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This project was undertaken as portion of the course work for UN0803 Nuclear Reactor Safety Design, under the UNENE Masters of Engineering Program. Participating team members were:

Pamela McDermid
Ronen Ben-Shlomo
Michael Hersch
Joseph Downey 
Travis Brown

The project was part of a series of projects undertaken by the class to develop a simple reactor model to demonstrate fundamental characteristics.  The purpose of the larger project is to create a learning tool for students in the UNENE M.Eng. Classes. (Snell, 2010)

There were multiple sections/modules to the larger model; the intention of each section/module was to model steady state and slow transients, assuming uniform and unidirectional flow. (Snell, 2010)

The goal for the first year, 2010, was to create rough models and have them function individually, each module having the capability to be integrated together.  Specifically by the conclusion of the course to have each module, tested, verified, and able to run sample cases.  Coding was performed using Visual Basic in Microsoft Excel.

Future work will integrate each of the modules and ensure coherent and accurate results, complete integration activities, and optimize performance.  The following modules were created:

Reactor Physics
Channel Thermohydraulics
System Thermohydraulics
Fuel and Pressure Tube Heat Transfer
Control

[bookmark: _Toc259809091]Scope 

The focus of this module was Fuel and Pressure-Tube Heat Transfer. The following main points were addressed as part of the preparation of the module:

Single bundle-average pin (for each of the 12 segments)
One-dimensional radial heat transfer from each pin
Conductive heat transfer within the fuel and sheath 
Convection heat transfer from the fuel to the sheath and from sheath to coolant 
Convection heat transfer from coolant to pressure-tube
Convective and Radiative heat transfer from pressure-tube to calandria tube
Conduction heat transfer through the calandria tube

The module requires two inputs: coolant conditions and reactor power.  The coolant condition input is obtained from the Channel Thermohydraulics module, and the Reactor Power is obtained from the Reactor Physics Group, or may be one of the user inputs to the larger model.

The module produces the following outputs:

Fuel and Sheath temperature, 
Heat Transfer to Coolant from fuel
Heat Transfer from/to pressure tube,
Pressure-Tube temperature, 
Calandria Tube Heat Transfer 

The final deliverable for the project was this report and a formal presentation of the project/module to the class.  This document contains the text representation of the VBA programs, also a CD has been included containing the final version of the module as well as other documents related to the project.
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Given the Thermal Power of a reactor, the heat output by the fuel can be determined using known reactor dimensions. Heat transfer from the fuel pellet to the coolant and then further into the moderator can be modeled by the following:

Through Fuel Pellet: Conduction with Heat Generation 
Fuel Pellet to Fuel Sheath: Convection using Heat Transfer ‘Gap’ Coefficient (combination of conduction and radiation, discussed in detail in Section 5.2.2)
Through Fuel Sheath:  Conduction 
Fuel Sheath to Coolant: Convection
Coolant to Pressure Tube: Convection
Through Pressure Tube: Conduction 
Pressure tube to Calandria Tube: Convection and Radiation
Through Calandria Tube: Conduction

Figure 1 shows a summary of the program structure.  Section 5.0 summarizes the equations and methodology used to develop the heat transfer rates and temperatures used within the module, and the final outputs.
Section 5.1: Heat Release Rate of the Fuel and Average Neutron Flux
Section 5.2: Temperature Profile from Fuel Centerline to Coolant
Section 5.3: Convection and Conduction from Coolant to Pressure Tube
Section 5.4: Heat Transfer from Pressure Tube to Calandria Tube
Section 5.5: Heat Transfer within Calandria Tube


[bookmark: _Toc259809072]Figure 1: Overview of Heat Transfer


The physical characteristics of the reactor were defined as time-independent inputs, such as reactor dimensions and coolant inlet temperature and pressure.  To facilitate transient modelling, the reactor power and coolant flow rate were defined as time-dependent inputs.  The time dependent values are either imported from other modules, or entered manually by a user on the “input” worksheet of the excel code.

Time Dependent Modelling:
The time-dependent differential equation for temperature relates the rate of temperature change to the net energy created or lost within a region of uniform temperature.   Since the fuel temperature is not uniform along its radial profile, regions of uniform temperature are approximated by dividing the radius of the fuel into six equal sections, as shown Figure 2.  The assumption is made that the fuel temperature is uniform within each of these regions so that the time-dependent differential equation for temperature can be applied.  The differential equation is discretised with a small time interval so that the temperature of each ring can be calculated by incrementing time in the simulation.  The net amount of energy created or lost in each region of the fuel during each time interval is the sum of the heat generated in the region due to fission and the net heat conducted into/out of the region due to the temperature gradient with adjacent regions.
[bookmark: _Toc259809073]Figure 2: Schematic of Cross Section of the Fuel Pellet / Pencil
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Surface
	Calculated Value (m)
	Nominal Value (m)

	R1
	Fuel Pellet Radius / 6
	0.001013

	R2
	2 · R1
	0.002026

	R3
	3 · R1
	0.003039

	R4
	4 · R1
	0.004052

	R5
	5 · R1
	0.005065

	R6
	6 · R1
	0.006078

	Fuel Sheath ID
	-
	0.012243

	Fuel Sheath OD
	-
	0.013081
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The assumptions and limitations used in this model are listed below:

All heat transfer is assumed to be one dimensional in the radial direction; it is assumed that there is no heat lost from the ends.
Heat Transfer via conduction, convection and radiation across the gap between the fuel pellet and fuel sheath is approximated by a Gap coefficient, based on historical studies.
It was assumed that the heat transfer coefficient between the fuel and sheath (also known as the gap coefficient) was kept constant. This is a simplification as burn up increases the gas pressure causes the sheath to lift off the fuel and the gap coefficient to decrease. This would in turn lead to higher peak fuel temperature and was not modeled into the code.
The Thermal Conductivity (k) for the pressure tube is approximated to be the same as the Thermal Conductivity of the fuel sheath due to similar material composition.
Calculations assumed a gross heat loss to HTS of 3MW (applies to a 600 MW unit) – shown as heat loss to the pressure tubes.  Other heat losses (i.e. to end shield) were disregarded. 
The temperature of the calandria tube was assumed to be the same as the moderator (61oC)
The heat transfer within the wall of the calandria tube is assumed constant and negligible. This has been added to the future improvements section.
Any thermal power level input as ≤ 6% FP is taken as 6% in this model due to the presence of decay heat. 
Unstable performance of the module will occur if the time increment of this macro is set at > 0.3 sec.
The physical characteristics used are based on the CANDU design, using a 37 pin bundle and 380 channels.
The flux shape in the axial direction along the fuel channel is assumed to be constant.
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In order to model the Heat Transfer from the UO2 fuel pellet outwards to the moderator it was necessary to calculate the heat transfer occurring at each boundary in the fuel lattice.  The purpose of this section is to define the formulas used to determine the initial heat transfer conditions of the reactor as well as introduce the process used to introduce time dependant results dependant on reactor thermal power settings. 

