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Reactor Physics

Project Report

1. Purpose / Introduction

This pr@ct report is written to explain and cover the Reactor Physics software module of the o
project, assigned by Dr. Victor Snell to winter 2010 class of BBaO&03Safety Design course. Besi
Reactor Physics software module, the ¢tatscpnoprises of other software modules such as C
Thermohydrauli¢auel and Pressure Tube Heat Transfer]T Bgsterhydraul@sd Reactor Control.

The purpose of class project is to develop a simple reactor model to demonstrateactedatresntAkch
the name implies, Reactor Physics module mainly covers the neutron activity, fission, neutron po
Xe production and demag various transients under which reactor operates. As told by professor, th
model will based as a learning tool for UNENE students in the M.Eng. classes.

Overall layout of report is based on the guideline provided by Professor Snell. HowevieaseacH
subsectionas needed, to cover the contents of the module programmitay eguidiomprogram

veral
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r, re
is re
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functionalityin generalhése subsections are Input/Output, Reactivity Inputs and transients, Point Kinetics

Xe production and decay.
Reactor Physics Project team comprised of following students;
1. Mao Xue
2. Alex Perez
3. John Li
4

. Abuzafar Ali

2. Problem Statement and Scope

As described in ChapterAécident Analysis of UN 0803 course rfRtgfidhe computer analysis tools
required for Design Basis Accidents should have elemesdstsugyscs, system thermohydraulics, f
anduel channel response, moderator and containmenanebproonspheric dispersion and dose.

The logical flow shouldrben reactor physics, through system thermohydraulics, throudgbl faeaanel
response, through moderator and containnoeiseyespd to atmosphdigpersion and doBkis can be
explained by Figure 2 in chagi®b]7 Howeveryeactor model or oclass projeis not covering all the
elements discussed in paragraph above. dhéhscppmgeotras defined ByofessoBnell Different groups
have to develop the computer modules for assigr@desaiblew of th@mplete reactorodel and its
interfaces among various moduledbeandescribed by following flow chart

el
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Reactor Physics module scope afverskfollowing

e Point kinetics, reactivity coefficients (fuel temperature, coolant temperature, cdatanhpaid) as
¢ Delayed neutrons, phatoatrons

e Xenon production & decay

e Decay power transient model

e Tabular model of shutdown and stepbaakyreaxsus time

o Trips, setback, stepback initiated from external control routine

e Inputs: initial power, external reactivity transient, fuel and coolant temperature, coolant void

e Output: neutron power (total including decay power)

The intent of assigeedpe of work fall themodulsis to model steady state and slow transients, assy
uniform and unidirectional flballowing arexpectation from Prof. Snell, to adequately cover the ass
scope of work and develop an effective model;

Engineering Model Integrator
e Confirm & match engineering models
¢ Confirm interfaces, match inputs and outputs
e Review models

o Define test cases (separate & integrated) & evaluate

Numerical Model Integrator
¢ Choose solution scheme
e Set up programme structure
¢ Define dat&rscture, inputs & outputs
e Define graphical outputs
e Define numerical tests

¢ Review code

Deliverables for this class project are open computer code in common computer language, a projeg
in class presentation for the work.

3. Mathematical or Ehgineering Models

ming
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As with all the other modules, the overall model is a function of time, and will be dealt with using|an i
process to solve the differential/algebraic equations that govern its behaviour. The best way t¢ ex
mathematicaloghel for the reactor is to describe it in terms of a classical closed loop control system.|Ren
that i1 n its simplest form, a control l oop willl

the controller (RRS), actuator (végatnechanisms), and measurement devices (ion chambers, flux dé¢tect
etc).

y  controlled variable (actual value) u  manipulated variable
w  command variable (set point), z  disturbance.
e control error (deviation)
Z disturbance | <
behaviour
W e U~ u measurc- vV
C ~ Ot )
controller —»| actuator —m bé’]f:n}li“;l : ment >
+ Aviou device
plant
The focus of this module however, will be on t

blue. As part of the requirements, protective trips amwl aictbathecessary reactivity devices in response to
these trips will also be part of this module as they are typically modelled as an entity outside of the actL
system to represent their independence from RRS in the real life.

