
UN 0803 - REACTOR SAFETY DESIGN 
 

April 24, 2010 

 

Authored by: Alex Perez, John Li, Mao Xue and Abuzafar Ali  

 

 

Reactor Physics Simulation 
 

Project Report 

 



 

 

1 R
e

a
c
to

r 
P

h
y
s
ic

s |
 4

/
2

4
/2

0
1
0

 
 

 

Table of Contents  
 

1. PURPOSE /  INTRODUCTION ................................ ................................ ....................  3 

2. PROBLEM STATEMENT AND SCOPE ................................ ................................ ............  3 

3. MATHEMATICAL OR ENGINEERING MODELS ................................ ................................  5 

3.1 REACTIVITY INPUTS AND TRANSIENTS ................................ ................................ .. 6 

3.2 REACTIVITY ADJUSTMENT BLOCK ................................ ................................ .......  9 

3.3 POINT KINETICS ................................ ................................ ..........................  10 

4. MODEL ASSUMPTIONS AND LIMITATIONS ................................ .............................  11 

4.1 OVERALL ................................ ................................ ................................ .. 11 

4.2 REACTIVITY INPUTS AND TRANSIENTS ................................ ................................  11 

4.3 REACTIVITY ADJUSTMENT ................................ ................................ ..............  11 

4.4 POINT KINETICS ................................ ................................ ..........................  12 

4.5 XENON PRODUCTION AND DECAY ................................ ................................ .... 12 

5. EQUATIONS USED, WITH DETAILED EXPLANATION ................................ .................  12 

5.1 INPUT /  OUTPUT TAB: ................................ ................................ ..................  12 

5.2 REACTIVITY TRANSIENTS:................................ ................................ ...............  14 

5.3 POINT KINETICS: ................................ ................................ .........................  16 

5.3.1 REACTOR PERIOD................................ ................................ ........................  21 

5.4 XENON PRODUCTION & DECAY: ................................ ................................ .......  21 

6. NUMERICAL SOLUTION SCHEME AND APPLICABILITY ................................ ...............  23 

6.1 POINT KINETICS ................................ ................................ ..........................  23 

6.2 XENON PRODUCTION & DECAY SIMULATION ................................ ........................  23 

6.2.1 STEADY STATE SIMULATION ................................ ................................ ............  23 

6.2.2 FRESH CORE SIMULATION ................................ ................................ ..............  23 

6.2.3 POWER CHANGE OR SHUTDOWN SIMULATION ................................ ......................  23 

6.2.4 DECAY POWER TRANSIENT MODEL ................................ ................................ .... 24 

7. CODE STRUCTURE (E.G. FLOWCHART) ................................ ...............................  27 

8. CODE LISTING WITH COMMENTS ................................ ................................ ...... 30 

9. DESCRIPTION OF ALL INPUT DATA ................................ ................................ ..... 30 

9.1 POINT KINETICS CALCULATION: ................................ ................................ ...... 30 

9.2 POWER CONTROL CALCULATION: ................................ ................................ .... 31 

9.3 XENON PRODUCTION AND DECAY: ................................ ................................ ... 32 

9.3.1 INPUT OUTPUT TAB SIMULATION ................................ ................................ ..... 33 

9.3.2 POWER CONTROL TAB SIMULATION ................................ ................................ .. 33 

9.3.3 POINT KINECTICS TAB SIMULATION ................................ ................................ ... 33 

9.3.4 XE SIMULATION TAB SIMULATION ................................ ................................ ..... 33 

9.3.5 XE DATA TAB ................................ ................................ ............................  33 

9.3.6 CONTROL DATA TAB ................................ ................................ ....................  34 



 2 R
e

a
c
to

r 
P

h
y
s
ic

s |
 4

/
2

4
/2

0
1
0

 
 