It should be noted that all variable and constants used in this section have been defined in Appendix A: Constant and Variable Definitions.
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The initial pellet conditions are heavily reliant on the thermal power of the reactor as well as the fuel material properties. As a result, the thermal power for a reactor (PTH) is converted into a volumetric heat release rate (q’’’) by dividing by the reactor fuel volume (V). In this equation as detailed in Appendix A: Constant and Variable Definitions, “l” represents the fuel pin stack length (30 pellets per pin) multiplied by the number of bundles per channel (12) and “n” represents the number of channels (Ch) in a CANDU 600 MW reactor.







The heat generated in a nuclear reactor occurs when the uranium nuclei fission and the rate of the fission reaction Rf depends upon the concentration of fissile nuclei Nf ,their effective cross-section, σf, the concentration of neutrons causing fission, n, and the velocity of neutrons in the reactor core, v.



Where,


Incorporating the energy released per fission, Ef , you can obtain the heat release rate, q’’’.




The concentration of fissile nuclei, Nf, within the fuel can be determined by Avogadro’s Number, NA, the molecular mass of the fissile fuel, Mf, the density of the fissile fuel, ρf, and the number of fissile nuclei per molecule of fuel, i.



The fuel is normally in the form of uranium dioxide, therefore 2 atoms of oxygen combined with 1 atom of uranium, making the value of i unity. The density of the fissile fuel is related to the overall fuel density, ρ, by factoring in the enrichment fraction, , and the mass fraction of uranium in the uranium dioxide, f.






The Enrichment factor for CANDU is approximately 0.72% (R.A Chaplin D. o.).

Using all of the aforementioned formulas it is now possible to determine the steady state heat transfer rate (q’’’) that can be used to determine the temperature profiles from the centerline of the fuel to the coolant.
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The determination of the temperature profile is completed in six steps so as to account for the different modes of heat transfer. The modes are,
Conduction through the fuel pellet (Steady State),
Conduction through the fuel pellet (Time Dependant),
Convection from the fuel pellet surface to the inside of the fuel sheath (Steady State),
Conduction through the fuel sheath
Convection from fuel sheath to coolant
It should be noted that the steady state model was used to determine the initial conditions for the heat transfer in the fuel. The time dependant calculations were then introduced into the code to calculate the more precise effects of changing thermal power with time.
[bookmark: _Toc259809097]Conduction through the Fuel Pellet

Heat conduction through the UO2 fuel pellets in which heat is generated can be considered to be one dimensional in the radial direction if it is assumed that no heat is lost at the ends. The general equation describing steady state heat conduction with heat generation is:


Multiplying by r and rearranging:	


Integrate: 				


Due to symmetry about the axis there is no heat flow where r=0 and temperature is a maximum at this point.



 				(1)
[bookmark: _Ref259390218][bookmark: _Toc259809098]Heat Transfer through the Fuel (Time Dependant)

In order to describe the time dependent changes within the fuel, the fuel pin is divided into six (6) concentric cylinders (Regions 1 through 6), as shown in Figure 3.1. The temperature is assumed to be uniform within each ring (i.e. will vary only with time, not with radius). There is heat generated by fission within each ring and heat lost due to leakage into adjacent regions and heat gained from leakage into the region from adjacent regions.  The net impact on the temperature in each region is therefore split into three terms:


The flux is assumed to be constant throughout the pellet. The heat lost by leakage out of a region is calculated using the conduction equation.









Where n is the region number from 1 to 6, and dr is the effective distance between the regions of different temperatures.  Since each region is approximated as having uniform temperature and the radius of the fuel pellet is divided into six equal parts, the effective distance (dr) is equal to the center of two adjacent regions, which is 1/6 the radius of the fuel pellet.
For the heat out of the outermost region of the fuel (region 6), the heat transfer mechanism is convection, so the convection equation applies.
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In calculating the temperature profile across the fuel pellet to the bundle sheath /cladding it is necessary to incorporate a complicating factor which is the gap between the fuel pellet and the cladding. This is filled with an inert gas (Helium) and all the heat generated in the fuel must cross this gap. This occurs in three ways (R.A. Chaplin):
Conduction through the gas
Knowing the type of gas and its pressure, the conductivity k may be determined and standard equations for conduction in cylinders may then be used. However the gap size is not necessarily the same all the way around the circumference and may change during operation by fuel pellet swelling and deformation. 
Radiation across the gap
This depends on the difference in temperature between the fuel and cladding surfaces and their respective emissivities. This mode of heat transfer is usually less significant than that due to conduction through the gas.
Direct conduction through points of contact between the fuel and sheath
This increases with fuel swelling and may become more significant in certain parts of the fuel rod. Even if the gap closes completely there will always be some contact resistance and a temperature difference between the two faces. 
Calculations incorporating the aforementioned modes would be complicated and as such historical studies have allowed the estimation of a heat transfer coefficient of the gap to be determined and applied to the general convective heat transfer equation, given below:



					(2)
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Heat conduction through the sheath can be considered one dimensional in the radial direction if it is assumed that there is no heat lost from the ends. The general equation describing steady state heat conduction with no generation is:

					 
Multiplying by r and rearranging:

					
Integrate: 				


Substitute boundary conditions: 

					


Substituting into the conduction equation: 			

	

					
Where:

is the inner fuel sheath temperature

is the outer fuel sheath temperature 

is the inner sheath diameter

is the outer sheath diameter

		(3)
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Heat is transferred from the external surface of the sheath to the coolant by convection. The general equation governing the amount of heat transferred by convection is:




					(4)	
 (P. Incropera & P. DeWitt, 2002)
Given an initial coolant condition all of the temperatures can be calculated back to the fuel centerline temperature using the temperature differences. 
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The heat transfer between the coolant and the pressure tube is a combination of conduction and convection between the fluid (D2O) and Pressure Tube inner surface. As a result, the steady state heat transfer formulas are used to determine the magnitude of the Pressure Tube inner surface temperature. An introduction to the calculations used within the code is offered below. 
Convection from the fluid to the Pressure Tube was calculated using the following formula,

					(5)
(P. Incropera & P. DeWitt, 2002)
The Heat Transfer Coefficient (h) for the coolant to pressure tube is approximated to be the same as the Heat Transfer Coefficient for the sheath to coolant ~ 40,000 W/m2 ̊C. 
Conduction through the wall of the Pressure Tube is additionally calculated using the following formula,

				(6)
(P. Incropera & P. DeWitt, 2002)
The Thermal Conductivity (K) for the pressure tube is approximated to be the same as the Thermal Conductivity of the fuel sheath ~ 15 W/m ̊C2 due to similarity in material composition (sheath materials is Zircalloy and pressure tube material is Zirconium 2.5 % Niobium).
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The Heat Transfer between the Pressure Tube and Calandria Tube was determined by accounting for the convection through the Annulus Gas as well as the Radiation heat transfer through the annular space. The methodology for completing this calculation is included below and the definition of each variable is provided in Appendix A: Constant and Variable Definitions.