At the front end f the model, we have the ©O6controll erld,
covered by the Control Module group. It would suffice to say that RRS senses the power error |betw
demanded power and the actual measured power andccordpayiggiesing PD control) to add negative pr
positive reactivity to eliminate the power error.

Since any differential equation encountered here will be dealt with in numerical form, the entire math mi
be solved in the time domain (withouethéonitegral transforms typically used to solve control problems).

3.1 Readctivity Inputs and Transients

The primary input u is the incremental reactivity (rho) added by RRS and this is where the Re%ctor Rhysi
begins. Accompanying the valdeofare 3 Boolean values that indicate whether stepback, SDS1 or $DS:
fired. During slow transients where none of the trips have been activated, this part of the model simply
reactivity value to the next block where adjustments areea@ngyaoefficients and xenon. As théem’r scope of

the project does not cover integration, rho will simply be a constant set as an input before the?rogram IS

@]

—
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For cases when one or more of the trips have activated the input rho dictateds dylateleCgats
overridden by the corresponding reactivity mechanisms to drive a large amount of negative reactivity
Mathematically, this happens by making rho follow a downward curve that represents with {

deployment of onenwore of the reactivity mechanism as soon as its corresponding trip flag is received.

Setback

As in an actual CANDU reactor the first trip to initiate when an abnormal condition is detected is
routine. | should be noted however that thisiscigwhaically part of RRS and will likely be covered by
control module. Unlike all other protectiveseipsck providegradual ramp down in power up to son
predetermined lower value of power. For the purposes of illustrating thistbabkwidlheSmodelled as a
linear ramp down in rho based on a typical slope of 0.2 mk/sec until 60% FP is reached.

Stepback / SDS1

In terms of the math model, Stepback and SDS1 will be treated the same way as both involve ro
worth droppminto the core by gravity. One would expect that the model for both would be ramp th
negative reactivity much faster than a setback. Instead of a ramp down with a constant slope howey
account for the physical accelerationg p¢dkin terminal velocity in wat€d)(Bnd its deceleration as the
rods approach the bottom. To provide a more accurate approximation typical CANDU values for
versus time for rods were plotted and approximated with a curve'fitegsieg po8/nomial. To avoid,
referencing proprietary data, plotted values were modified slightly, while still maintaining the genera
curve.

p = (=175t + 63.9t* —10.8t +.06)

- Control and Shutoff Rod Drop - Curve Fit
Time (s) |% Drop

0] 0 120

0.5 10 y =-17.486x° + 63.856x° - 10.756x + 0.6085

0.7 20 e /"
0.9 30 80

1.1 40 . / oo

1 2 50 Poly. (% Drop)
1.4 60

40 <3
15 70 /
17 80 20
1.8 90 /
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At the moment the trip flag is receivedirtieestarts with a gentle slope that gradually increases until
12s, corresponding to the acceleration of the rods due to gravity. TerminalOv&doagched halfway

through and the rods begin to decelerate through the last 1.1 dilofuttanesgative reactivity depth is
reached at around 2.3 s. Exact values will differ slightly for each particular design, as the geom
physical properties of the rods change.

SDS2

Unlike the three other protective trips, SDS2 imgetaradant of reactivity in an even shorter period of i
Unlike rods that accelerate using gravity (and some spring assist in certain designs), SDS2 uses theg
the pressurized helium tanks to inject soluble poison directly inta.thedralabdck of this relatively more
complex active system is that the added complexity adds a noticeable time delay to the system.

Again plotting typical value of % injection versus time for CANDU provides a general shape th;
physical irggon of liquid poison. As with the data for rods, values have been modified slightly from
data, while still maintaining the general shape and time scale. To obtain the mathefiategremode
polynomial is fitted to the data points:

p = 4073t° — 20650t + 42048t° — 43260t +.06

Time (s) |% Inject

0.682 o] Liquid Poison Injection - Curve Fit
0.69 4
0.7 8 120
0.705 12
0.71 16 y = 4792 5x° - 24276x* + 49280x° - 50396x> + 26196x - 5513.3
0.72 20 -

100
0.73 24
0.74 28 //
0.75 32 80
0.76 36
0.77 40
0.79 44 60

0.8 48 £ ® % Inject
0.81 52 £ Poly. (% Inject)
0.83 56 * 10
0.85 60
0.87 64
0.89 68 20
0.91 72
0.94 76
0.97 80 0 ; ; — & ; : :