10. TEST CASES ................................ ................................ ................................  34 

10.1 INPUT /  OUTPUT TABLE: ................................ ................................ ...............  34 

10.1.2 TEST CASE #2: REACTOR PERIOD ................................ ................................ .... 35 

10.1.3 TEST CASE #3: CHANGING VARIOUS PARAMETERS AND AT DIFFERENT POWER LEVELS .......  35 

10.2 REACTIVITY INPUT AND TRANSIENTS ................................ ................................ .. 35 

10.2.1 TEST CASE #4: SETBACK ................................ ................................ .............  36 

10.2.2 TEST CASE #5: STEPBACK ................................ ................................ ...........  36 

10.2.3 TEST CASE #6: SDS1................................ ................................ ....................  36 

10.2.4 TEST CASE #7: SDS2................................ ................................ ....................  36 

10.3 XENON PRODUCTION AND DECAY: ................................ ................................ ... 36 

10.3.1 TEST CASE #8: XENON PRODUCTION ................................ ................................  36 

10.3.2 TEST CASE #9: XENON DECAY ................................ ................................ ........  37 

11. DISCUSSION, ANALYSIS CASES AND RESULTS ................................ .........................  37 

11.1 INPUT /  OUTPUT TABLE: ................................ ................................ ...............  37 

11.1.1 TEST CASE #1: ANALYSIS ................................ ................................ ...............  37 

11.1.2  TEST CASE #2: ANALYSIS ................................ ................................ ...............  38 

11.1.3  TEST CASE #3: ANALYSIS ................................ ................................ ...............  39 

11.2 REACTIVITY INPUT AND TRANSIENTS ................................ ................................ .. 40 

11.2.1 TEST #4: SETBACK ANALYSIS ................................ ................................ .........  40 

11.2.2 TEST #5: STEPBACK ANALYSIS ................................ ................................ ........  41 

11.2.3 TEST #6: SDS1 ANALYSIS ................................ ................................ .............  41 

11.2.4 TEST #7: SDS2 ANALYSIS ................................ ................................ .............  41 

11.3 XENON PRODUCTION AND DECAY ................................ ................................ .... 41 

11.3.1 TEST #8: XE PRODUCTION ANALYSIS ................................ ................................  41 

11.3.2 TEST #9: XE DECAY ANALYSIS ................................ ................................ ........  42 

12. PROPOSED IMPROVEMENTS FOR NEXT TIME ................................ ..........................  42 

12.1 GENERAL SUGGESTIONS: ................................ ................................ ................  42 

12.2 MODEL SPECIFIC SUGGESTION: ................................ ................................ ........  43 

13. CONCLUSIONS AND ACKNOWLEDGEMENT ................................ ...........................  44 

14. SUMMARY TEAM MEMBERS CONTRIBUTION: ................................ ..........................  45 

15. REFERENCES ................................ ................................ ..............................  46 

16.  APPENDIX ................................ ................................ ................................ . 46 
 

 

 

 

 

 

 

 



 

 

3 R
e

a
c
to

r 
P

h
y
s
ic

s |
 4

/
2

4
/2

0
1
0

 
 

Reactor Physics 

Project Report 

1. Purpose / Introduction 

 

This project report is written to explain and cover the Reactor Physics software module of the overall class 

project, assigned by Dr. Victor Snell to winter 2010 class of UN 0803 - Reactor Safety Design course. Besides 

Reactor Physics software module, the class project comprises of other software modules such as Channel 

Thermohydraulics, Fuel and Pressure Tube Heat Transfer, System Thermohydraulics and Reactor Control.   

The purpose of class project is to develop a simple reactor model to demonstrate fundamental characteristics. As 

the name implies, Reactor Physics module mainly covers the neutron activity, fission, neutron power, reactivity, 

Xe production and decay and various transients under which reactor operates. As told by professor, this reactor 

model will be used 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. However, each section has 

subsections, as needed, to cover the contents of the module programming and/or to explain program 

functionality. In general, these subsections are Input/Output, Reactivity Inputs and transients, Point Kinetics and 

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 Chapter 7 - Accident Analysis of UN 0803 course material [R-5], the computer analysis tools 

required for Design Basis Accidents should have elements such as reactor physics, system thermohydraulics, fuel 

and fuel channel response, moderator and containment response, and atmospheric dispersion and dose. 