The heat transfer by free convection in the annular space between long, horizontal concentric cylinders is given by, 

												(7)
(P. Incropera & P. DeWitt, 2002)
Where the effective thermal conductivity keff is given by, 

												(8)
(P. Incropera & P. DeWitt, 2002)
Where, 

												(9)
(P. Incropera & P. DeWitt, 2002)
Where , 

												(10)
(P. Incropera & P. DeWitt, 2002)

												(11)
(P. Incropera & P. DeWitt, 2002)

												(12)
(P. Incropera & P. DeWitt, 2002)
The heat transfer rate by radiation in the annular space between long, horizontal concentric cylinders is given by, 

												(13)
(P. Incropera & P. DeWitt, 2002)
Therefore, the total heat transfer rate, by radiation and free convection, in the annular space between long, horizontal concentric cylinders is given by, 
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The heat transfer within the Calandria Tube wall is calculated using the same approach as was completed for the heat transfer within the Sheath wall (Section 5.2.4) and for the heat transfer through the Pressure Tube wall (Section 5.3). 



It should be noted that this calculation was not included in the code and formed the basis for an additional assumption. The assumption was that the heat loss across the CT wall was insignificantly small. This was further verified in Section 6.0 Numerical Solution Scheme and Applicability and was added to the Future Improvements section as well.
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In order to ensure that the Fuel Heat Transfer Code outputs would be valid, numerical compilations were completed by hand to verify the approach used and presented above in Section 5.0. The definitions of the variables used, as well as their associated values have been included in Appendix A: Constant and Variable Definitions.
Furthermore, the following sample calculations were completed assuming the reactor is at full power (estimated at PTH = 2.156 x 103 MW) and a coolant temperature of 265  ̊C.

[bookmark: _Toc259809108]Heat Release Rate of the Fuel and Average Neutron Flux

Heat Generated by the Fuel 










Average Neutron Flux










[bookmark: _Toc259809109]Temperature Profile from Fuel Centerline to Coolant (Steady State)
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Using the equations introduced in Section 5.3 or more specifically equations (5) and (6) the numerical model has been completed below for 100% FP.


At this point even though the coolant temperature is known, the actual heat loss experienced in a CANDU reactor is input. Per Appendix C (R.A Chaplin D. o., 2009), it can be seen that even though a real reactor suffers from many more heat loss sources (e.g. the End Shield System), the allocated heat loss to the pressure tubes is 3 MW (th). As such this heat loss is divided amongst the complete core or over 380 channels and results in 7894.73 W per channel heat loss which is incorporated below to find the temperature difference between the coolant and the inner surface of the pressure tube.


Continuing to work outwards, the heat loss within the pressure tube wall is then calculated as follows, 


Substituting the approximated coolant temperature of 265  ̊C (recall that this is used to verify the approach used and is an input to the Heat transfer Code, as such it’s approximation here is not critical) into these calculations yields the following,


And,
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Using the equations introduced in Section 5.4 or more specifically equations (7) through (13) the numerical model has been completed below for 100% FP.


Substituting the relevant constants and values into this equation will yield the following:





The temperature of the moderator D2O is keep at 61 ̊C, via two 50% duty heat exchangers, during normal full power operation. (OPG)








Therefore, the total heat loss per channel in the Annulus Gas System (between the outer Pressure Tube surface and the surface of the inside Calandria Tube) is 1438.10 W from conduction and 225.26 W from radiation, or 1663.36 W total.
The heat transfer between the outer Pressure Tube surface and the inside Calandria Tube has been calculated above using the convection and radiation modes of heat transfer. From the calculations above, it can be seen that 1663.36 W of heat is transferred to the moderator, per channel, such that the temperature of the CT is maintained at 61 C. In order to verify the underlying assumption utilized above, that a large portion of the 3 MW of heat transferred to the Pressure Tube from the Coolant is carried out into the Annulus Gas System, the Annulus Gas System Design Manual was referenced. It states the following:
The properties of the gas chosen shall be such that there is a low heat transfer between the Pressure Tube and Calandria Tube (OPG).
The atmosphere will minimize the heat loss from the PHT to moderator system (OPG), and 
The Annulus Gas Heat Exchanger is designed to cool 424.8 L/min (15 cfm) (STP) of CO2 gas from 230°C (446OF) to 66OC (150°F) (OPG).

As such, the hand calculations correctly yield that a large amount of heat is carried out into the Annulus Gas System and that the assumption used is adequate.
[bookmark: _Toc259809112]Heat Transfer within the Calandria Tube

Introduced in Section 5.0 above was the fact that the calculation of heat transfer within the Calandria Tube was negligible and that it was safe to assume that the Inner CT surface temperature was the same as the Outer CT surface temperature. Below this calculation has been completed,




From here it can be seen that under full power and steady state conditions that the temperature difference between the CT inner surface and the CT outer surface is negligible.

It should be noted that this has been added to the future improvements section as the heat transfer through the CT wall does become very important when evaluating accident conditions that would cause PT sag such that contact occurs between the CT and PT. Also, it can be further extended that should the gap, over station life, between the PT and CT should change this heat transfer would become more important.
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[bookmark: _Toc259809074]Figure 3: Macro Code Structure
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A copy of the code is included in Appendix B: Heat Transfer Module Code, as well as the CD enclosed with this report contains the macro written for Microsoft Excel using Visual Basic code. There are comments embedded within the code which should enable the user to find and edit parameters as required.  This section will provide a further description of each section and its purpose.  Section 7, Figure 7.1 graphically depicts the structure of the macro. 