1.01 84 02 04 06 08 1 12 1|4
1.06 88
1.13 92 -20
1.25 96 Time (s}
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3.2 Reactivity Adjustment Block

Reuvisiting the classic control loop model at the beginning of this section, the best way to explain th

S blo

be to view it as t hefthépgantsThisdisturaamae behdvieun raustibe acaolihtedofa

before plugging in the input value for rho (either passed along from the Control Module, or ov
protective trips) into the core calculation.

d islurbga nee | =
behaviour —‘

The primary group of disturbancesfteet rho involves state parameters like fuel temperature, c
temperature, and coolant void. Once integrated with other modules, these would be time varying
Channel Thermal Hydraulics Module and Fuel and Pressure Tube Modulee@iyeoj¢ue scope, it will

suffice to say that these parameters can be modelled as manual entries that will be kept constant f
condition.

All reactivity effects will be modeled using the same general formula:

_ dp(p)
dp

P

Where alpha is thaativity coefficient that correlates the change in parameter p to the resulting affe
Although, many more reactivity coeffexesitshis project will focus on three major reactivity coefficig
affecting CANDU:

Fuel-temperatue (zf :coefficieh
op

" T,

Coolant- Temperatu €c_coefficien
op

" aT,

CoolanWoid(«,.,) coefficien

_%p
oCv

The seond most significant disturbance to the rho input is contributed by the amount of xenon pr¢
given time. Unlike reactivity coefficients that tend to act on faster timescales, change in Xenon conc;
hours and may be and steadyadtete may be assumed for the purposes of running simulations t
Reactor Physics module that typically only last a couple of seconds.

prridc
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_ ’/l +7/X :Zf¢ss
Ax + Oy P

SSs

Using the formula above and plugging in typical constants for CANDU, a steady-28atekvaillebe

used to bias the final rho that will be used for calculating neutron population/flux to ultimately arrive at a v

reactor/neutron power.
For a more thorough explanation of Xenon effects, see section 5.

To arrive at the adjustdalevaf rho that will be used for calculating neutron population/flux the three re
coefficients are simply summed algebraically to yield

pf = pi + pfueltemp + pcoolanttemp + pcoolantvoid + pXe

3.3 Point Kinetics

The calculation of neutron population/flux given is the cdreauttdhé>hysics Module as it takes the r
input value for reactivity and outputs neutron population as a function of time. This neutron p
proportional to the flux and alternate approach to would be to solve the diffusion equatien by

equivalent flux diffusion equation from the beginning. For this project, the diffusion equation is solve
population first which is in turn is used for calculating flux aste@ch time

dn n ~
T (_/6\1_‘F q’ici,
dt kG723 s le

dC n .
—':kﬁ—iici, i=13 6

dt I
These two coupled differential equations govern the over reactor behaviour by incorporating contrib
prompt and delayed neutrons to the neutron population at each time step. These two equations
introduced here and explained in section 5 in full detail. For now, it would suffice to understand thg

calculation in the overall module.

U N ) R 1,(
(,01111_01
behaviour |1
plant
=
Referring back to the control | oop mo deanputisve

our adjusted reactivity and output y is the neutron population/flux. Although the most intensiv
numerically, this is perhaps the easiest block to understand as it only has one input and one autput.
or

©
As part of the process of sahendifferential equation, initial conditions like starting power hage begq
defined and are input to each run. Once neutron population for any given timestep has beén calg
O
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periv
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obtained by simply multiplying with the average neutrodoeldgiywer is similarly obtained by dividin
this result by the full power neutran flux

4. Model Assumptions and Limitations
4.1 Overall

Due to time constraints and modular nature of the project, the model as a whole is limited by
connectizs between modules and routines that would normally pass values or reactor parameters
other in order to simulate a continuous loop. The general approach taken to get around this is ta
values at the beginning of each runahkteang time varying parameters feedback from other modules
the modules are integrated by later classes, rho input from Controls Module, coolant temperature an
from Channel Thermal Hydraulics Module, and fuel temperature frdtneBsieteamdbe Module will be
converted into time varying inputs whose values may evolve from one time step to the next.