The logical flow should be from reactor physics, through system thermohydraulics, through fuel and fuel channel 
response, through moderator and containment response, and to atmospheric dispersion and dose. This can be 
explained by Figure 2 in chapter 7 [R-5]. However, reactor model or our class project is not covering all the 
elements discussed in paragraph above. The scope of the project was defined by Professor Snell. Different groups 
have to develop the computer modules for assigned scope. Overall flow of the complete reactor model and its 
interfaces among various modules can be best described by following flow chart; 
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Reactor Physics module scope of work covers following; 
 

 Point kinetics, reactivity coefficients (fuel temperature, coolant temperature, coolant void) as data inputs. 

 Delayed neutrons, photo-neutrons 

 Xenon production & decay 

 Decay power transient model 

 Tabular model of shutdown and stepback reactivity versus time 

 Trips, setback, stepback initiated from external control routine 

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

 Output: neutron power (total including decay power) 

The intent of assigned scope of work for all the modules is to model steady state and slow transients, assuming 

uniform and unidirectional flow. Following are expectation from Prof. Snell, to adequately cover the assigned 

scope of work and develop an effective model;  

Engineering Model Integrator 

 Confirm & match engineering models 

 Confirm interfaces, match inputs and outputs 

 Review models 

 Define test cases (separate & integrated) & evaluate 

Numerical Model Integrator 

 Choose solution scheme 

 Set up programme structure 

 Define data structure, inputs & outputs 

 Define graphical outputs 

 Define numerical tests 

 Review code 

Deliverables for this class project are open computer code in common computer language, a project report and an 

in class presentation for the work.  

3. Mathematical or Engineering Models 
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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 iterative 

process to solve the differential/algebraic equations that govern its behaviour. The best way to explain the 

mathematical model for the reactor is to describe it in terms of a classical closed loop control system. Remember 

that in its simplest form, a control loop will consist of the ôplantõ and the actual control system which consists of 

the controller (RRS), actuator (reactivity mechanisms), and measurement devices (ion chambers, flux detectors, 

etc).  

 

The focus of this module however, will be on the mathematical equations that govern the ôplantõ highlighted in 

blue. As part of the requirements, protective trips and actuation of the necessary 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 actual control 

system to represent their independence from RRS in the real life. 

At the front end of the model, we have the ôcontrollerõ, namely the Reactor Regulating System that will be 

covered by the Control Module group.  It would suffice to say that RRS senses the power error between the 

demanded power and the actual measured power and responds accordingly (using PD control) to add negative or 

positive reactivity to eliminate the power error.  

Since any differential equation encountered here will be dealt with in numerical form, the entire math model can 

be solved in the time domain (without the need for integral transforms typically used to solve control problems).  

3.1  Reactivity Inputs and Transients 

The primary input u is the incremental reactivity (rho) added by RRS and this is where the Reactor Physics module 

begins. Accompanying the value for rho are 3 Boolean values that indicate whether stepback, SDS1 or SDS2 has 

fired.  During slow transients where none of the trips have been activated, this part of the model simply passes the 

reactivity value to the next block where adjustments are made for reactivity coefficients and xenon. As the scope of 

the project does not cover integration, rho will simply be a constant set as an input before the program is run.  
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For cases when one or more of the trips have activated the input rho dictated by the Controls Module gets 

overridden by the corresponding reactivity mechanisms to drive a large amount of negative reactivity into the core.  

Mathematically, this happens by making rho follow a downward curve that represents with the physical 

deployment of one or more 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 the setback 

routine. I should be noted however that this routine is technically part of RRS and will likely be covered by the 

control module. Unlike all other protective trips, setback provides a gradual ramp down in power up to some 

predetermined lower value of power. For the purposes of illustrating this behaviour, Setback will be modelled 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 rods with certain 

worth dropping into the core by gravity. One would expect that the model for both would be ramp that inserts 

negative reactivity much faster than a setback. Instead of a ramp down with a constant slope however, one needs to 

account for the physical acceleration, peaking at the terminal velocity in water (D2O) and its deceleration as the 

rods approach the bottom. To provide a more accurate approximation typical CANDU values for percent drop 

versus time for rods were plotted and approximated with a curve fit using a 3rd degree polynomial. To avoid, 

referencing proprietary data, plotted values were modified slightly, while still maintaining the general shape of the 

curve. 