The first section of code defines the inputs; the code reads the input values from the worksheet titled “Constants.”  The input parameters are:

Reactor Full Power Thermal Power (FullPWR_ThermPWR): Characteristic of each Reactor design, different reactors have different full power thermal power values.  This also allows the user to model a reactor running at a reduced rating.
Coolant Inlet Temperature (CoolInletTemp):  This value would ideally be provided from the Channel Thermohydraulics module.
Coolant Inlet Pressure (CoolInletPres): This value would ideally be provided from the Channel Thermohydraulics module.
Coolant Inlet Flowrate (CoolInletFlow): This value would ideally be provided from the Channel Thermohydraulics module.
Heat lost through Pressure Tube (HeatToModerator): This is a typical value for a 600MW CANDU Nuclear Generating Station. (R.A Chaplin D. o.) 

The Coolant Conditions (Coolant Inlet Temperature, Pressure, and Flowrate) are currently read from the worksheet “Constants”, but could just as easily be read from an alternate source, or the Channel Thermohydraulics Module, and Reactor Physics Module could populate the appropriate cell(s).

The next section of code continues to define constants from the worksheet titled “Constants.”  The remaining constants defined are:
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	Constant 
	Description
	Units

	UrDensity
	Density of Uranium
	kg/m3

	DensityD2O
	Density of Heavy Water
	kg/m3

	U235MicroCrossSection
	Fission Microscopic Cross Section for U235
	m2

	EnergyReleased
	Energy Released in Fission
	J

	FuelPelletRad
	Fuel Pellet Radius
	m

	FuelPelletLen
	Fuel Pellet Length
	m

	FuelSheathInnerRad
	Fuel Sheath Inner Radius
	m

	FuelSheathOuterRad
	Fuel Sheath Outer Radius
	m

	FuelCladThickness
	Fuel Cladding Thickness
	m

	NumFuelPins
	Number of Fuel Pins per Bundle
	#

	NumFuelAssPerChannel
	Number of Fuel Bundles per Channel
	#

	NumChannels
	Number of Channels
	#

	ThermConductivityUO2
	Thermal Conductivity (k) of Unranium Oxide (Conduction)
	W / m oC

	ThermConductivityZircalloy
	Thermal Conductivity (k) of Zircalloy Oxide (Conduction)
	W / m oC

	ThermConductivityD2O
	Thermal Conductivity (k) of Heavy Water (Conduction)
	W / m oC

	PelletCladGapCoef
	Coefficient of Heat Transfer (h), Pellet to Sheath (convection)
	W / m2 oC

	CladToWaterHeatTransferCoef
	Coefficient of Heat Transfer (h), Sheath to Coolant (convection)
	W / m2 oC

	 SpecificHeatCapacityUO2
	Specific Heat Capacity (Cp) for Uranium Oxide, at constant pressure
	J / kg K

	SpecificHeatCapacityD2O
	Specific Heat Capacity (Cp) for Heavy Water, at constant pressure
	J / kg K

	ThermalConductivityPT
	Thermal Conductivity of Pressure Tube
	W / m oC

	HeatTransferD2O_PT
	Heat Transfer Coefficient between D2O and Pressure Tube
	W / m2 oC

	PressureTubeIR
	Pressure Tube Inner Radius
	m

	PressureTubeOR
	Pressure Tube Outer Radius
	m

	ModTemp
	Moderator Temperature
	°C

	KCO2
	Annulus Gas Thermal Conductivity (k) (Conduction)
	W / m oC

	CTID
	Calandria Tube Inner Diameter
	m

	CTOD
	Calandria Tube Outer Diameter
	m

	PRCO2
	Prandtl Number for CO2
	#

	vCo2
	Kinematic Viscosity for CO2
	m2/s

	AlphaCO2
	Thermal Diffusivity for CO2
	m2/s

	sigmaCO2
	Stefan Boltzman Constant
	W/m2K4

	ECO2
	Emissivity  
	(#)



The next section performs calculations for required values based on the Inputs and Constants read into the module.
[bookmark: _Toc259809061]Table 3: Definition of Derived Variables in Code
	Constant 
	Description
	Units

	FuelPinVolume
	Volume of a Fuel Pin
	m3

	VolOfFuelInReactor
	Volume of Fuel in the Reactor
	m3

	DenU235Nuclei
	Concentration of Fissionable Uranium Nuclei
	Nuclei / m3

	U235MacroCrossSection
	Fission Macroscopic Cross Section
	m-1



The next section begins the Time Dependent portion of the module.  In order to describe the time dependent changes within the fuel, the fuel pin is divided into six concentric cylinders (regions 1 to 6).  The temperature is assumed to be constant within each ring.  The change in temperature with respect to time is calculated in the FOR loop in the main body of the code. The first step is to define 6 concentric cylindrical regions within the fuel to model the time dependence of Temperature. The next step is to define the fuel cladding/sheath as one region of approximately constant temperature. The surface area, used for heat transfer, for each concentric cylinder is calculated and assigned to variables area_r1 through area_r6, and area_rs.  The surface area is calculated using the outer radius of the region, this surface area is then multiplied by the Fuel Pellet Length to give an area.  The volume of each region is then calculated in a similar fashion, and assigned to variables volr1 through volr6. These values are then output on the worksheet “Output” as volr1 through volr6. 
The next portion of the code begins to establish the initial conditions for the FOR loop, the time dependent loop.  As the code was being developed it was noted for time increments greater than 0.3 seconds the code became unstable and created unrealistic oscillations in calculated parameters.  It is believed the code is unstable with a time increment greater than 0.3 seconds due to the calculation of convection in the fuel sheath, and due to the number of rings in the fuel pellet model.  The Reactor Power, as a percent of full power, is read in from the worksheet “Input”, but could just as easily be read in from another source, or alternatively the Reactor Physics Module or Control Module could populate the cell(s). It would possibly be of value, and likely increase the accuracy of results if the Average Neutron Flux was provided by the Reactor Physics Module. If the Reactor Power is set to <6%, it is taken as 6% due to decay heat. The temperature drop across the fuel lattice at steady state is calculated as outlined in Section 5.2. 




[bookmark: _Toc259809062]Table 4: Definition of Variables used in Initial Conditions Section of Code
	Constant 
	Description
	Units

	PWR
	The Reactor Power as a percent of Full Power
	%FP

	T_Cool
	Coolant Inlet Temperature
	oC

	Timeincr
	Time Increment for the FOR loop
	sec.