4.2 Reactivity Inputs and Transients

Having rho as a static manual input instead of as part of the feedback loop measitechitatiasssare
that show how neutron population will either grow or decay with a given amount of reactivity addi
akin to an open loop control whose output power is unbounded and may grow beyond a realistic
large enough positea&ctivity is used. In reality, this would of course be kept at bay by control loop fee
incremental addition of rho for each control modstegirttgpically 0.5 s) will be limited when addir
positive reactivity(typically to a max of +0.B mk/s

In terms of protective trips, lack of actual trip flag input from the Control Module means tha
trips/routines listed in section 3 will have to be illustrated using dummy manual buttons that simply
specific reactivity devicesdolfi a real reactor, these would be poised systems constantly watching

list of parameters and would fire automatically. Out of all the protective trips, the setback routine
unrealistic as the rate should be dictated in termis ah&diferent abnormal conditions will use differg
rates and terminate at different power levels. For the purpose of this project, this rate was simply di
rate 0f0.2 mk/s and simply terminates at 60% FP to circumvent the |&knotiaieRR

4.3 Reactivity Adjustment

A similar problem is encountered with regards to reactivity coefficients that rely on up to date valug
temperature, coolant void, and fuel temperature. All these parameters would also be palbay the feeq
are more intrinsic and less intentional than the feedback rho given by the control module. Again, i
varying inputs, all necessary reactivity effect will be taken from user input at the beginning of each ru

Xenon on the other handl be dealt with as another constant input but for a different reason. TH
limitation when dealing with Xenon changes happen on a much longer timescale than the point kine
that evolves in a matter of seconds. This issue lwllithebyesimply taking the steady state value for Xe
(-28 mk) when used for reactivity adjustment. To illustrate actual evolution of Xenon with flux and
cases a separate Xenon sheet has been prepared with a calculation tahlesuete sS#eseeetions 5 and
for a more detailed explanation

the
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4.4 Point Kinetics

The assumption of the reactor is that the reactor physics does not depend on the dimension of the re:
reactor is a point reactor. The point kinetics will leefguitaib reactor. The reactor physics is only depended
on the time. Six groups of delayed neutrons are considered when the point kinetics equations are cglcula

the initial condition is calculated, the reactor is assumed as in a stélaeiynstatenaspee2Pm/s.

As part of the final power calculation, decay power was assumed to be a constant percentage (defaulte

full power due to a lack of accessible decay data. This is considered to be acceptable for ¢he gi

en S

Xenon, evolution of decay heat takes place on a scale of hours/days and should change little with the

time for the point kinetics calculation.

4.5 Xenon Productionand Decay

Constants are shangkwhile neutron flux changes

Assuming therenesdecay power changeoiat Kinetics model

5. Equations Used, with Detailed Explanation

5.1 Input / Output Tab:

There are very simpighmeticalculations dofoe calculating Reactivity coefficients for Fuel Temperature,

Coolant temperature andl@nt Void. Average constant values have beemaloskdetdheoefficientst
different values.

A reactivity coefficient is defined as the derivative of the system reactivity with respect to a change ir
parameteReactivity coefficiemts @ncerned with instantaneous changes. For insaandefime

Fuel-temperatue €, :coefﬁciert _%

f

Coolant-Temperatue Qc)oefﬁciert = %

c

Coolanvoid(«,) coefficien:a—p

oCv

There areme other reactivity coefficients e.g., Moderator density, Moderator temperature and Cool
reactivity coefficients, however, as they are not used we are not discussing ihenparthetéo know,

for any given reactor design, the sign and magnitude of the varicoeffesatitgtyas they impéy the

consequences of sudden sharlge operating parametetre reactivity coefficient with respect toc@ certz

parameter is positive, then the reactivity change will be positive if the parameter increases; but 1

parameter decreases (And the other way if teatdeefégative) 5

cg 4

A positive value for a reactivity coefficient means that a positive change in that parannewtiv@ incr
and tend to increase powenegative value for a reactivity coefficient means thatcaapgsitiive%pat
parametewill decrease reactivity and tend to increaselmpdotr. cases, a laaesolute value

ala

ant d

=

n
egat
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reactivity coefficient greater sensitivity to changes in that pardthetggh they are not the only ones, th
following reactivity coefficientdistassed as they are part of our scope of work