)06.8.109.635.17( 23 ttt  
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At the moment the trip flag is received, the curve starts with a gentle slope that gradually increases until around 

12s, corresponding to the acceleration of the rods due to gravity. Terminal velocity in D2O is reached halfway 

through and the rods begin to decelerate through the last 1.1 s of travel until full negative reactivity depth is 

reached at around 2.3 s.  Exact values will differ slightly for each particular design, as the geometry and other 

physical properties of the rods change. 

SDS2 

Unlike the three other protective trips, SDS2 injects a large amount of reactivity in an even shorter period of time. 

Unlike rods that accelerate using gravity (and some spring assist in certain designs), SDS2 uses the energy stored in 

the pressurized helium tanks to inject soluble poison directly into the calandria. A drawback 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 that represents 

physical injection of liquid poison. As with the data for rods, values have been modified slightly from proprietary 

data, while still maintaining the general shape and time scale. To obtain the mathematical model, a 5th degree 

polynomial is fitted to the data points: 

06.4326042048206504073 345 tttt  
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3.2  Reactivity Adjustment Block 

 

Revisiting the classic control loop model at the beginning of this section, the best way to explain this block would 

be to view it as the ôdisturbance behaviourõ portion of the plant. This disturbance behaviour must be accounted for 

before plugging in the input value for rho (either passed along from the Control Module, or overridden by 

protective trips) into the core calculation. 

 

 

The primary group of disturbances that affect rho involves state parameters like fuel temperature, coolant 

temperature, and coolant void. Once integrated with other modules, these would be time varying inputs from 

Channel Thermal Hydraulics Module and Fuel and Pressure Tube Module. Given the current project scope, it will 

suffice to say that these parameters can be modelled as manual entries that will be kept constant for a given initial 

condition.  

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

 

Where alpha is the reactivity coefficient that correlates the change in parameter p to the resulting affect in rho. 

Although, many more reactivity coefficients exist, this project will focus on three major reactivity coefficients 

affecting CANDU: 

Cv

tcoeff icienVoidCoolant

T

tcoeff icienceTemperaturCoolant

T

tcoeff icienetemperaturFuel

cv

c

f

f

)(

 

The second most significant disturbance to the rho input is contributed by the amount of xenon present at any 

given time. Unlike reactivity coefficients that tend to act on faster timescales, change in Xenon concentrations span 

hours and may be and steady state values may be assumed for the purposes of running simulations using the 

Reactor Physics module that typically only last a couple of seconds.  
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ssXX

ssfXI

ssX  

Using the formula above and plugging in typical constants for CANDU, a steady state value of ~-28 mk will be 

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

reactor/neutron power. 

For a more thorough explanation of Xenon effects, see section 5. 

To arrive at the adjusted value of rho that will be used for calculating neutron population/flux the three reactivity 

coefficients are simply summed algebraically to yield  

Xevoidcoolanttempcoolanttempfuelif  

3.3  Point Kinetics 

 

The calculation of neutron population/flux given is the core of the Reactor Physics Module as it takes the raw 

input value for reactivity and outputs neutron population as a function of time. This neutron population is 

proportional to the flux and alternate approach to would be to solve the diffusion equation by deriving the 

equivalent flux diffusion equation from the beginning. For this project, the diffusion equation is solved for neutron 

population first which is in turn is used for calculating flux at each time step.  