	ThermPWR
	Total Thermal Power
	W

	q3
	Thermal Power per Volume
	W/m3

	AvgNeutronFlux
	Flux
	Neutrons / m2 sec.

	q_fuel
	Thermal Power per Fuel Pin
	W / pin

	FuelSheathToCoolantDeltaT
	Change in Temperature between Sheath and Coolant
	oC

	FuelSheathDeltaT
	Change in Temperature across Fuel Sheath
	oC

	FuelPinToSheathDeltaT
	Change in Temperature between Fuel Pellet Surface and Inner Sheath Surface
	oC

	FuelPinDeltaT
	Change in Temperature from the Centre of the Fuel Pellet to the Fuel Pellet Surface
	oC

	CoolantToPressureTubeDeltaT
	Change in Temperature from the Coolant to the Pressure Tube
	oC

	PressureTubeDeltaT
	Change in Temperature across the Pressure Tube
	oC



The next portion of the code establishes a steady state approximation for the change in temperature across each of the six regions within the fuel pellet. The temperature on the surface at r6 is the fuel surface temperature (T_Sur).
[bookmark: _Toc259809063]Table 5: Definition of Variables used in the Steady State Temperature Calculation Code
	Constant 
	Description
	Units

	FuelPinDeltaT1
	Change in Temperature, Centre of Fuel to Surface at r1
	oC

	FuelPinDeltaT2
	Change in Temperature, Centre of Fuel to Surface at r2
	oC

	FuelPinDeltaT3
	Change in Temperature, Centre of Fuel to Surface at r3
	oC

	FuelPinDeltaT4
	Change in Temperature, Centre of Fuel to Surface at r4
	oC

	FuelPinDeltaT5
	Change in Temperature, Centre of Fuel to Surface at r5
	oC



Next the heat flux across the fuel channel  is determined using bundle thermal power and a coolant flow rate to calculate a rise in coolant temperature as it flows through the channel over the twelve (12) bundles. With average bundle temperature the average temperature of the coolant in the fuel channel can be calculated. 

[bookmark: _Toc259809064]Table 6: Definition of the Variables used in the Heat Flux Calculation Code
	Constant 
	Description
	Units

	BundleHeatToCoolant
	Bundle Thermal Power 
	W

	CoolFlowRate
	Initial Coolant Flow Rate
	kg/s

	BundleRiseInTempCoolant
	Temperature change across one bundle
	oC

	TB1In
	Bundle 1 Inlet Temperature (Coolant Inlet temperature)
	oC

	T_Cool
	Coolant Inlet Temperature (CoolInletTemp)
	oC

	TB1Out
	Bundle 1 Outlet Temperature
	oC

	TB1Avg
	Average Across Bundle 1
	oC

	TB2In
	Bundle 2 Inlet Temperature (Set as TB1Out)
	oC

	TB2Out
	Bundle 2 Outlet Temperature
	oC

	TB2Avg
	Average Across Bundle 2
	oC

	TB3In
	Bundle 3 Inlet Temperature (Set as TB2Out)
	oC

	TB3Out
	Bundle 3 Outlet Temperature
	oC

	TB3Avg
	Average Across Bundle 3
	oC

	TB4In
	Bundle 4 Inlet Temperature (Set as TB3Out)
	oC

	TB4Out
	Bundle 4 Outlet Temperature
	oC

	TB4Avg
	Average Across Bundle 4
	oC

	TB5In
	Bundle 5 Inlet Temperature (Set as TB4Out)
	oC

	TB5Out
	Bundle 5 Outlet Temperature
	oC

	TB5Avg
	Average Across Bundle 5
	oC

	TB6In
	Bundle 6 Inlet Temperature (Set as TB5Out)
	oC

	TB6Out
	Bundle 6 Outlet Temperature
	oC

	TB6Avg
	Average Across Bundle 6
	oC

	TB7In
	Bundle 7 Inlet Temperature (Set as TB6Out)
	oC

	TB7Out
	Bundle 7 Outlet Temperature
	oC

	TB7Avg
	Average Across Bundle 7
	oC

	TB8In
	Bundle 8 Inlet Temperature (Set as TB7Out)
	oC

	TB8Out
	Bundle 8 Outlet Temperature
	oC

	TB8Avg
	Average Across Bundle 8
	oC

	TB9In
	Bundle 9 Inlet Temperature (Set as TB8Out)
	oC

	TB9Out
	Bundle 9 Outlet Temperature
	oC

	TB9Avg
	Average Across Bundle 9
	oC

	TB10In
	Bundle 10 Inlet Temperature (Set as TB9Out)
	oC

	TB10Out
	Bundle 10 Outlet Temperature
	oC

	TB10Avg
	Average Across Bundle 10
	oC

	TB11In
	Bundle 11 Inlet Temperature (Set as TB10Out)
	oC

	TB11Out
	Bundle 11 Outlet Temperature
	oC

	TB11Avg
	Average Across Bundle 11
	oC

	TB12In
	Bundle 12 Inlet Temperature (Set as TB11Out)
	oC

	TB12Out
	Bundle 12 Outlet Temperature
	oC

	TB12Avg
	Average Across Bundle 12
	oC

	TAvgCoolant
	Average Temperature of the Coolant in the Fuel Channel
	oC



The final portion of the code before the time dependent calculations within the FOR loop establishes the initial conditions for the heat flux. This section calculates the absolute temperatures at each point in the radial direction, from the fuel centerline to the coolant.
[bookmark: _Toc259809065]Table 7: Definition of Variables used in the Initial Temperature Conditions Section of Code
	Constant 
	Description
	Units

	T_PTi
	Pressure Tube, Inner Surface Temperature
	oC

	T_PTo
	Pressure Tube, Outer Surface Temperature
	oC

	T_So
	Fuel Sheath, Outer Surface Temperature
	oC

	T_Si
	Fuel Sheath, Inner Surface Temperature
	oC

	T_sur
	Fuel Pellet Surface Temperature (at r6)
	oC

	T_max
	Fuel Pellet Centreline Temperature
	oC

	T_1
	Steady State Approximation of Fuel Temperature at Surface r1
	oC

	T_2
	Steady State Approximation of Fuel Temperature at Surface r2
	oC

	T_3
	Steady State Approximation of Fuel Temperature at Surface r3
	oC

	T_4
	Steady State Approximation of Fuel Temperature at Surface r4
	oC

	T_5
	Steady State Approximation of Fuel Temperature at Surface r5
	oC

	T1
	Average of T_1 & T_max
	oC

	T2
	Average of T_1 & T_2
	oC

	T3
	Average of T_2 & T_3
	oC

	T4
	Average of T_3 & T_4
	oC

	T5
	Average of T_4 & T_5
	oC

	T6
	Average of T_4 & T_sur
	oC

	TSheathInside
	Initial Temperature condition for the Inner Surface of the Sheath (T_Si)
	oC

