢ and t only

?through x and x5, therefore

 



  

-» r Ax) Ax X;

dM -

it 1 Be xg (1 Perde Sal

 

3 * Oks 4 5 =

& Ox | Ox,

x: Ox,

Bn HEP ~ Ne XI4 FE (YEH + UX eXe~ OE Xe0)

te a Linear fimetion of ¢, therefore the feni2tonian

Ws ph + Paka + Ply

4s also a Linear fimetion of 6, 0 that St can be written ast

He Bo +terms not dependent pon #, ware Bids nat depen

won #

�
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355

Since @ 4s bounded, 1. 0,

05 © £ Ono



the only two choices that will maximize H will ber

oH

20 OH

° tor 3G <0

020 me OF OH,

max BE 0

Consequently, the control flux pattern that will minimise x, (which te

the same that will maxinice H [0] ), is a switching function between the

?two admissible extreme values of the flux 0 and Onae-

For obvious reason this type of control 1s referred to as pulse type

?or "bang-bang" contre).
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