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- . ABSTRACT -

__fhe timg*domain sensitivity measure, peak senéitivity,;waé.
“eﬁployed in-étuinngvthe.dyﬁaﬁicé of‘a Clinch River'Bréeder_Reactbr
Ppwer flant (CRBRP) digita1 simulatq;. With its use tﬁe_most "safety
- sensitive parameters in the.plant modei3wére identifigdvfof paftiCuiafr
anticipated trénsients, Examples of such parameters inglﬁde ﬁhé Doppler
;feedbacklcoefficient,_fréctionvof.power~geﬁeréted in-the_qore,’and thé '
two phase flbw friction multiplier.“ A,méthod'of,pﬁtting first’qrdér
'vbounds.dn a'particuiar;power plant'tréﬁsient duevté paféﬁeter;eéﬁimété
error is also presenﬁed. This information is,valuable:sinée the CRERP
éimulator Was_construgted with the intent of'studying the_saféfy;of_the

system.

ix



| CHAPTER 1.
: INTRODUCTION - .

In a nuclear‘power plant model,:pérameﬁers nééded to describéréhe
physical system'may be lumped into Variéus;¢ategorie$. Nuélear-paras
'meters-include Doppler ééefficienté,‘dei;yed_neutron fractions,rand‘decay
,conéﬁants. Thermohy&raﬁiic parameteré inciudefheéﬁftransfer coefficiénts,'
 fricti5ﬁ factg:s,'pump»efficiencies and’thé likef,uMechaniéai-parametérs,
such és-tﬁrﬁiné timé constants aﬁd inertia.are also ﬁeeded.z | |

A paraméter senéitivity studyJof avmo&ei éf a dyﬁaﬁic'system
yields inforﬁatiqn.as to-pbw thgféharaétérisficé‘qf’thebmbdel change'When ,
a parameter is wvaried. Model_chénges might_Ee charééterizéd'by a'differ—
ence in step”response,’frequeﬁcy~¥§sp§ﬁsé'(Bédgiénaifsié), or ﬁhe'
locétion of syétém rdots'in the cbﬁplex s~pléne (root locﬁs); After a .-
sensitivit& measure haslbeen maée the numefical.anal&s;;can tﬁen ﬁakér
judgmeﬁts aértd,which'are the most impérfént parameters in thé syétem'
model. This iﬁqumation is'eéﬁeéially valuable in its appiicatioﬁ‘té a
. nucléér éowef élant‘dyﬁamic éimulator?apd has:tﬂé fbllowing aims: 1
1. »If»a.pafameterlis'high;y‘sensitive,_then-aﬁ écéurate dééermi—

N nation:of it“is necessary to Yiéldrgood,nqmgricélfresﬁits.'
2. Boundiﬁg toletaﬁbeslpn a pérticular.simulated poWer plaan
,transiént;due towparamete;'estimate erfbrsiéan be.sdﬁght.
' (Tﬁis_aiﬁ is‘Qf prime importaﬁce-when judging.reéctoﬁ safety;)

1



3. In system identification work the most highly sensitive
parameters are adjusted to match the model with the physical
system. Other, 1less sensitive, parameters are usually not

considered.

The goal of this thesis is the achievement of aimsland 2.
Since the Clinch River Breeder Reactor Power Plant (CRBRP) hasnot yet
been constructed, the achievement of aim 3 must be postponed to a later
date.

The CRBRP simulator to be considered consists of a set of
coupled algebraic and ordinary differential equations (Shinaishin 1976)
and are solved on a digital computer by the DARE software package
(Lucas and Wait 1975). These equations describe the conservation laws
of physics as applied to the various components in the CRBRP (i.e.,
reactor, evaporator, etc.). The space dependence has been handled by
sectionalizing the system into several lumps (or nodes). The algebraic
equations may be eliminated by substitution yielding the following

simplified vector description of the system:

H* = A + £ t) + B t); X (0) =X 1-1
- X x, v u(t) (0) 3 (1-1)
where
X = the state vector
A E a matrix of constant coefficients of the linear terms
f (x,t) E the vector of nonlinear and variable coefficient

terms



B E a matrix of constant coefficients
u(t) E forcing function vector

X E vector of initial conditions

Parameters of interest are found within the A and B matrices and
within the nonlinear £ vector.

A diagram of the CRBRP simulator with the appropriate state vari-
able locations may be found in Figure 1-1. Also in this figure is a list
of the nominal steady state initial conditions which must be met to match
the plant design operating point at 100% power level (Clinch River
Breeder Reactor Project. Preliminary Safety Analysis Report [PSAR] 1975).

It should be understood that the CRBRP simulator considered does
not contain plant controllers. These controllers (i.e., reactivity, pump
speed, etc.) were not included so that the effects of intrinsic parameter
variations (i.e., inherent to the natural system) on the system response
would not be masked by feedback effects from the automatic controllers.
In this way a better understanding of these intrinsic parameters can be
achieved. Another reason is that this is also a more conservative
approach when sensitivity measures are used in judging reactor safety
since the loss of system controllers might possibly occur.

The sensitivity measure employed in this thesis is suited for
time domain analysis. Other sensitivity measures, namely root locus and
Bode analysis, were not used. The reason for this decision, along with
a discussion of the sensitivity measure employed, can be found in

Chapter 2.
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Chapter 3'gives'the-results}of the parameter seﬁsitirity.study
, With a disodssion>on its"applioation'to reactor safety.. Chapter>4 is -
devoted to'conclusioas.and»reodmmendations'and this will be?ﬁolloWed'ty
appeﬁdices\oontaining_sample;oalcuiations; |

The CRBRP digital simulator to be tested for'parameter senSitiv—‘

|

ity is actually one of three separate 31mulators developed- bY'ShlnalShln.
These 31mulators were 1ntended to -study the safety of the CRBRP through
a w1de.range'of transients and power plant'operatlng o0nd1t1ons. The
,second,simulator-is:tﬁe same:as the one,tested injthis thesis except for
the,plant autOmatic control System. Thesedtwodsimulators Were intended
-to. study moderate tran51ents>of the- type referred to as Ant1c1pated
Transient Wlthodt Seram (ATWS). The third. s1mulator was constructed for
7studying transients due to unexpected accidents folIOWed by reactor a
- seram. In tﬁis simolator eﬁphasis was placed.on simuiatipg-the.auxil-'
jary heat removal'system, in order to'deterﬁine'dts capabiiityvtovremoﬁe
the after-shut down flSSlon and decay heat. Together, the threevsimo- )

lators are known as BRENDA (Breeder Reactor Nuclear Dynamlc Analy31s)



CHAPTER -2
| SENSITIVITY MEASURES

Sensitivity-measures.general;y relate the chenge in semersystem
"-measﬁre to the change_in~oﬁe-ot more plant*perametere. 'A sensitivity -
.measure should 1ncorporate two . features
'l,_'It should be mathematlcally tractable so that its utlllzatlon
is not encumbered by great amounts of  labor.
2, It must be phy31cally meanlngful in relatlon to the performancev

Vof-the system,_
- Feature number 1 is essential when testing this simulator becausé
of its complexity end:latge number of parameters. Number 2 must also be o

met if this study;is>going to ‘have anything.te say about reactor safety.