	TSheathOutside
	Initial Temperature condition for the Outer Surface of the Sheath (T_So)
	oC

	TCoolant
	Initial Condition for the Temperature of the Coolant (TAvgCoolant)
	oC

	TPTInside
	Initial Temperature condition for the Inner Surface of the Pressure Tube (T_PTi)
	oC

	TPTOutside
	Initial Temperature condition for the Outer Surface of the Pressure Tube (T_PTo)
	oC



The next section of code is written as a FOR loop.  The first step in the FOR loop, aside from the functionality of the FOR loop, is to calculate the thermal flux for the current time interval.  The thermal flux is related to the Reactor Power as a percent of Full Power (PWR).  The current version of the module reads the Reactor Power as a percent of Full Power (PWR) from the “Input” worksheet, this value would ideally be provided be the Reactor Physics Module or the Control Module, whether it be by populating the cells in the “Input” worksheet or by the Heat Transfer Module reading the values from an alternate source.  If the Reactor Power is set to <6%, it is taken as 6% due to decay heat. The flux shape in the axial direction along the fuel channel is assumed to follow a cosine profile, having a maximum value in the middle; based on this assumption the flux value at each bundle is calculated.  Again during integration of the modules it would seem appropriate to have the Reactor Physics module supply the bundle specific flux, and average neutron flux at the current time.
Stepping through the code, the first few statements are just part of the FOR loop. The next major portion up to the “TIME DEPENDENT DIFFERENTIAL EQUATION” recalculates the temperature profile in the fuel channel for the conditions at the current time (currTime).
[bookmark: _Toc259809066]Table 8: Definition of Variables used in the FOR Loop
	Constant 
	Description
	Units

	N
	Indexes Cell Location for Instantaneous Power
	-

	currTime
	Current Time
	Sec.

	timeIncr
	Time Increment for the FOR loop1
	Sec.

	PWR
	The Reactor Power as a percent of Full Power at currTime
	%FP

	ThermPWR
	Total Thermal Power at currTime.
	W

	q3
	Thermal Power per Volume at currTime.
	W/m3

	AvgNeutronFlux
	Flux at currTime.
	Neutrons / m2 sec.

	FuelSheathToCoolantDeltaT
	Convection Equation, Sheath to Coolant, at currTime
	oC

	FuelSheathDeltaT
	Change in Temperature across Fuel Sheath at currTime
	oC

	FuelPinToSheathDeltaT
	Change in Temperature between fuel pellet surface (r6) and sheath surface (T_Si) at currTime
	oC

	FuelPinDeltaT
	Change in Temperature from the centre of the fuel pellet to the outer surface (r6) at currTime
	oC

	CoolantToPressureTubeDeltaT
	Convection Equation, Coolant to Pressure Tube, at currTime
	oC

	PressureTubeDeltaT
	Conduction Equation through Pressure Tube, at currTime
	oC

	FuelPinDeltaT1
	Change in Temperature at currTime, Centre of Fuel to Surface at r1
	oC

	FuelPinDeltaT2
	Change in Temperature at currTime, Centre of Fuel to Surface at r2
	oC

	FuelPinDeltaT3
	Change in Temperature at currTime, Centre of Fuel to Surface at r3
	oC

	FuelPinDeltaT4
	Change in Temperature at currTime, Centre of Fuel to Surface at r4
	oC

	FuelPinDeltaT5
	Change in Temperature at currTime, Centre of Fuel to Surface at r5
	oC

	T_PTi
	Pressure Tube, Inner Surface Temperature at currTime
	oC

	T_PTo
	Pressure Tube, Outer Surface Temperature at currTime
	oC

	T_So
	Fuel Sheath, Outer Surface Temperature at currTime
	oC

	T_Si
	Fuel Sheath, Inner Surface Temperature at currTime
	oC

	T_sur
	Fuel Pellet Surface Temperature (at r6) at currTime
	oC

	T_max
	Fuel Pellet Centreline Temperature at currTime
	oC

	T_1
	Steady State Approximation of Fuel Temperature at Surface r1 at currTime
	oC

	T_2
	Steady State Approximation of Fuel Temperature at Surface r2 at currTime
	oC

	T_3
	Steady State Approximation of Fuel Temperature at Surface r3 at currTime
	oC

	T_4
	Steady State Approximation of Fuel Temperature at Surface r4 at currTime
	oC

	T_5
	Steady State Approximation of Fuel Temperature at Surface r5 at currTime
	oC


Notes:
Should not be set above 0.3 sec. otherwise unstable performance of the module will occur, specifically oscillations in fuel temperature.  

Next the heat flux to the bundles and the bundle temperatures are recalculated at currTime.
[bookmark: _Toc259809067]Table 9: Definition of Variables used in the Heat Flux Recalculation Code
	Constant 
	Description
	Units