6

1

11
i

iiC
l

n
k

dt

dn
 

ii
ii C
l

n
k

dt

dC
,             613i  

These two coupled differential equations govern the over reactor behaviour by incorporating contributions of both 

prompt and delayed neutrons to the neutron population at each time step. These two equations will simply be 

introduced here and explained in section 5 in full detail. For now, it would suffice to understand the role of this 

calculation in the overall module.  

 

Referring back to the control loop model, we are now at the ôcontrol behaviourõ part of the loop, where input u is 

our adjusted reactivity and output y is the neutron population/flux. Although the most intensive to solve 

numerically, this is perhaps the easiest block to understand as it only has one input and one output. 

 As part of the process of solving the differential equation, initial conditions like starting power have been pre-

defined and are input to each run. Once neutron population for any given timestep has been calculated, flux is 
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obtained by simply multiplying with the average neutron velocity. % full power is similarly obtained by dividing 

this result by the full power neutron flux. 

4. Model Assumptions and Limitations 

4.1  Overal l 

Due to time constraints and modular nature of the project, the model as a whole is limited by the severed 

connections between modules and routines that would normally pass values or reactor parameters between each 

other in order to simulate a continuous loop. The general approach taken to get around this is take static input 

values at the beginning of each run instead of having time varying parameters feedback from other modules. When 

the modules are integrated by later classes, rho input from Controls Module, coolant temperature and coolant void 

from Channel Thermal Hydraulics Module, and fuel temperature from Fuel and Pressure Tube 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 means simulations are limited to cases 

that show how neutron population will either grow or decay with a given amount of reactivity addition. This is 

akin to an open loop control whose output power is unbounded and may grow beyond a realistic range when a 

large enough positive reactivity is used. In reality, this would of course be kept at bay by control loop feedback and 

incremental addition of rho for each control module time step (typically 0.5 s) will be limited when adding 

positive reactivity(typically to a max of +0.8 mk/s).  

In terms of protective trips, lack of actual trip flag input from the Control Module means that the four 

trips/routines listed in section 3 will have to be illustrated using dummy manual buttons that simply call up the 

specific reactivity devices to fire. In a real reactor, these would be poised systems constantly watching their own 

list of parameters and would fire automatically. Out of all the protective trips, the setback routine is the most 

unrealistic as the rate should be dictated in terms of % FP/s and different abnormal conditions will use different 

rates and terminate at different power levels. For the purpose of this project, this rate was simply dictated as fixed 

rate of -0.2 mk/s and simply terminates at 60% FP to circumvent the lack of an RRS module.  

4.3  Reactivity Adjustment 

A similar problem is encountered with regards to reactivity coefficients that rely on up to date values for coolant 

temperature, coolant void, and fuel temperature. All these parameters would also be part of the feedback loop but 

are more intrinsic and less intentional than the feedback rho given by the control module. Again, instead of time 

varying inputs, all necessary reactivity effect will be taken from user input at the beginning of each run. 

Xenon on the other hand, will be dealt with as another constant input but for a different reason. The main 

limitation when dealing with Xenon changes happen on a much longer timescale than the point kinetics calculation 

that evolves in a matter of seconds. This issue will be dealt with by simply taking the steady state value for Xenon 

(-28 mk) when used for reactivity adjustment. To illustrate actual evolution of Xenon with flux and specific test 

cases a separate Xenon sheet has been prepared with a calculation timescales of several hours.  See sections 5 and 6 

for a more detailed explanation 
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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 reactor. The 

reactor is a point reactor. The point kinetics will be suitable for this reactor. The reactor physics is only depended 

on the time. Six groups of delayed neutrons are considered when the point kinetics equations are calculated. When 

the initial condition is calculated, the reactor is assumed as in a steady state, and the neutron speed is 2200m/s. 

As part of the final power calculation, decay power was assumed to be a constant percentage (defaulted as 7%) of 

full power due to a lack of accessible decay data. This is considered to be acceptable for the given scope. Like 

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

time for the point kinetics calculation. 

4.5  Xenon Production and Decay 

Constants are not changed while neutron flux changes 

Assuming there is no decay power change for Point Kinetics model. 