' Z,ilgReot.ot'Eigenvalue Sensitivity

This7sensitivity.measureihasrteen.used freqﬁentlj in the analysis
of>control~ejetems‘in”several‘tields,ef enéineeting (Ven Ness,. Boyle and:
‘Imad 1965) |

The-roots of a. system of non—llnear otdleary dlfferentlal equa—e-
tlons can be found in the follow1ng way. Thevequat;ons should flrst bev
: linearized.ebqut an Qpérating peint.and then Laplaeevtrensfof@e'applied. ‘
(The iinearization is'dehe ty'leoking et sﬁail;perturbatione about thev"

‘operating point and is equivalent to removing the non-linear term in_"



‘equatlon (l—l) ) The'reots of-the system are then the solutions of the

characterlstlc equatlon [l]
P(s) = det [sI -~ Al =0 ' : o | (2_'1)

Reot sensitivity measures the change in pos;tion of'aﬁsyStem robt

'in»the.c0mplex s - plane‘(root iocnsz
| : InrtheVearly.phase of¢this_work,root>Sensitivity,was:inreatigated

because it hadithe.advantage of ndt'heing dependent on the type of initi—
.atlng tran51ent, (1 e., step, ‘ramp, frequency response of temperature,
flow rate, or power) It was found, however, even for avsmall_open,loopc
Nsystem'ofreQuations, snch aa those'that-renreSentlthe snperheater of~the-
simtlator,’that'the:rcct sensitivttytmeasure Was difricuit to interhret,

Forrexample;:Tahle‘2-1 contains theﬂnnmericai Vaines qfvthe'roets‘
for the Brd drder euperheater mndel._ To calculatevthe;narameter‘sensi—.
tiyity a lZ'errer’Was first assumed'in.thejestimate of the.parameterwof
interest ana“then Other oPerating'con&itions were adjuated,_ifvnecessary,k
te,ﬁeet the design operating conditions specifiedﬂinrthe.PSAR>(see
‘,'Figure lsl,andhAppen&ix A‘for detaile). The roota offthe mcdified system
were then found by applylng equatlon (2 l) It can be aeen from Table |
2—1 that the. percentage change in root pos1tlon from the nomlnal is
_greater.for.the first 2 roots in the sodium to wall.heatrtransfer coef—-
',f1c1ent Whlie the percentage change for the 3rd root. is greater for the

superheater,wall SpElelC heat.‘ It is therefore dlfflcult to Judge ‘which -

: 1. "It should be noted that the llnearlzatlon procedure is
generally ‘done manually, while the roots for .a high order system are
found by computer.  There are programs which do both but the analyst
loses Valuable 1nformat10n in the process.



Table 2-1 — Root

Root Number

Parameter

Nominal

Superheater Wall
Specific Heat

Sodium to Wall
Heat Transfer
Coefficient

Percentage Change

Root Number

Parameter

Superheater Wall
Specific Heat

Sodium to Wall
Heat Transfer
Coefficient

Sensitivity of the 3mi Order Superheater Model.

Value of Root

-6.23348

-6.22975

-6.22573

-0.0598

-0.1243

-2.03931 -0.23244
-2.02620 -0.23177
-2.05783 -0.23246

in Root from Nominal

-0.6430 -0.0670

0.9080 0.0086



is the more sensitive parameter. Since roots are the inverse time con-
stants of the system, a great deal of intuition must be used to correlate
how the change in system roots affects the transient response. For the
large system of equations present in this simulator this interpretation
would become hopelessly complicated.

There are also other problems that the analyst must accept if
root sensitivity is to be used. One of these problems is the great
amount of labor involved in the linearization of the equations. This
would be especially tedious if several operating points must be investi-
gated for sensitivity. Probably the most serious drawback of the method,
however, is that it can be shown that the system roots can change by
several hundred percent with an essentially unchanged step response
(Truxal 1955, p. 295). This drawback cannot be tolerated in this sensi-
tivity study because important information as to the safety oriented time

behavior of the CRBRP is lost.

2.2 Frequency Domain Sensitivity— Bode Analysis
Probably the best known sensitivity measure is classical, or
Bode, sensitivity. This is defined as the percent variation of a system
transfer function, T, with respect to the percent variation of a para-

meter X, and is defined as follows:

If the test input is a sinusoid, then s = jw, and Bode plots of equation

(2-2) can be made showing the sensivitity as a function of frequency.



10
Unlike root sensitivity, this sensitivity measure depends on the type of
test input (i.e., flow rate and temperature transients).

Because T is a function of the complex variable s, a physical
interpretation of T is difficult. As an example of where such a diffi-
culty may occur. White (1967) conducted a sensitivity study on a class
of low order linear control systems and produced the asymptotic Bode gain
sensitivity curves shown in Figure 2-1. It can be noted from the figure
that the parameter sensitivity is a complicated function of frequency
(i.e., k* is the most sensitive parameter at low frequency and the least
sensitive at a higher frequency). Though the results of the model tested
by White have little relevance to the model tested in this thesis, it is
instructive in showing a problem which may occur if this approach is
taken. For this reason, and the fact that the system of equations would
have to be linearized about an operating point, as in root sensitivity,
this approach was abandoned.

There are, however, important applications of Bode analysis in
the closely related field of system identification (Chang and Kerlin
1976) . The basic idea of system identification is to adjust the impor-
tant (most sensitive) parameters of a model to minimize differences
between experimental results obtained from the physical system and model
predictions. The usual procedure is to impress a periodic test input
signal (s = jw) on a linearized set of equations, and minimize the
difference between Bode plots by least squares techniques. In this
discipline, working in the frequency rather than in the time domain has

several important advantages. One main advantage is that by looking at



GAIN
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=
Figure 2-1 — Bode Sensitivity of a Low Order Control System.

(White 1967)



12
the frequency response, low level signals can be used on the physical
system because they permit averaging of multiple estimates of the results
and the background noise effect is reduced in the averaging. If a non-
periodic signal (i.e., step) is used it must be large enough in magnitude
to overwhelm the background noise. However, the magnitude of such a
signal is limited such that nonlinear effects do not appear and normal

system operation is not disturbed.

2.3 Time Domain Sensitivity
The sensitivity measure used to obtain the resultsof this thesis
was first introduced by Tomovic (1964). Let Xbe a system parameter with
a nominal value X*. If x(t,X) is the response of a system state variable
to a step input, then for a change in the parameter X, the step response

may be expanded in a Taylor series

x(t,X + AX) = X(t,XO) + AX + d2” ' X) AX2 + —-
o o
(2-3)
(It should be noted that the step function is one of the standard signals
used in testing systems of differential equations.) The first order
effect is given by the time dependent first order sensitivity function

dx (t,X)
dx



It is desirable to have an estimate of the change in x(t,A) for a per-
centage change in A. Therefore, the sensitivity of the system state

variables with respect to the parameter A is defined as:

dx. (t,A)

4 © = 1 = 1'n 2"4)

This sensitivity measure is known as the sensitivityfunction
(White 1967; Haberman 1977), and like Bode sensitivity, depends on the
type of test input. A more concrete illustration of its physical mean-
ing is shown in Figure 2-2. If a step input is applied simultaneously

to both systems the differences between the outputs will be:

Ax = x(t, A+ AA) - x(t,A)

Dividing by the percentage change in the parameter and letting
AA =+ 0, equation (2-4) is obtained.

As might be expected there exists a relationship between Bode

13

sensitivity and the sensitivity function. This was shown by White (1967)
to be

Ux (s) = g T(s)Sx(s) (2-5)
where

T(s) = transfer function relating input to output

- E Laplace transform of step input



u(t)

Figure 2-2 —

An Illustration of the Definition of the
Sensitivity Function .