	BundleHeatToCoolant
	Bundle Thermal Power at currTime
	W

	CoolFlowRate
	Initial Coolant Flow Rate at currTime
	kg/s

	BundleRiseInTempCoolant
	Temperature change across one bundle at currTime
	oC

	TB1In
	Bundle 1 Inlet Temperature (Coolant Inlet temperature) at currTime
	oC

	T_Cool
	Coolant Inlet Temperature (CoolInletTemp) at currTime
	oC

	TB1Out
	Bundle 1 Outlet Temperature at currTime
	oC

	TB1Avg
	Average Across Bundle 1 at currTime
	oC

	TB2In
	Bundle 2 Inlet Temperature (Set as TB1Out) at currTime
	oC

	TB2Out
	Bundle 2 Outlet Temperature at currTime
	oC

	TB2Avg
	Average Across Bundle 2 at currTime
	oC

	TB3In
	Bundle 3 Inlet Temperature (Set as TB2Out) at currTime
	oC

	TB3Out
	Bundle 3 Outlet Temperature at currTime
	oC

	TB3Avg
	Average Across Bundle 3 at currTime
	oC

	TB4In
	Bundle 4 Inlet Temperature (Set as TB3Out) at currTime
	oC

	TB4Out
	Bundle 4 Outlet Temperature at currTime
	oC

	TB4Avg
	Average Across Bundle 4 at currTime
	oC

	TB5In
	Bundle 5 Inlet Temperature (Set as TB4Out) at currTime
	oC

	TB5Out
	Bundle 5 Outlet Temperature at currTime
	oC

	TB5Avg
	Average Across Bundle 5 at currTime
	oC

	TB6In
	Bundle 6 Inlet Temperature (Set as TB5Out) at currTime
	oC

	TB6Out
	Bundle 6 Outlet Temperature at currTime
	oC

	TB6Avg
	Average Across Bundle 6 at currTime
	oC

	TB7In
	Bundle 7 Inlet Temperature (Set as TB6Out) at currTime
	oC

	TB7Out
	Bundle 7 Outlet Temperature at currTime
	oC

	TB7Avg
	Average Across Bundle 7 at currTime
	oC

	TB8In
	Bundle 8 Inlet Temperature (Set as TB7Out) at currTime
	oC

	TB8Out
	Bundle 8 Outlet Temperature at currTime
	oC

	TB8Avg
	Average Across Bundle 8 at currTime
	oC

	TB9In
	Bundle 9 Inlet Temperature (Set as TB8Out) at currTime
	oC

	TB9Out
	Bundle 9 Outlet Temperature at currTime
	oC

	TB9Avg
	Average Across Bundle 9 at currTime
	oC

	TB10In
	Bundle 10 Inlet Temperature (Set as TB9Out) at currTime
	oC

	TB10Out
	Bundle 10 Outlet Temperature at currTime
	oC

	TB10Avg
	Average Across Bundle 10 at currTime
	oC

	TB11In
	Bundle 11 Inlet Temperature (Set as TB10Out) at currTime
	oC

	TB11Out
	Bundle 11 Outlet Temperature at currTime
	oC

	TB11Avg
	Average Across Bundle 11 at currTime
	oC

	TB12In
	Bundle 12 Inlet Temperature (Set as TB11Out) at currTime
	oC

	TB12Out
	Bundle 12 Outlet Temperature at currTime
	oC

	TB12Avg
	Average Across Bundle 12 at currTime
	oC

	TAvgCoolant
	Average Temperature of the Coolant in the Fuel Channel at currTime
	oC




The “TIME DEPENDENT DIFFERENTIAL EQUATION” section, simply put, calculates the change of temperature with time.  The first step taken is to consider the net temperature change in each region is a result of three key factors, the temperature change in the region due to:
Heat generated by Fission.
Heat lost due to leakage out of the region to adjacent regions
Heat gained due to leakage into the region from adjacent regions.
Flux is assumed to be constant throughout the fuel. The fuel is divided into 6 concentric cylinders with the center region called region 1. The sheath (S) is treated as one region of constant temperature for time dependance purposes.  It is assumed there is no heat generated by fission in the sheath.  The heat lost by leakage out of a region is calculated using the conduction equation, for regions 1 through 5.  Heat Leakge out of region 6 is by convection to the fuel sheath. Again all calculated values are specific for the fuel channel for the conditions at the current time (currTime). Finally the deltaT# values are added to the T# values to increase the temperature step-wise over each iteration of the code.



[bookmark: _Toc259809075]Figure 4: Regions used for Heat Transfer Calculations


[bookmark: _Toc259809068]Table 10: Definition of Variables used in the Time Dependant Calculations
	Constant 
	Description
	Units

	ConstB
	Temperature change for each net joule of energy
	m3oC/J

	Ha
	Temperature change due to heat generated by fission
	oC

	Hb_1
	Temperature Change due to heat lost by leakage out, Region 1 to Region 2
	oC

	Hb_2
	Temperature Change due to heat lost by leakage out, Region 2 to Region 3
	oC

	Hb_3
	Temperature Change due to heat lost by leakage out, Region 3 to Region 4
	oC

	Hb_4
	Temperature Change due to heat lost by leakage out, Region 4 to Region 5
	oC

	Hb_5
	Temperature Change due to heat lost by leakage out, Region 5 to Region 6
	oC

	Heat_Hb6
	Heat leakage out of ring six
	J/s

	Hb_6
	Temperature Change due to heat lost by leakage out, Region 6 to Fuel Sheath
	oC

	Hc_1
	Temperature Change due to heat gained by leakage in1
	oC

	Hc_2
	Temperature Change due to heat gained by leakage in, Region 1 to Region 2
	oC

	Hc_3
	Temperature Change due to heat gained by leakage in, Region 2 to Region 3
	oC

	Hc_4
	Temperature Change due to heat gained by leakage in, Region 3 to Region 4
	oC

	Hc_5 
	Temperature Change due to heat gained by leakage in, Region 4 to Region 5
	oC

	Hc_6
	Temperature Change due to heat gained by leakage in, Region 5 to Region 6
	oC

	delatT1
	Change in Temperature at currTime at r1
	oC

	delatT2
	Change in Temperature at currTime at r2
	oC

	delatT3
	Change in Temperature at currTime at r3
	oC

	delatT4
	Change in Temperature at currTime at  r4
	oC

	delatT5
	Change in Temperature at currTime at r5
	oC

	delatT6
	Change in Temperature at currTime at r6
	oC

	T1
	Modified temperature at Region 1
	oC

	T2
	Modified temperature at Region 2
	oC

	T3
	Modified temperature at Region 3
	oC

	T4
	Modified temperature at Region 4
	oC

	T5
	Modified temperature at Region 5
	oC

	T6
	Modified temperature at Region 6
	oC


Notes:
There is no heat leakage into Region 1 as it is always the “hottest” region, Hc_1 = 0 oC.
Next the drop in temperature on the inside of the sheath is calculated. This is a change that is proportional to the temperature change on the fuel surface at the beginning and end of power change.   Following this the heat flow (changing with time) moving through the gap is determined, which will be equivalent to the heat flow through the sheath and coolant at any instant. This value is used to calculate the temperature change in the sheath and coolant. The temperature across the pressure tube is calculated based on a known heat loss to the pressure tubes over the entire reactor of 3MW(Th). (R.A Chaplin, D. o., 2009)
[bookmark: _Toc259809069]Table 11: Definition of Variables used in the Time Dependent Calculations from the Sheath to the Coolant
	Constant 
	Description
	Units

	DeltaSheathInside
	Drop in temperature on the inside of the sheath
	oC

	TSheathInside
	Modified temperature for the Inner Surface of the Sheath at currTime
	oC

	q4
	Heat flow through the gap (changing with time)
	W

	TSheathOutside
	Modified temperature for the Outer Surface of the Sheath at currTime
	oC

	TCoolant
	Modified coolant temperature at currTime
	oC

	TPTInside
	Initial Temperature condition for the Inner Surface of the Pressure Tube (T_PTi)
	oC

	TPTOutside
	Initial Temperature condition for the Outer Surface of the Pressure Tube (T_PTo)
	oC



The final calculations in the code involve the heat loss through the calandria tube via convection and radiation over the annulus gas between the pressure tube and the calandria tube. 
[bookmark: _Toc259809070]Table 12: Definition of Variables used in the Pressure Tube to Calandria Tube Heat Transfer Calculations
	Constant 
	Description
	Units

	Beta
	See Section 5.3
	

	L
	See Section 5.3
	

	RaL
	See Section 5.3
	

	Rac
	See Section 5.3
	

	Keff
	Effective thermal conductivity
	W / moC

	QFreeConvection
	Heat lost through annulus gas via convection
	W

	QRadiation
	Heat lost through annulus gas via radiation
	W

	QcalandriaTube
	Total heat lost through calandria tube
	W



The next section fills in the excel worksheet “Output” for each time iteration. The index n is incremented by 1 until it reaches 1800.
The final part of the code controls the functionality of the GUI buttons.
[bookmark: _Toc259809115]
Description of all Input Data

The user input required to run the Fuel Channel Heat Transfer Module, is also summarized in section 8.0.  