5. Equations Used, with Detailed Explanation 

5.1  Input / Output Tab: 

There are very simple arithmetic calculations done for calculating Reactivity coefficients for Fuel Temperature, 

Coolant temperature and Coolant Void. Average constant values have been used to calculate the coefficients at 

different values. 

A reactivity coefficient is defined as the derivative of the system reactivity with respect to a change in a lattice 

parameter. Reactivity coefficients are concerned with instantaneous changes. For instance, we can define: 

f

f
T

tcoefficienetemperaturFuel  

cT
tcoefficienceTemperaturCoolant  

Cv
tcoefficienVoidCoolant cv)(    

There are some other reactivity coefficients e.g., Moderator density, Moderator temperature and Coolant density 

reactivity coefficients, however, as they are not used we are not discussing them in here. It is important to know, 

for any given reactor design, the sign and magnitude of the various reactivity coefficients, as they imply the 

consequences of sudden changes in the operating parameters. If the reactivity coefficient with respect to a certain 

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

parameter decreases (And the other way if the coefficient is negative). 

A positive value for a reactivity coefficient means that a positive change in that parameter will increase reactivity 

and tend to increase power. A negative value for a reactivity coefficient means that a positive change in that 

parameter will decrease reactivity and tend to increase power. In both cases, a larger absolute value of the 
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reactivity coefficient  greater sensitivity to changes in that parameter. Although they are not the only ones, the 

following reactivity coefficients are discussed as they are part of our scope of work: 

1. Fuel-temperature reactivity coefficient, as fuel temperatures will change in any power manoeuvres  

2. Coolant temperature reactivity coefficient, as it relates to coolant density and coolant density will change 

with the amount of boiling. 

3. And, in safety analysis, coolant voiding (as a result of a Loss-of-Coolant Accident) is extremely important 

to analyze. 

Reactivity coefficients have the units of reactivity per unit of the parameter against which the reactivity is 

measured. Since reactivity is a pure, unitless number, or can alternatively be given in, say, mk, examples of units 

for reactivity coefficients are: 

 mk/deg C (or degC-1) ð for a temp coefficient  

 mk/(g/cm3) ð for a density coefficient 

 mk/%FP ð for the power coefficient 

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

texts, e.g., R-15 of UN0802 Reactor Physics course [R-4] or Introduction to Nuclear Engineering by Lamarsh [R-

10]. However, only project specific discussion is covered in here. For example, in our code, the average effective 

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

 

Courtesy: CNSC Science and Reactor Fundamentals ð Reactor Physics Technical Training Group 

Chapter 4 
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These values are shown for 100%FP, 0%Hot shutdown and 0% Cold shutdown. Similarly, Following typical 

values are used in calculations for various reactivity transient; 

1. Fuel Temperature Reactivity Coefficient (f ) = - 0.008 mk/deg C  

2. Coolant Temperature Reactivity Coefficient (c t) = +0.04 mk/deg C 

3. Coolant Void Reactivity Coefficient (cv ) = +10 mk/ 100%void 

5.2  Reactivity Transients: 

Setback 

As discussed in section 3, the equation for setback is simply given as: t2.0  until the condition of 60% FP is 

reached.  

Stepback and SDS1 

When a stepback condition is reached, the stepback routine releases the clutch and drops the control rods. 

Although not all stepbacks lead to a full rod drop, it would suffice to model this trip as a full rod drop that adds 

negative reactivity until the full depth (worth of rods) is added. Using the polynomial developed in section 3, the 

curve is scaled by a factor of -15/100, to translate % drop into the typical depth for control rods of -15mk for 

CANDU. 