14



15
As an example of how the sensitivity function was used in the
CRBRP simulator, consider the open loop superheater model mentioned
earlier. To utilize equation 2-4 on a digital computer the following
finite difference approximation was used

x.(t, X + A) - x (t, X))
uXi (t) = AX (%) ;i=1,n . (2-6)

The state variables in this model are the outlet sodium tempera-
ture, the tube wall temperature and the outlet superheated steam temper-
ature. A 1% error from nominal was assumed in the sodium to tube wall
heat transfer coefficient (HWA). The new tube wall to steam fouling

resistance and tube wall temperature initial condition were then re-

calculated. These changes to the modified system were necessary to meet
the design inlet and outlet superheater temperatures as outlined in the
PSAR (see Section A-1 for details). A 20°F step in the sodium inlet
temperature was then applied to both systems and the differences between
both systems were noted. A similar procedure was then applied to the

wall specific heat (CpWA) e+ The sensitivity functions for the three state

variables are plotted in Figure 2-3. From the figures it can be seen
that a change in has a smaller effect than CpwA for the state vari-
ables Tgc and Tpg. However, has a much greater effect on T”A because

of the change in the initial condition for T*.
The sensitivity function plots have the desirable feature men-
tioned at the beginning of this chapter in that they are physically

meaningful to the performance of the system. These plots are directly
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17
related to the transient response and show just how much each part of
the response is affected by the parameters.

This wealth of information is not in a compact form, however,
since the sensitivity functions are time dependent. For purposes of
comparison, it is convenient to have a sensitivity measure that yields
a single real number. Previous authors have overcome this problem by
adopting the following two sensitivity measures which utilize the time
dependent sensitivity function plots.

The first measure is known as integral output sensitivity and
is defined as

UA T u, (t)dt (2-6)

where T is a time interval large enough to allow x(t) (the step response)
to reach its final value. This measure, in effect, gives the average
sensitivity over the time interval. The second measure is known as peak

sensitivity and is defined as

u* = ux (7T) (2-7)

where T is the time at which |ux(t)| is a maximum. The convenience in
using these two measures must be paid for by accepting the loss of
information inherent in their use.

It was decided that the use of peak sensitivity was ideal for the
type of parameter sensitivity study performed on this simulator. It is
ideal because it not only yields a single number necessary for comparing

a large number of parameters, but its very nature is safety oriented.
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. Ffom results qbﬁainéd Witﬁ its ﬁse'the-anélyst canreStiﬁateﬂwhich para;
meters are;the'most Vsaféty_sensitive.”r An added featufe of its use is
‘Ehétrthis‘iﬁformation.één be used‘to_pﬁt first orief boﬁndsbdn.a transi-
ent due to parameter érfor.: This featﬁregié discussed in Section 3.4;

-Integralr6utpuf,sensitivity was abandoned because of the”ﬁany
extremely long Simuléticn times reduired‘for‘the sensitivity function ﬁo
~reach its final value. ;Igs_measuré wés felt to ﬁe of‘mﬁch less impor~
tance for'the type of séféty related stﬁdy éondﬁéted here.: .



-/ CHAPTER 3
"PARAMETER SENSITIVITY STUDY OF A CRBRP DYNAMIC SIMULATOR
In this chapter the time domain sensitivity function discuSsedvih'
Chapter -2 will be'applied~td the CRBRP dynamic simulator. To begintthe
. discussion, a section willibe devoted to the rationalevbehind the
‘app:oach7of'the stddy. .Following’this;,measufes of‘paramétér sensitivity

with appropriate'comments:on reactor safety will be presented.

3.1 Apprdach

In thé-eafly phaées ofiﬁhis work itibeéémé apparent that-meésﬁres
ﬁf.parameter~3ensitivity'ébuld.notrbe,practically:ﬁéde-by simulating the
d&ﬁamics of the'CRBRP as a Qhole;'AIffthis;approéch Were:to‘bé taken,
éxtremelyb1bng1simulation timééAﬁoﬁld‘be necésséry‘forttheieffecf 6f a
ﬁérameter;variation:to be'feltlﬁy.all.the:ététe.véfiableskdeécribingjﬁhe;'_
plént. This:ié due to the lérge tranépor@ timé'delays'iﬁ plaiﬁ piping
énd largé‘sfstem timeAcdnsfants ésSociafed ﬁithjihewheat‘capaéities~éf
= éeVeral of theiplagt‘com?bnent;,' The;qomputer;cQsté asso?iated With‘sugﬁ -
loﬁg simulations is a préhibiting facﬁar because of the:largeinumbErbof |
Parameters tb be tested. {Io'ciicuﬁvenﬁ'this prohlém ﬁheiéiﬁﬁiaﬁorywas
split iﬂtp twé:sections.

_-The firétiséction,inﬁlﬁdés tﬁé-equations déscriﬁing‘the ieactdr, :
Hiiﬁtermédiétélheat eéchéngéf, aﬁd the fluid fiow.betWeeﬁvfhém; ’ngefher.
they feﬁfesént thetpfiﬁary‘lqap.of tﬁé_CRBRE. 'Aidiagrai of tﬁislpbrtion
éf the’plént gan-be fqﬁndii#'Fiéure 3;1.‘ It can be ﬁqtéd fromrﬁigﬁré 1-1

_“;>197>,
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Figure 3-1 — Schematic Diagram of the Primary Loop.



21
£hét tﬁgi”éutﬁ'waé ﬁaderét,ﬁﬁe pbiﬁt’qf~tﬁe'largesf fraﬁsﬁéft-time &élay.ﬁ
ij ﬁaki#g:thé ﬁutfhere,-it”wasthPEd>fhgt ?hg‘mgjér.effectéﬂthaﬁ péré;
tﬁetér*variatioﬁs have on a traﬁgieﬁt‘initiéted in the,feac;or ﬁould,be

felt by the state variables in the primary loop before any sighifiéant7 ~'

'

feedback gffects dould be felt from the intermediate 1§op;'.1gnoring
these feedback.effects isrequivalent to assuming a constan; inlet sodium -
Atemperature-éndvflowvrate'at the inlet tb‘tﬁe'IHX on the intermediate
side. . |
| Thé saeond*séctiqn includes the equétidné,describing tHe_steam

generation syStem-éf the-power,plant,.excluding fhe steam turbine and
1feedwéter model. iDuriﬁg fhe'cqurse.of-this'stﬁdy it was fduﬁdsﬁhat this 7
latter éection_of'thé modgl-exhibitéd unfealistic behaviér ﬁhen'subf_- |
jeééeé £6.ﬁéfioué:tfansiénts. ;Thevm;jor difficﬁl£y<ﬁaé‘ﬁhe lafge mégni-
fude‘of flow mismatch bétweengthevsupefheaﬁed steaﬁuflqﬁ to‘thé turbine
and thé feedwétér fléw‘fﬁom the7condénser. ‘Afisteady state 6§¢rétiﬁg
'_condifions these floWs_aré equél. ‘It:would*theﬁ7be~ek§ected that fof

- mild tranéights,ftﬁerdéViatioﬁ'ﬁromﬂ;he sféadyfstaté flow rates‘shbﬁld

bé réiatively»émall. The problém iﬁ.the_feedwater and tﬁrbine modéi’is_
:“fhat iﬁbis oQér+éiﬁplified in that'thé expligitAdynémidé ofzspch coméo—
~ments as thé-condenger ana f§Edﬁater'heaters'weré‘not'éonsidered. The
'sensiﬁivity study was theréforé.gbnduéﬁéd 6n the o?en léépAsﬁeam geﬁe:-'
;ator'dépictéd in:Figuré'é-Z. The o?eh 160§ éssumptioﬁ;is ¢quivaleﬁ£ té
séﬁtiﬁg the infermediaﬁe.sodium; feedﬁater,_and'supérheétéd s#eam fibws,

as well as the feedwater temperature,. to cohétants.
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Figure 3-2 —

Schematic Diagram of the Open Loop Steam Generator.
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The magnltudes of the tran51ents 1mpressed on both sections were
.chosen to be small enough to allow the system of equatlons to exhibit anll
approx1mate.11near behav1or.‘ In thls Way the superp051tlon property of
llnear-dlfferentlal equations. ‘can’ be used to approx1mate the. behav10r of'
senSLt1V1ty_functlons for-verlous magnltudes of the same type of.tran~
Siemt (i.e., step).‘

As memtiomed_earlier’the'eystem,of-equatioms is nonlineaf;:.
'Hence the seﬁsitivity ofua.parameﬁergis dependent on the‘operatihg'point;
Sineeethe CRBRP simola;o;ewes intended to.sfudy trensients im the5409100%_e
ooﬁer fenge,hie.would'eeem eppropriatevtoAstﬁdy the senéitivit?foflpefa—'
meters over‘thié renge.F:ThiS’was done in Secfionv3;2.2 for the most

sensitive parameters in the primary loop.