1. Fueltemperature reactivity coefficient, as fuel temperatures will change nmazog pongsr

2. Coolantemperatureeactivity coefficieas it relates to coolant densityoataht density will change
with the amount of boiling

3. And, in safety analysis, coolant voiding (as a resutif@@@largsAccident) is extremgbprtant
to analyze

Reactivity coefficients have the units of reactivity per unit of the parameter against which the
measuredince reactivity is a pure, unitless number, or can alternatively be givesxamsag, ohkinits
for reactivity coefficients are:

e mk/degC (or deg®) 8 for a temp coefficient
e mk/(g/cn) & for a density coefficient

o mk/%FPo for the paer coefficient

Detailed discussion of above three reactivity coefficients are not conducted here as same can be

texts, e.g., R5 of UN0O802 Reactor Physics fiediis® Introduction to Nuclear Engineering by L&narsh

10] However, dy project specific discussmvered ihere. For example, in our code, the average effeq

values for Fuel temperature and Coolant temperature are taken from following reference;
CNSC

Science and Reactor Fundamentals — Reactor Physics
Technical Training Group

Table 4.1 shows the effective average temperatures of fuel, coolant, and
moderator assumed in these notes. Temperatures in particular stations may differ
somewhat from these values.

Component Cold Hot Full
Shutdown Shutdown Power
Fuel 25 290 790
Coolant 25 265 290
Moderator 25 66 69
Table 4.1

Typical Temperatures of Reactor Components (°C)

Courtesy: CNSC Science and Reactor Fundamenddieactor Physics @chnical Training Group
Chapter 4
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These values are shown for 100%FP, 0%Hot shutdown and 0% Cold shutdown. Similarly, Follg
values are used in calculations for various reactivity transient;

1. Fuel Temperature Reactivity Coefficjgnt { 0.008 mk/deg C
2. Coolant Temperature Reactivity Coefticient -0.04 mk/deg C

3. Coolant Void Reactivity Coeffiaigpt£ +10 mk/ 100%void

5.2 Reactivity Transients:
Setback

As discussedsection 3, the equation for setback is simply gi#er®26:until the condition of 60% FP is
reached.

Stepbackand SDS1

When a stepback condition is reached, the stepback routine releases the clutch and drops thg
Althaugh not all stepbacks lead to a full rod drop, it would suffice to model this trip as a full rod drg
negative reactivity until the full depth (worth of rods) is added. Using the polynomial developed in s
curve is scaled by a faétd5/100, to translate % drop into the typical depth for contrell 5oals foir
CANDU.

= (-175t> + 6302 —108t + 06)%

Time (s) |CR (mk) Control and Shutoff Rod Drop - Reactivity
0 -0.09 o . | | |
0.5| -1.34813 i TN o L
0.7| -2.75228 \
0.9] -4.48223 s \
E
1.1 -6.41198 s ° \
12| -7.4124 I P
%’ \ Poly. (CR (mk))
14| -9.4056 2 .o
1.5 -10.3669 & . \
1.7 -12.14 ) \
1.8 -12.9204 14 ~_
2.3 -15.1303 16 )
Time (s) o
(@)
Q
5

If the tripped parameter still continues to get worse, SDS1 trip setpoint will be reached and @IﬁSl wil
the case for control rods, SDS1 drops all the shutoff rods to a full reactivity d&g@imuK. anamdgwls
value will be used to scale the curve to the full depth inserted by firing SDS1.
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Time (S) SOR (m k) Control and Shutoff Rod Drop - Reactivity
0 -0.48
08 o) |
0.9| -23.9052 ;jz AN
11| -34.1972 g'
1.2| -39.5328 2 = SOR (mo
14| -50.1632| | £ ——Poly. (SOR (k)
15/ -5520| | &
17| -64.7468 0 \\
1.8| -68.9088 0 -
23| -80.6948 0
Time (s)

p=(-175t>+639t* -108t + .06)_—80
100

SDS2

Time delay introduced by intermediate components in the system (sensors, valves, piping) means that t
the poison injection cylinders do not start to move until around 0.68 s. Before this point, no negative rea
added and curvdlas at 0. After this point, the helium pressure rapidly inject majority of the poison inven
into the calandria in the next 0.5 s. As stored energy of the pressurized helium starts to deplete rgte of
starts to decay as the balls bottontheutytinders. At the end of travel, the balls seat and the sudden clpang
cross section in the final leg of travel give a short lived spike in injection rate before the balls fully Qottor
their seats. Using the polynomial developed 8, septadion for rho is obtained by using a scaling factgr of