100

15
)06.8.109.635.17( 23 ttt  

 

If the tripped parameter still continues to get worse, SDS1 trip setpoint will be reached and SDS1 will fire. As with 

the case for control rods, SDS1 drops all the shutoff rods to a full reactivity depth of around ð80 mk. Again, this 

value will be used to scale the curve to the full depth inserted by firing SDS1. 
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100

80
)06.8.109.635.17( 23 ttt  

SDS2 

Time delay introduced by intermediate components in the system (sensors, valves, piping) means that the balls in 

the poison injection cylinders do not start to move until around 0.68 s.  Before this point, no negative reactivity is 

added and curve is flat at 0. After this point, the helium pressure rapidly inject majority of the poison inventory 

into the calandria in the next 0.5 s. As stored energy of the pressurized helium starts to deplete rate of injection 

starts to decay as the balls bottom out in the cylinders. At the end of travel, the balls seat and the sudden change of 

cross section in the final leg of travel give a short lived spike in injection rate before the balls fully bottoms out in 

their seats.  Using the polynomial developed in section 3, equation for rho is obtained by using a scaling factor of -

300/100 as a typical value for CANDU. Since the rho is zero before 0.68 s, it is important remember that 

equation is a piecewise function: 

3.1682.0;
100

80
)06.4326042048206504073(

682.00;0

345 ttttt

t
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Needless to say, rho input to the rest of the Reactor Physics Module from any of the protective trips stays at the 

full reactivity once they are reached  (-15 mk for control rods, -80 mk for shutoff rods, -300 mk for poison) until 

the reactivity devices are reset. 

5.3  Point Kinetics: 

In the absence of a primary source, a non-critical system is not in a steady state, and the change of neutron 

density trn ,  with time can be represented by diffusion equation below, 

t

trn
trStrtrD a

,
,,,2                                                                         (5.1) 

Let  represent the fraction of the fission neutrons which are delayed, then 1  is the prompt neutron fraction, 

and the rate of production of prompt neutrons is 1ak , where k is the infinite multiplication factor. 

This is the prompt neutron contribution to the source term in the equation (5.1). There are six groups of delayed 

neutrons. In an accurate reactor kinetics calculation, it is necessary to consider in detail the production and decay 

of each of the six groups of delayed neutron precursors. The rate of production in any group is equal to the rate of 

radioactive decay of the precursors of each group, iiC  13/ scmneutrons . Therefore, the total rate of 

formation of delayed neutrons is
6

1i

iiC  13/ scmneutrons . Upon inserting the prompt and delayed neutron 

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

t

trn
CktrtrD

i

iiaa

,
1,,

6

1

2                                            (5.2) 
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Replacing terms in equation (5.2) with 0,, 22 trBtr g
 where, 2

gB is the geometric 

buckling;
a

D
L2 ; vtrntr ,, , equation (5.2) can be transformed into 

t

trn
Ctrn

BL

k
BLv

i

ii

g

ga

,
,1

1

1
1

6

1
22

22                                                (5.3) 

Replacing terms in equation (5.3) with the prompt neutron lifetime 
221

1

ga BLv
l and the effective 

multiplication factor
221 gBL

k
k , the result is 

t

trn
trC

l

trn
k

i

ii

,
,

,
11

6

1

                                                                  (5.4) 

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

no accounting for spatial or energy dependence, neutron densitytrn , will be only related with time at that point, 

this is the point-reactor model. Then the neutron density equation (5.4) changes to time dependent point kinetics 

with six groups of delayed neutrons equation 

6

1

11
i

iiC
l

n
k

dt

dn
                                                                                    (5.5) 

To solve this equation, an expression of concentration of delayed neutron precursorsiC is required. The rate of 

formation of the precursor is equal to ai k , where ak is the total rate of production of fission neutrons 

and i is the fraction of delayed neutrons in groupi , and the radioactive decay occurs at the rate of iiC , so the 

net rate of formation of delayed neutron precursors of groupi is given by 

iiai
i Ck

dt

dC
                                                                                                      (5.6) 

From equations of l andk above, there is
l

k
vk a . Replacing this in the equation (5.6) 

ii
ii C
l

n
k

dt

dC
,             613i                                                                              (5.7) 

 

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

6

1

11
i

iiC
l

n
k

dt

dn
                                                                                      (5.5) 
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ii
ii C
l

n
k

dt

dC
,             613i                                                                              (5.7) 