3.2 Parameter Sen51t1v1ty in the Primary Loop

©3.2.1 100% Power Level
» The ;ransientAchosen,to'dEtermine,parameter sensitivi;y was a
lOe step in control rod reactimitf. It was chosen becaose it:approﬁi—
mates e:fealistic systémlffansient’ene;Was'mildtenough‘forrthe syetem of.'
equétions to_exhibit an approximate linear behavidr.-
| By observ1ng 51mulat10ns of the total plant dynamlcs follow1ng
the 10¢ step, ‘it was notlced that’ s1gn1f1cant feedback effects from the.
.steam_generation sectiom‘toAthe‘intermediate'sodium inlet‘of ;he THX did
not oecur.fof 120 seconds. Thie wesithe simuletion time choeem to stop
. the semsitivity runs im'the.primafy‘loopf fhis‘eutoff time ié;also“. |
praetical from.a reaetorieafet?~etamdpomnt,in that it coVers ﬁhe'firet

_important minutes following transient initiation.
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The‘parameters chosen to be teSted-for'sensitivity were -those

most susceptible,to estimation error. Those are: namely the nuclear and

‘thermohydraullc propertles of the system A llst of thqse tested is

glven 1n_Table 3=1.

The following procedure was then employed to test for their

sensitivity.

1.

20"

- The parameter of interest was increased by 17.

Certain system equations were-rebalanced, if necessary, to’

match the PSAR steady state des1gn condltlons at 100/ power..
Wlth the use of equatlon (2 6) the model was’ 51mulated at
steady staté for a significant time to cheek for'noise in
theﬁseqsitivity_functiep dde:to rebalanciﬁg error.

The simuiatof'was.theﬁ run foiTiZO secondsifollewing a 10¢s

step in reactivity. .

Magnitudes of the sensitivity;fpnction‘for the steady state

and 10¢ step simulations were compared.

If the numerical value of the 'sensitivity function found in

Step 4 was several orders ofvmagnitude_greater'than that

found in‘Step;3, thensa good sensitivity meesure_had been
determined.A If thischnditionbsss ﬁot met;rthen Step waas:_:
repatea Withsgreater aceufacy. :fhis_wes then feiibwediby
Steps 3, 4, 5,3and.6. | | ) | |

Once a good sensitivity measure had been made, the time

‘dependent senSitivityecurVes were observed for &1l thelsafety

related state variables and the value of peak sensitivity was

recorded .



.Table 3-1 List of Parameters in the Primary Loop. :

Type . Name _ ~ Symbol -~ Nominal Value
Nuclear . Doppler . DC ' '-0.0058
. Feedback o Axial Expansion - AXECC = . ~0.023 (¢/°F)
Coefficients -~  Radial Expansiom - RECC : - =0.21 (¢/°F)
. : - Sodium Demsity - SODDCC . =0.006 (¢/°F)
R S Ist Group . ' B, . - .0.00008254
Delayed ~ = 2nd Group . - Bo ~-.'0.00077560
Neutron * 3rd Group - B3 o © 0.00066600
" Fractions = . 4th Group . By o 0.00135400
L " 5th Group .. : Bs . - 0.00059080
6th Group - - = Bg ©0.00018100
o o  1st Group . DT - ';'0.0129;(sec—l)
Delayed " 2nd Group Ty o .,0.0312.(sec-i)
Neutron 3rd _ Group o )\3 : . 70,1330 _(sec‘_- ) -
Time . . o 4th Group . - Ay C "v0.3450_(sec-1)'f
Constants E - 5th Group - ' " Ag - -~ 1.4100 (sec:i)
Thermal . . " Fuel Therm. Cond. AKF o - a .
Properties of Gap Conductance HDG 784.4 (Btu/(hr £t °F))
- Fuel Pin o Fuel Specific Heat ‘CPF': C . 0.076 (Btu/ (1bm . °F))
Clad Therm. Comnd. Kc , 13.4 (Btu/(hr ft °F))
Sodium Film Cond. . Hg = ' a - o
Fraction of Power  FPGC _0.9239
Core -~ - Generated in Core . o
Parameters ' Fraction of Primary FFC . 0.80

Flow in Core

Primary Pump - Efficiency ¢ grame -

Parameters - Imertia ATPP 497.3 (1b ~fr-sec’/rad’)
IHE Thermal ;'Héat-Transfer_ '*'>vHNIp' S a

_ Properties - - Coefficient -

-a) See Shinaishin (1976) for equation used.
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A spec1f1c example as to how the above procedure was applled to
_the Doppler feedback coeff1c1ent can be found in Appendlx B. Thls
’example also shows how the 1nclu31on of the steam generator feedback
.affects the'Sensitivity functiouAat.IZO seconds; | a
iResults of the sensitivity runs can. be found in'Table 3—2;_ This
table llStS the peak sensitivities of the temperature ‘state varlables
flocated throughout the primary loop -Other state varlables, descrlblng
the delayed neutron precursors, are not llsted because they are not
dlrectly related to‘the safety of the~systeml o
| Entrieslsiguified'by.d indlcate’that theisensitiyity tuuCtion
was non zero at the,beginning of the siﬁulation. This.is caused, as
mentioned,in‘the superheaterhexample of'éhapter 2,‘by’therneeded chanée
’lnrinitital conditions of‘these'state‘variahles,to meetjtheePSAR design
‘conditiohs. N
4_5Those'resultSQdesighated by an asterisk~(*).are-ones'for>Which
-thersensitivity function wa3~stillflncreasing at the.time of'the;cutoff;
'For'these‘instances theIValue'of the senSitiVity'function-was'takeh at
this time. This is'due to'the relative-location‘of the'parameter'in.the
ylooo and hou the'parameter effects»the_tlme constants:describiug the
.dynamics-of the looo; Generally,zlt_canihe'uoticedIthat uost'of these
types of'ueasures,occur'for'parameters<located in theireectorhcoreimodel
1at7the state.variable locatioos:lé7'; Tis,'aud>TPl.._The maiu'reasOn for
3lthis is.thatjtheSe locatiohs are}physically thermost distant'from the.
reactor core. - This type of behav1or can ‘also be'seen 1n other para—

meters in the loop. One example of thls 1s HNIP whlch is. located in. the



Table 3-2 Peak Sensitivity Results from the Primary Loop at 100% Power Level,

(°F x 10 2)
A'XState
“sVariable

Parameter”.
DC -80.0
FPGC 1670.0 A
AKF -824.0 A
AXECC -32.0
Q4 32.0
HDG -707.0 A
32 16.8
B3 15.4
B5 13.9
RECC —
36 4.3

FFC -132.0 A

-15.