300/100 as a typical value for CANDU. Since the rho is zero before 0.68 s, it is impottzatt rememb
equatiors a piecewise function:

=0 © 0<t<0.682

= (4073° - 2065@" + 42048° — 4326@ + .06)1—38 ; 0.682<t<1.3
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Time (s) |LPI(mk)
0.682| -1.32343 Liquid Poison Injection - Reactivity
0.69| -14.9697

0.7| -31.0443 0

0.705| -38.6943 02 04 0.6 X 08 1 12 14

0.71| -46.0986

Reactivity Worth (mk)

0.72| -60.2058 0
0.73| -73.4343
0.74| -85.8486 x
0.76| -108.471
0.77| -118.787
0.79| -137.674 150
& LPI(mk)
0.81| -154.514 Poly. (LPI (mk))
0.83| -169.601 200
0.91| -216.723
0.94| -230.235
0.97| -241.942 300
1.01| -255.005
1.13| -279.052 350
1.25| -292 562

0.75| -97.5088 100
0.8| -146.33
0.85 -183.182
0.87| -195.459
0.89| -206.595 250
1.06| -267.565
1.3| -304.665

Time (s)

Needless to say, rho input to the rest of the Reactor Physics Module from any of the protective trif
full reactivity once they are reachBdnk for control rod80 mk for shutoff roe3)0 mk for poison) until
the reactivity devicesreset.

5.3 Point Kinetics:

In the absence of a primary sourcecrticainsystem is not in a steady state, and the change of n
densityl(,t:with time can be represented by diffusion equation below,

~ 6n(,t:

DV3g¢,t -2 p€,t +S€t = (5.1)

Let g represent the fraction of the fission neutrons which are ddlaygds tivenprompt neutron fraction,
and the rate of productioprompt neutronskisL, ¢ €~ 4, wherek  is the infinite multiplication factor.
This is the prompt neutron contribution to the source term in the equation (5.1). There are six grouy

DS S

eutr

s of

neutrons. In an accurateaekictetics calculation, it is necessary to consider in detail the production and d

of each of the six groups of delayed neutron precursors. The rate of production in any group is equd
radioactive decay of the precursors of eachi@ouputrongcnts™. Therefore, the total rage of

H & = 1 . . g
formation of delayed neutroﬁsﬁ:ﬁci _ neutrongcnt’s™. Upon inserting the prompt and delayed'neutr
i=1

source terms into the equation (5.1), the result is

~

on€t (5.2)

ot
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Replacing terms in equation (5.2) V?/gﬂl‘n,t}ngr)(,t::O where, Bgis the geometric

bucklingt® = — ¢( t = n€,t Y, equation (5.2 be transformed into

2p2 - B & ~ 8n(t
vz, (+ L BQ]Em 1}n(,t};€|C,; p (5.3)

Replacing terms in equation (5.3) with the prompt neutronl J:ifet-mflz—zand the effective

V2, 4+L°B;
multiplication factor ~—, theresult is
1+L°B;
n€t D on t
kG-521: ( /za.c.u‘ ; (54)

Assuming that the spatial shape of the flux does not change with time and the reactor is reduced t

no accounting for spatial orydemendence, neutron de‘réjtiwill be only related with time at that point,
this is the poirgactor model. Then the neutron density equation (5.4) changes to time dependent pg
with six groups of delayed neutrons equation

e [ EEE S 3 1o (55)

To solve this equation, an expression of concentration of delayed neuttois pegounsdrs he rate of
formatiorof the precursor is equg| ko, ¢, wherd X _¢ is the total rate of production of fission neutro

and g, is the fraction of delayed neutrons in,gaaodpthe radioactive deceyrs at the ratel@, , so the
net rate of formation of delayed neutron precursorsisfgivenby

Q =pk 2, 4-AC (5.6)

From equationsl@ind above, therekisvx, = IE Replacing this in the equation (5.6)

dd_(‘f ﬂln AC,, i—13 6 5.7)

So equations of point kinetics with six groups of delayed neutrons have total seven equations

%= k(—ﬂ}l:IEJFZQiCi: (5.5)

b ap

int ki




—':k@—m, i=13 6 (5.7)

ket
1-p

n, nautron densitpeutrong cnt

C., concentration of delayed neutron precursorsiimgobeifcn?