Where, 

6

1i

i  

nv 

1

1
k  

n , neutron density, 3/ cmneutrons  

iC , concentration of delayed neutron precursors in group i
3/cmnuclei  

, total fraction of delayed neutrons 

i , fraction of delayed neutrons in groupi  

i , decay constant of delayed neutron precursors in groupi , 1s  

l , prompt-neutron lifetime, s  

k , multiplication factor 

t , time, s  

, neutron flux, 12/ scmneutrons  

v , neutron speed, scm/  

, reactivity 

A common method for solving point kinetics equations (5.5) and (5.7) is to use exponential trial function, such as 

neutron density tAetn , and precursor density t

ii eBtC . From the equation (5.7), it is found 

that A
l

k
B

i

i

i . From this result, equation (5.5) can be transformed into
6

1i

i

i

ii

k

l
, it 

follows that, 

6

1i i

i

k

l
. It is seen to be an algebraic equation of the seventh degree in, so that there are seven 

possible value of. The variation of neutron density with time may then be expressed by a liner combination of 

seven terms as
ttt

eAeAeAtn 610

610 3 , where 610 ,,, 3 are seven roots of 
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equation
6

1i i

i

k

l
, and 610 ,,, AAA 3 are constants determined by the initial conditions of the reactor 

in the steady state. 

Another method for solving point kinetics equations is the numerical method. Point kinetics equations (5.5) and 

(5.7) are ordinary differential equations, which contain derivatives of a single independent variable, with initial 

conditions. The simplest numerical method for the solution of those equations is Eulerõs method. But the error 

increases very fast with the calculation.  A much more efficient way of increasing the accuracy is by means of a 

series expansion. The Runge-Kutta method comprises the most commonly used approach.   

The fourth order Runge-Kutta method for numerical solution of differential equation ),(/ yxFdxdy  involves 

the evaluation of the differential function at intermediate points between nx and 1nx . The value of 1ny is obtained 

by appropriate summation of the intermediate terms in a single equation. The most widely used Runge-Kutta 

formula involves terms evaluated atnx , 2/xnx and xnx . The fourth order Runge-Kutta equations for 

),(/ yxFdxdy are 

6/22 43211 TTTTyy nn  

Where, 

xTyxxFT

x
T

y
x

xFT

x
T

y
x

xFT

xyxFT

nn

nn

nn

nn

34

2
3

1
2

1

,

2
,

2

2
,

2

,

 

For six groups point kinetics equations, the differential equations are 

tCCCCCCnfdtdn ,,,,,,,/ 654321  

tCngdtdC ii ,,/ ,             613i  

From equations (5.5) and (5.7), for the independent variablet  and dependent variablesn and iC ( 613i ), the 

terms of fourth order Runge-Kutta method are, 

For neutron densityn , 

6/22 4,3,2,1,1 nnnnnn TTTTnn                                                                        (5.8) 

Where, 

tC
l

n
kT

i

ini

n

n

6

1

,1, 11  
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t
T

C
T

n
l

k
T

i

i

ini

n

nn

6

1

1,

,

1,

2,
22

11
 

t
T

C
T

n
l

k
T

i

i

ini

n

nn

6

1

2,

,

2,

3,
22

11
 

tTCTn
l

k
T

i

iininnn

6

1

3,,3,4,

11
 

For concentration of delayed neutron precursors iC in groupi , 

,             613i                                            (5.9) 

Where, 

,             613i  

,             613i  

,             613i  

,             613i  

The initial condition of point kinetics equations is the reactor at steady state full power neutron flux or at steady 

state a certain power neutron flux. At steady state full power, the neutron flux is , and the neutron density 

at is 

                                                                                                                  (5.10) 

Also, at ,  and ( 613i ), the solution of equation (5.7) is 

,  613i                                                                       (5.11) 

With the initial condition of the reactor, equation (5.10) and (5.11), the solution of neutron densityn and 

concentration of delayed neutron precursors in group i iC changing with running time can be obtained by using 

equation (5.8) and (5.9). 






















