316.

-322.

TP3

TR3 TP4
-13.1 -12.0
-10.2 -9.5

7.0 6.3

-5.3 —4.8

5.3 4.8

2.8 2.8

2.8 3.0

2.5 2.4

2.4 2.1

-0.55 * -0.50

0.68 0.66

0.60 0.59

TP7

.34

.96

.97

.63

.63

.47

.43

.05

.13

.12

TI3

TPl

.83 *

.019 =

11 *

.096 *



Table 3-2, Continued

Arx“tate

Parame;:;ariable TP3 TR3 TP4 TP7 TI3 TP1

<2 5.4 0.95 0.8 0.59 0.13 0.49 0.13
CPF 30.0 -5.1 0.63 0.51 0.12 0.42 0.10

3i 1.5 * 0.28 * 0.18 * 0.18 * 0.032 * 0.13 * 0.025 *
3 4.0 0.70 0.24 0.19 0.042 0.15 0.038
soppee _— ~0.17 _0.13 ~0.12 * -0.023 *  -0.09 * -0.019 *
x4 --- 1.5 0.20 0.16 0.035 0.13 0.032
- 0.60 0.11 0.092 0.086 0.016 * 0.061 * 0.012 *
- ©19.3 A 0.09 0.076 0.08 0.015 +* 0.056 * 0.013 =*
Ke 48.5 A 0.24 0.20 0.19 0.040 =* 0.150 =* 0.031 *
<5 1.14 - 0.018 0.017 0.0039 0.014 0.0035
ETAPP -—= 0.012 - 0.0049 -0.0063 -0.0043 -0.0055
AIPP — 0.010 — 0.0047" -0.0061 -0.0042 -0.0053 -
<6 — - 0.0024 0.002 0.00045 0.0017 0.0004
HNIP — -0.001 =* -0.0068 * -0.0029 ~* 0.00264 -0.0026 *

FRICTION FACTORS INSENSITIVE
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IBX. For this parameter the peak sensitivity first occurs at which
is in the IBEX. This is not the total picture, however, as can be seen
»S
by the sensitivities of the X . The first delayed neutron group decay
constant, X*, has the longest half life of the six listed (53.72 sec.),
whereas the other five range from 22.21 seconds to 0.18 seconds. It
would therefore be expected that an error in a parameter associated with
a long time constant would take longer to affect the transient than a
short one. This is the case here since the sensitivity for X* has not
yet peaked at the cutoff time at locations Tp”*, T*, and Tp”, while those
for Xg through X* have done so.

It can also be noted from Table 3-2 that some of the parameters
are listed as "insensitive." The reason for this is the way they are
used in the equations of the model. The best explanation of this type of
parameter is shown by an example (see Appendix C) .

Table 3-3 gives the results of Table 3-2 normalized to the most
"safety sensitive" parameter, namely the Doppler coefficient. It can be
noted that the ratio of peak sensitivities for a given parameter in the
core, relative to the Doppler coefficient, are approximately equal for
all the state wvariable locations. Though the peaks generally occurred
at different simulation times, these parameters represent a distinct
class. The reason for this pattern is that each of these parameters
directly affects the fuel temperature first. Once the difference in
fuel temperature appears, this signal is filtered through the different
differential equations describing the loop, affecting each subsequent

state variable proportionately. A notable exception to this is the



Table 3-3 The Absolute Value of the Peak Sensitivity Results Normalized to the Doppler
Coefficient at 100% Power Level in the Primary Loop.

State
Variable

Parameter
DC 1.0
FPGC 21.0
AKF 10.0
AXECC 0.40
34 0.40
HDG 8.8
32 0.20
33 0.19
35 0.17
RECC —
36 0.054
FFC 1.65

P3

1.

21.

21.

0

.53

.39

.38

.24

.22

.19

.17

.087

.051

.78

.53

.40

.40

.21

.21

.19

.18

.042

.052

.046

.80

.53

.40

.40

.23

.21

.20

.18

.042

.055

.049

.78

.53

.38

.39

.25

.21

.19

.17

.020

.052

.048

.78

.53

.40

.40

.23

.21

.17

.16

.026

.054

.048

1.

.78

.53

.39

.40

.21

.21

.19

.18

.0091

.052

.046



Table 3-3, Continued

Itate
Variable
Parameter

CPF

61

X3

SODDCC

X1

X5

ETAPP

AIPP

X6

HNIP

0.068

0.019

0.050

0.013

0.0075

0.24

0.640

0.014

P3

0.063

0.34

0.019

0.047

0.011

0.10

0.0073

0.006

0.016

0.00080

0.00067

0.00007

0.060

0.048

0.014

0.018

0.010

0.015

0.0070

0.006

0.015

0.0014

0.00019

P4

0.049

0.043

0.015

0.016

0.010

0.013

0.0072

0.007

0.016

0.0014

0.00041

0.00039

0.00017

0.00057

P7

0.052

0.048

0.013

0.017

0.0092

0.014

0.0064

0.006

0.016

0.0016

0.0025

0.0024

0.00018

0.0012

13

.053

.045

.014

.016

.0097

.014

.0066

.006

.016

.0015

.00046

.00045

.00018

.00028

PI

0.062

0.048

0.012

0.018

0.0091

0.015

0.0057

0.0062

0.015

0.0017

0.0026

0.0025

0.00019

0.0012



pgrameter RECCo The feason.fhét,its reéults do n§t.exhibit the-praporf
 \tionality is be¢ause7itAis.a‘lo#g térm feedback affect Whiqh.deﬁeﬁdé_oﬁ
the inlef céfe teﬁpératu;e;. The 120 sécond,simulatibﬁ‘cgtoff Was'eQi—_i
déntly;nOt long enbugh’for:theﬂséﬁsitiﬁitfffﬁnction? which was propagafed
: frombthe‘fuelvtempefature first, to be trénsmitted'aroﬁnd the loop.

. Anotﬁer distiﬁct cléSS~of parameterSYis‘repfeéented>by ETAPP aﬁdr
V AIPPf- It can be_séen that.their reiative.sensitivities ére approximately
equal but'do ﬁét exhibit the‘same patterﬁ as the éore'éarameters;

- In sqmmary,rthe firét hine parametérsAin_Table:3¥3,CAnrbe'deemed
sénsitive'eﬁough tO'méke them .of primary C§ﬁceanWheﬁ'studying;stép‘ﬁeéc—
tivity transieﬁts. Special-attenﬁion shouid_be'paidlto those parameters
-~ which chénge_the initiai ééndi#ionvbécause'this‘is wherevthg majbr ei-:

, tremes'oc¢ur; The pa#ametérs_FFc; KC and HC Shog;&~th¢refore be.included
Vin this ﬁsensifive,list." _Table 3-2 is.uSefﬁl fbf putﬁingvapﬁroximate
boun&s,on_a particuiar stef fraﬁsiént betaﬁsé'iﬁ givesAthe actUal?\

magnitﬁdés of the peak sensitivities due to parameter estimate error.

3.2.2 70%_aﬁa-40% Boﬁér:Levels
In this éectioﬁ the peak sensitivities for,the‘most'important :
para@etéfs:of'the frevious éecﬁion were-recompptéégat 79?'aﬁd 40% $£
full power. | | '
The.érocédufe'émpidyed,in'bbtaininé fhem was essentially ﬁhe'same
_.aé,théfprévious.éection except.ﬁhétfthe primafyfléop was rebalanﬁgd to
: meef:fhe PSAR design conditions afftheSe pdwerkieﬁéls. Tﬁese.design
con&itibns afe‘givehPih Tabie~§—4,:_in.ordern£o meét these;design}condié

tions it should be noted that the heat tranéfef_fouling»résistance_term
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Table 3-4 PSAR Design Conditions at 40% and 70% Power Level.