[, total fraction of delayed neutrons

S, , fractiorof delayed neutrons in group

2., decay constant of delayed neutron precursors, is group
|, prompineutron lifetimes

k, multiplication factor

t, time,s

¢, neutron fluxneutrongcnrs™

Vv, neutron speedy/ s

p , reativity

A common method for solving point kinetics equations (5.5) and (5.7) is to use exponential trial fungtion,
neutron dens'rl(} Ae”™, and precursor der@jt(} Be”. From the equation (5.7), it is found

k5. . . ol . & Ap :
that8, =—————A. From this result, equation (5.5) can be transformesd ,m{oz —— =4 |, it

1@+ 4 k o+
follows that,
o
S
ol & opf, . : : : N
P :?+Z—ﬂ. It is seen to be an algebraic equation of the seventh,degteatithere are seven
i-1 @+ 4 =
3
posible value @f The variation of neutron density with time may then be expressed by a liner combinati
seven terms re€x Ae™ +Ae” +3 +Ae™, wheres, 0,3 ,0;are  seven  roots = of
o
S

o’
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P,

: I . _— "
equatiop = L Z— andA,, A ,3 , A;are constants determined by the initial conditions of the reactol
i=1

o+ A

in the steady state.

Another method for solving point kinetics equations is the numerical method. Point kinetics equati
(5.7) are ordinary differential emsatwhich contain derivatives of a single independent variable, wit
conditions. The simplest numeri cal met hod f o
increases very fast with the calculation. A much moreagfitdi@mtreasing the accuracy is by means
series expansion. The RKintia method comprises the most commonly used approach.

The fourth order Rurigatta method for numerical solution of differential églatiort(x, y) involves

the eMaation of the differential function at intermediate pointsxpatwleen The value of ,, is obtained

by appropriate summation of the intermediate terms in a single equation. Thesetbfwvisalya
formula involves terms evaluated xat,,,and x.,,,. The fourth order RuxQéta equations for
dy/dx= F(x,y)are

Yoa =Ynt (1 +2Tz +2Ts +T4]6
Where,
Tl = F ‘(n 1 yn ;X

AX

T
T, =F| x,+—,y, +—= |AX
2 (n 2 yn 2}

T, = F(xn +%, A +T—22JAX
T, =F &, +AX,y, + T, Ax

Forsix groups point kinetics equations, the differential equations are
dn/dt= f €,C,,C,,C,,C,,C,,Cs.t

dC /dt=g@,C, .t i=13 6

From equatio(f.5) and (5.7jor the independent vartablel dependent &bles andC, (i =13 6), the
terms of fourth order Rukgéta method are,

For neutron density
nn+1 = nn + ‘-n,l + 2Tn,2 + 2Tn,3 +Tn,4:/6 (58)

Where,

Tn,l :{["_ﬂ:_]'}_kiqﬁcn,i ?At

DNS (
N init

of a




e Z{ k(_l - E}i(l‘ (C“" +Ti_él)j}At
P g )

Tn,4 = {Q%n +Tn,3 } - cn,i +Ti,3 ?At

For concentration of delayed neutron preCpursgrsup,

, i=13 6 (5.9)

Where,

: =13 6

, =13 6

, =13 6

The initial condition of point kinetics equations is the reactor at steady state full power neutron flux
state a certain power neutron flux. At steady state fuligpoeiron flux is , and the neutron density

at is
(5.10)

Also, at and (i =13 6), the solution of equation (5.7) is
3
: &
, 1=13 6 (5.12) =
AN
Q

With the initial condition of the reactor, equation (5.10) and (5.11), the solution of nelmzﬁh de
concentration of delayed neutron precursors inrCgobapging with running tieee loe obtained bygﬁsing
equation (5.8) and (5.9). S
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