State Variable 40% Power 70% Power

TPI 685°F 704°F

Tp7 685°F 704°F

P4 949 °F 969°F

TT1 604°F 620 °F

T3 916°F 922°F
Primary Flow Rate 4611 Ibm/sec 8056 Ibm/ sec
Intermediate Flow Rate 3880 Ibm/sec 7028 Ibm/sec

Primary Pump Speed 457 RPM 777 RPM
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in the TIHX had to be adjusted. Since the author of the simulator assumed
this to be constant throughout the 40-100% power range, this is a problem
which should be dealt with in future work on this project.

From Table 3-4 it can be noted that the primary and secondary
sodium flow rates are considerably lower than those at 100% power.
Therefore, the delay times in the piping of the plant and the cut off
time at which to stop the sensitivity runs will be longer. These cutoff
times were estimated in accordance with the procedures outlined in
Appendix D. These estimations were found to be 180 seconds at 70% power
and 330 seconds at 40% power.

The results at these power levels can be found in Table 3-5 and
3-6. By comparing Tables 3-2, 3-3, and 3-6, it can be noted that both
the magnitude and relative peak sensitivities change as a function of
power level. This, as mentioned earlier, is due to the nonlinear nature
of the system of equations. Figures 3-3 and 3-4 show plots of the
absolute value of the peak sensitivity magnitudes in the 40-100% power

range for the state variables T* and T**.

3.3 Parameter Sensitivity in the Open Loop Steam Generator
The transient chosen for this section of the plant was a 20°F
step in superheater inlet sodium temperature.
Parameters to be tested for sensitivity are those listed in
Table 3-7.
The cut-off time was chosen to be 100 seconds. This value was
estimated by observing the sensitivity runs and noting when significant

feedback effects occurred.



Table 3-5

“s”tate
AX~ariable
Parameter's.

40% Power (°F x
DC
FPGC
AKF
HDG
34
AXECC
70% Power (°F x
DC
FPGC
AKF
34 .
HDG

AXECC

4 TP3

10 2)

-68.0 -29.0

700.0 A 319.2
-232.0 A 13.0
-304.4 A 11.3

26.0 11.0

-18.0 -7.8
10 )

-75.0 -19.0
1186.0 A 314.0
-502.0 A 11.0

29.0 7.3
-521.0 A 6.7
-25.0 -6.3

TR3

-24.0

-24.0

10.3

-16.0

-16.0

Peak Sensitivity Results from the Primary Loop at

TP4

-23.0

-23.0

-16.0

-16.0

40% and 70%

TP7

Power Level.

TI3

-21.0

-21.0

-13.0 *

-13.0 *

TPl

.97

56



Table 3-6 The Absolute Value of the Peak Sensitivity Results Normalized to the Doppler

Coefficient at 40% and 70% Power Level in the Primary Loop.

Variable T.

2
40% Power (°F x 10 z)

DC 1.0
FPGC 10.3
AKF 3.4
HDG 4.5
64 0.38
AXECC 0.27

2
70% Power (°F x 10 )

DC 1.0
FPGC 16.0
AKF 6.7
64 0,39
IIDG 6.95

AXECC 0.33

11.0

17.0

0.58

0.39

0.35

0.33

.43

.39

.39

.26

.56

.39

.35

.33

.43

.38

.38

.27

.56

.39

.34

.33

.42

.38

.38

.26

.56

.38

.35

.32

0,34

0.32

.43

.39

.39

.26

.53

.40

.33

.32
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1500
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FPGC
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AKF
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AXECG
10
100% 70% 40%
POWER LEVEL
Figure 3-3 — The Absolute Value of the Fuel Temperature Peak

Sensitivity in the 40-100% Power Range
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Figure 3-4 —
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The Absolute Value of the Reactor Exit Temperature
Peak Sensitivity in the 40-100% Power Range.
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Table 3-7 List of Parameters in the Steam Generator.
Type Name Symbol
Sodium to Wall HNS
Heat in Superheater
Transfer Wall to Water AWE
Coefficients in Evaporator
Sodium to Wall
. HNE
in Evaporator
Tube Wall Specific Heat CPWA
Specific Heats in Superheater
Specific Heat
in Evaporator CPWE
Tube Wall Thermal Conducti- SWA
Thermal vity in Superheater
Conductivities Thermal Conducti- KEE
vity in Evaporator
Friction Factors Two Phase Flow RD
Friction Multiplier
Evaporator Friction pgjip
Factor
Evaporator Friction FS2A
Factor
Slip Ratio Slip Ratio in SR

a) See Shinaishin

Evaporator

(1976)

for equation used.

39

Nominal Value

a

a

a

0.12 (Btu/lbm-°F)

0.12 (Btu/lbm-eF)

22.0 (Btu/hr-ft-OF)
22.0 (Btu/hr-f"t-°F)
1.00



The procedure employed was that outlined in Section 3.2.1 as
applied to the steam generator section of the plant.

Results of the sensitivity runs can be found in Tables 3-8 and
3-9. Table 3-8 gives the magnitudes of the peak sensitivities while
Table 3-9 gives the relative sensitivities. From Table 3-8 it can be
seen that, in general, the most sensitive parameters by component model
are CpWA in the superheater, and CpWE in the evaporator, and RD and
AS2A “bich appear in the evaporator-steam drum loop momentum equations.
As stated earlier, special attention should be paid to those parameters
which affect the initial conditions of certain state variables. By
looking at the relative sensitivities in Table 3-8, one can determine
which parameters are the most important in terms of their overall influ-
ence on the steam generator dynamics. It will be noticed that CpW”*
affects the superheater state variables the most, while RD and are
the most important in their effects on the evaporator and steam drum
loop state variables.

3.4 A Method for Putting First Order Bounds
on Simulation Transients

The results of the previous three sections can be used to put
approximate bounds on the transients studied in the primary loop and
steam generator. This can be done in the following way.

The Taylor series expansion, equation (2-4), written for more

than one parameter is



Table 3-8 Peak Sensitivity Results from the Open Loop Steam Generator.

(x 10 2)
HNS -0.78 10.5 A 1.2 -0.13 -0.052 -0.08 -0.20
-1.16 15.6 A 1.8 -0.19 -0.078 -0.12 -0.30
— -3.24 -3.4 -4.4 -1.83 -0.70 -1.1 -1.4
AWE 0.055 * 0.043 * -0.61 * . -0.53 -0.52 -2.5 A 4.25 A
N 0.005 0.0039 -0.056 -0.26 -0.236 12.7 A 23.6 A
COUE -0.06 -0.047 0.65 -1.4 -1.1 -1.2 -0.9
RD -0.20 * -0.16 * -2.30 * -2.6 -1.5 -1.75 * -2.0 *
Fola 0.012 * 0.0091 * -0.13 * 0.13 0.071 0.085 * 0.094 *
F - * - * - * - - - -
s2a 0.20 0.16 2.30 2.6 1.5 1.75 * 2.0 *
SR -0.021 -0.019 0.21 -0.48 -0.07 -0.24 -0.25
0.005 0.004 -0.057 -0.26 -0.24 13.0 A 24.0 A



Table 3-8, Continued

AT TXS tate
~“xVariable

Parameter

HNS

CPWA

HNE

CPWE

FSIA

FS2A

SR

WE

Lsi

.0144

.022

.20

.0 A

.028

.134

.35

.018

.35

.097

.029

?S2

-0.

-13.

11.

-12.

-47.

-47.

93

.05

Ms4

-30.0

31.0

-28.0

-100.0

-100.0

MS5

48.0

-67.0

12.

-12.

-43.

-43.

.06

HS6

.0303

.045

.52

.78 *

.06 *

.57

.24

.057 =*



Table 3-9 The Absolute Value of the Peak Sensitivity Results Normalized to the Most Sensitive

Parameters in the Steam Generator,

~*x*State
~X~Variable
ParameterX.

HNS
Sa

CPWA

HNE

CPWE

F
S1A

F
S2A

SR

*WE

TIC

0.017

0.0015

0.019

0.062

0.0037

0.062

0.0065

0.0015

T
WA

0.013
0.0012
0.014
0.047

0.0027

0.047
0.0056

0.0012

Tsc

0.013

0.15

0.030

0.54

0.048

0.013

TI8

0.073

0.20

0.010

0.050

TI9

0.035

0.052

0.047

0.047

.046

.069

.63

.69

.049

.14

W2

0.047

12.0



Table 3-9, Continued

“\State
“\Variable Lsl

Parameter)\.

0.041
%S

0.063
Sa

'0.57
CPWA

5.7
*INE

0.08
HNE

0.38
CPWE
RD 1.0
F 0.051
SIA
FS2A 1.0
SR 0.28

0.083

*S2

0.020

0.030

0.28

0.23

0.024

0.047

0.087

0.023

' MS4

.021

.032

.30

.31

.025

.28

.057

.090

.025

MS5

0.023

0.035

0.32

0.024

0.053

0.0233

?s4

0.022

0.033

0.031

0.28

0.026

0.058

0.098

0.025

HS6

0.0087

0.013

0.15

0.017

0.16

0.046

0.069

0.016



If t is chosen at the time of the peak sensitivity, and assuming that all

peaks occur at the same time T, the first order terms can be rewritten

X(T) - X (T) (t) AAi1

To put this equation in a form useful for bounding transients we write

e (3-2)
where
£sv = approximate bounding tolerance on the response of
a particular state variable
*
= absolute value of the peak sensitivity for the
i
parameter A%
T4 = relative tolerance of parameter expressed in percent

As discussed earlier, the peak sensitivities do not generally
occur at the same time; assuming they do is definitely on the conser-

vative side. This conservatism is most acceptable when juding reactor

safety.

An example of how equation (3-2) was applied can be found in

Appendix E.



" CHAPTER &
CONCLUSIONS AND RECOMMENDATIONS

) 4,1_»anclusiops

In this thesis thé use of peak sensitivity was found,to;be,ideal
in dete;mining thé most ”séfety‘sensitive" pa;ametérs in a system model.
Through its use. the mést impoftant paraﬁétéfsfiﬁ'the QRBRPAdyﬁamié sim-
ulator ﬁefe idéntified for the type of step tfanéients goﬁsidéred;r. )

| Ffom”the results obtained imn the priméryilodp section of the
piant; it was found for stép reactivity tranéienté thét theipafameters
which directly affected thé’fuei temperaturé Wéfe.fhe most,seﬁsiﬁive.
-0f thése the bobﬁler feedBack coefficieﬁt~and~the fractibn df»péﬁer.
geperated in fhe core wéfe‘generally ﬁhe most impOrtant péraﬁétgré in
- the 40;100% pqwér range. _ché£ impor£an£ ?arameters include>thébfuél
therﬁal condﬁbtivity, axial expaﬁéiqn fee&Baék4coefficiént;igéé cdnduct—
.ance, the fraction of floﬁ.in thei§ofe; clad‘thermél éon&ucpivity, fuel
‘specific-heat:and'the second»ﬁhrdugh‘fifth'déléyed.neutroﬁ'fréétiohs.‘
‘Results obtainga froﬁ thé_Stéa@ geﬁgfator réQealedfwhiéh parametérs
.should bé'giVen épeéial‘afténtion'and how they‘éffect differehﬁ compo-
nents of thé»mode;. 'Imp6r£aﬁt pérametéré heﬁe i#clﬁde’the two phasé
flow friction»multiplier,.superhéater-énd.evéporator,wéll ébecific-heats
and several paraméfefs'ﬁhich.%ffécted‘the i#itiai'céndition Qf;a_safety

- related-state variable.. '
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Another advantage of uéing peak sensitivity is that approximate
bounds can .be put on a transient due to parameter estimate error. This

_is wvery uéeful from a reactor safety standpoint. -

4.2 Recommendatibns

As stated in.Chapter 2, the sensitivity function is dependent on
’oﬁ tﬂe type of transiént'initiator.,AThe steﬁ in readtivityiwés chqsen_
because it appréximatés a‘transient_ekpected under normal,Bower plant'
. operation. (Sensi;ivity runs conduced on terminated faﬁprinpuﬁs spread
_over.ld seconds'showedrresﬁlfs very similar to those for the stgﬁ.) A
- load perturbation transient would also be expectea under ﬁo;mal opefa;
tion. Once the problem'iﬁ fhe tufbiné4feédwater.model ﬁas»been recti- .
'fied,'a‘sensitiviﬁy;gnalysis for this-typefof'perturbationashould be
' fcénducﬁed(' ‘ | |
| It hasibéen discuésed thafiin Qrdér,to1detérmiﬁe parametef sensi-
ﬁivity of the CRBRP»simulator in a praétigal fashion th¢<simulétor was -
- split into two séc#ions. FThese‘section§ wére:the‘primafy loof aﬁd steam .
_JIgenerétion‘sysﬁem-respectively."Bécausélof this splitﬁit_waslhot pqé—
 $ible'to‘test ho§ é:ﬁaréﬁeter,locéted iﬁ.th¢ primary ioop.aﬁfectéd the.
ﬁdynamiqs of:thevsféam generato% and vide:vérsa.A’As soon és‘the computer
_costs.associatéd'With the'testing the wﬁole CRBRP simulator éré redqced,
this typé of study’sﬁéuld,be conducted.. .
‘ It has»beenzéhowﬁ thatiaﬁpfoximaté‘béunds cah.be:pﬁt'on the -
tfaﬁéients stﬁ&ié&,jfTﬁis Wéé doﬁeAwithdﬁt-fﬁfthéf use of‘tﬁe-édﬁpufér.
.  If wafranted,_a_moré'accufate~determiﬁéﬁion of these boun&slcén bé madé}
by further compﬁtet éimﬁlations wheré‘oniy.the ﬁorexéenéitive péraméters

need bevcdnsidered (see -Section A,S)f
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Futuxe work to be conducfedjéh‘tﬁe CRERP*dYnamié siﬁulatér

bincludes‘the anaiysis:qf the existing automafichdﬁtrollers to‘insufe»
adequate stability margins. Thevresults of-thiérstudy shéuld bé téken
into consideratioﬁ such. that the sfability of the ¢ontrollers ﬁill not
be affected appreciably due to parameter estimate error. iFuture work
will undoubtedly include the upgrading andfrefinement'of'éhe existing
-plant models.-;When:suéh changes ére ma@e sensitivity studieé should be

~conducted and compared with the results of this thesis.



APPENDIX A

PROCEDURE FOR MEETING PSAR DESIGN CONDITIONS

IN THE SUPERHEATER EXAMPLE

The following procedure is necessary to meet the design inlet
and outlet superheater temperatures following a one percent change in

a parameter from nominal.

From Figure 1-1 the design inlet and outlet temperatures are

Sodium Side Steam Side
. o - o
Superheater Inlet T.IA— 936 F T-SA 615.2 °F
Superheater Outlet T~ = 855 F° Tg* = 905 F°
Superheater Flow Rate W. = 3.834 x 10* Ibm/hr = 3.34 x 10* Ibm/hr

The differential equations representing the energy balances in
each of the three radial regions are:

I. Sodium Side

dTIC 1

dt ACPIAWIA (TIA " ~IC* &A~IA W~ (a-1)

C__V
PIA IARA

IT. Tube Wall

dTWA 1
dt CpwA~A [HWA (TIA TWA) " HSSA(TWA  TSA)] (A" 2)
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ITI. Steam Side

dTqf .

dt = [HSSA (TWA “ TSA) " WSA (hSC " hSA)] (A" 3)

where

Cp 5 specific heat of region

v Evolume of region
M Emass of region

h# Eenthalpy at node N

= intermediate flow rate

E superheated steam flow rate

1 = temperature at node N

= sodium to tube mid wall heat transfer coefficient

‘WA
H = tube mid wall to superheated steam heat transfer
coefficient
A.l Sensitivity
The nominal value of at steady state and with a constant

sodium flow rate is 40267846.8 Btu/hr/F°.~ From this value one finds
that = 872.253 F° and BggA = 8345829.46 Btu/hr/F°. Increasing

by one percent yields 40670525.2 Btu/hr/F°. At steady state set

1. Nine significant figures were carried through most calcu-
lations to reduce the noise in the sensitivity function.
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dr IC dr'WA dar SC

dt dt dt

Solving for the new tube wall temperature initial condition gives

TIA + TIC

. = 895.5 F
therefore
7., = Tra - M FYA IA T TIC) _ 595 4885
WA IA A
but
TSA + Tsc
= 760.1 F
sA (
and
WSAChSC ' hSA
- 2- ) = 8328507.3 Btu/hr/F'
(Twa - TSa>
328189.6
(0.02518 + 29.484029)
FS
so that

Itpg = 2072.6077 Btu/hr/FO/ft2.
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Therefore, to test for the sensitivity of two simulation
runs are made. One run should use the nominal value of and the

other the + 1% value. Equation (2-5) is applied to yield the plots in

Figure 2-2.

A.2 CpWA Sensitivity

The nominal value of CpWA is 0.12 Btu/lbm/F°. 1Increasing this
value by 1% yields 0.1212 Btu/lbm/F°. From equation (A-2) at steady
state it can be seen that C?%% does not affect the initial conditions

of any of the state variables and parameters. Therefore the design

conditions are already met and rebalancing is not necessary.



APPENDIX B
SENSITIVITY OF DOPPLER FEEDBACK COEFFICIENT

The procedure outlined in Section 3.2.1 will now be applied to
determine the sensitivity of the Doppler coefficient.

1. Increasing the DC by 1%, we get DC+* = .005858.

2. The DC is used in the following reactivity feedback equation

460 + T.

PFB = (100 x DC/3)&n ) + AXECC (Tr - Tj.)

Y60 + T

+ SODDCC(Tpl - TI) + RECC (Tpl - Tp) . (B-1)

Increasing DC by 1% will cause a greater initial reactivity
feedback. To compensate for this the steady state control rod
position was adjusted.

3. The sensitivity function was applied and the primary loop model
was simulated at steady state. Ideally the sensitivity function
should be zero at steady state. However, because of a balancing
error in Step 2 and computer round off error, there will be some
noise in the sensitivity function.

4. The simulator was then run for 120 sec following a 10c step
in reactivity. Figure B-1l is a sample sensitivity function
plot for the fuel temperature. The noise found in Step 3 is
also plotted.
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Figure B-1 — Doppler Feedback Coefficient Sensitivity of the Fuel Temperature Following a

10c Step in Reactivity.
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5. From Figure B-1 it can be seen that the noise is neglible.
6.A good sensitivity measure has been determined.
7. From Figure B-1, the peak sensitivity has been found to be

- 0.80.

Figure B-2 shows the sensitivity function applied to the state
variable Tp, both with and without feedback from the steam generator. It
can be noted that both runs are essentiallythe same up to the 120second

cutoff time.
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Figure B-2 — Effects of Steam Generator Feedback on the Sensitivity of the IHX Intermediate
Sodium Outlet Temperature.



APPENDIX C

AN EXAMPLE OF INSENSITIVITY OF CERTAIN PARAMETERS

The momentum equation for the primary loop is of the form

dWPS = 1 {sum of elevation head terms + pump head

2
- WpS [sum of constant friction factors]} (C-1)

where

A = constant

WpS E primary flow rate

If one of the friction factors is varied by 1%, the momentum

. . dWPS

equation is unbalanced at steady state (set — = 0). Therefore to

rebalance the loop, either the elevation head term, the pump head, or

another friction factor must be adjusted. Since the first two terms

are fixed due to design conditions, another friction factor must be

readjusted. From the above equation it can be seen that the identity

of a particular friction factor is lost because all of them are multi-
2

plied by the same term. Therefore the dynamics of the momentum

equation will not be affected.
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APPENDIX D

ESTIMATION OF CUT-OFF TIME AT 40% AND 70% POWER LEVEL

Since the steam generator was not simulated at 40% and 70% power
levels, it was not possible to observe the cut-off time needed to avoid
significant feedback effects on the primary loop sensitivity runs. To
estimate these times the following procedure was employed.

By direct observation of the simulation runs at the different
power levels, it was noted that the following times were needed for the

reactivity transient initiated in the reactor to reach the IHX.

Power Level Time to IHX
100% 28 sec
70% 40 sec
40% 70 sec

At 100% power, it will be remembered that 120 seconds was chosen
as the cut-off time. This implies that approximately 94 seconds was the
time required for the feedback effects to travel the intermediate loop
(i.e., 120 - 28 = 94).

The mass in the intermediate loop is the same at all power levels

and the following equation may be written
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where

E flow rate at power level N

t* E time required for flow to travel the loop at power level N.

Assuming that the time constants for heat transfer in the differ-
ent components in the steam generator are the same at all power levels,
a rough estimate can be made of the cut-off time by adding the observed

time to reach the IHX with the time calculated from equation (D-1) .

Therefore:
at 70% power 40 sec + 107 100 180 sec ,
———————— 70
and
W t
at 40% power 70 sec + _100 100 330 sec
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APPENDIX E

AN EXAMPLE OF PUTTING FIRST ORDER BOUNDS ON A

STEP REACTIVITY TRANSIENT

For this example, assume that the uncertainties in DC and AXECC
are + 20% and + 10% respectively. From the magnitudes of their peak
sensitivities found in Table 3-2 and with use of equation (3-2), the
bounds on the fuel temperature following a 10c step in reactivity can

be estimated as

E- - |- 0.80|* 20 + |- 0.32|* 10 = + 19.2 F°
F

In a similar manner, approximate bounds can be put on the other
safety related state variables located throughout the primary loop.

As a check, a computer run was made which showed the actual
bounding tolerance. Results comparing the estimate with the actual

bounding tolerances are listed below.

State Variable Estimate Actual
TF + 19.2 F° + 16.6 F°
TPS + 3.59 F° + 3.13 F°
TPA’ + 2.88 F° + 2.5 F°
T'P'?' + 0.60 F° + 0.51 F°
T'{% + 2.23 F° + 1.92 F°
T-P'i + 0.50 F° + 0.43 F°
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It can be noted that in this case the estimate is conservative
with regard to reactor safety.

Bounding estimates can also be made on other magnitudes of step
reactivity transients by applying the superposition property of linear
differential equations. To include this feature, equation (3-2) can be

written as

GSV ~ 10 . X. (E-1)

where X is the magnitude of the step in reactivity expressed in cents.
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