The physical characteristics used to pre-populate the Constants table with physical and chemical properties is based on the CANDU design, using a 37 pin bundle and 380 channels. Users can change the physical characteristic of the reactor, such as the number of fuel pins, number of channels etc. and observe the effects on heat transfer.  Ideally as part of future work this capability would be verified so as to allow for simulation of other CANDU designs, such as the CANDU6 plants, CANDU9 plants, GE Constructed Plants (Pickering, Bruce, Darlington etc.) and other possibilities.

	The required input parameters, ideally obtained from other modules, are:

Reactor Full Power Thermal Power (FullPWR_ThermPWR): Characteristic of each Reactor design, different reactors have different full power thermal power values.  This also allows the user to model a reactor running at a reduced rating.
Full Power Average Neutron Flux (FullPWR_AvgNeutronFlux): Characteristic of Reactor design. This value would ideally be provided from the Reactor Physics Module.
Coolant Inlet Temperature (CoolInletTemp):  This value would ideally be provided from the Channel Thermohydraulics module.
Coolant Inlet Pressure (CoolInletPres): This value would ideally be provided from the Channel Thermohydraulics module.
Coolant Inlet Flowrate (CoolInletFlow): This value would ideally be provided from the Channel Thermohydraulics module.

[bookmark: _Toc259809116]
Test Cases and Discussion of Results
[bookmark: _Toc259809117]Case 1: 100% FP

The initial scenario that was tested on the fuel channel simulator was a simple 100% full power situation.  For this situation, the reactor thermal power was set at 2156 MW within a 380 fuel channel reactor core.  The mass flow of coolant through the reactor was set at 20 Kg/s with no flow blockage.

[bookmark: _Toc259809076]Figure 5: Screen Shot of Simulator User Input Screen 100% FP
[image: ]


Results for Test Case #1
The following graphical outputs were obtained from Test Case #1:
[bookmark: _Toc259809077]Figure 6: Fuel Temperature profile from fuel pin center to surface
[image: ]
[bookmark: _Toc259809078]Figure 7: Fuel Sheath & Pressure Tube Temperature at Full Power
[image: ]
Discussion of Results for Test Case #1
The simulation was run and obtained steady state within the first 200th time increments (~20s).  The final average fuel temperature at 100% power was recorded at 838 °C.  The average fuel bundle temperature at full power is known to be approximately 700 °C.  As the number of fuel pin “shells” was increased within the integration, the average fuel pin temperature dropped closer to the expected value of 700 °C.  It should be noted that if the number of integration “shells” was increased above the current number of 6, the accuracy of the model should improve.  Increasing the number of shells was beyond the scope of this simulation. Within the scope of this simulation these results were as expected.

[bookmark: _Toc259809118]Case 2: 100% FP Followed by 50% Setback

The second scenario that was tested on the fuel channel simulator was a 100% full power situation followed by a setback of 50% at the 1100th time increment (110s).  For this situation, the reactor thermal power was set at 2156 MW within a 380 fuel channel reactor core.  The mass flow of coolant through the reactor was set at 20 Kg/s with no flow blockage.

[bookmark: _Toc259809079]Figure 8: Screen Shot of Simulator User Input Screen 100% FP Followed by 50% Setback
[image: ]


Results for Test Case #2
The following graphical outputs were obtained from Test Case #2:
[bookmark: _Toc259809080]Figure 9: Fuel Pin Temperature Profile for 100% FP followed by 50% Setback
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[bookmark: _Toc259809081]Figure 10: Fuel Sheath and Pressure Tube Temperature Profile for 100% FP followed by 50% Setback
[image: ]
Discussion of Results for Test Case #2
The simulation was run and obtained steady state within the first 200th time increments (~20s).  The final average fuel temperature at 100% power was recorded at 838 °C. At the 1100th time increment, the 50% setback was initiated.  It took an additional 300 time increments (~30s) for the final steady state value to be obtained following the setback.  Following the setback, a final steady state average fuel temperature of 551 °C was obtained. The initial fuel temperature of 838 °C matched the steady state fuel temperature achieved in Test Case #1, which was as expected. The subsequent decrease in fuel temperature after the set back in reactor power is as expected. We did not have any other simulated values to compare this temperature with. 

[bookmark: _Toc259809119]Case 3: 100% FP Followed by 97% Flow Reduction

The third scenario that was tested on the fuel channel simulator was a 100% full power situation.  For this situation, the reactor thermal power was set at 2156 MW within a 380 fuel channel reactor core.  The mass flow of coolant through the reactor was set initially at 20 Kg/s.  At a time increment of 900 (~90s), a flow reduction of 97% for the coolant was simulated.

[bookmark: _Toc259809082]Figure 11: Screen Shot of Simulator User Input Screen 100% FP Followed by 97% Flow Reduction
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Results for Test Case #3
The following graphical outputs were obtained from Test Case #3:
[bookmark: _Toc259809083]Figure 12: Fuel Pin Temperature Profile for 100% FP followed by 97% Coolant Flow Reduction


[bookmark: _Toc259809084]Figure 13: Fuel Sheath & Pressure Tube Temperature Profile for 100% FP followed by 97% Flow Reduction

Discussion of Results for Test Case #3
The simulation was run and obtained steady state within the first 200th time increments (~20s).  The final average fuel temperature at 100% power was recorded at 838 °C. At the 900th time increment, the 97% flow reduction was initiated.  It took an additional 100 time increments (~10s) for the final steady state value to be obtained following the flow reduction.  Following the flow reduction, a final steady state average fuel temperature of 1139 °C was obtained. The initial fuel temperature of 838 °C matched the steady state fuel temperature achieved in Test Case #1, which was as expected. The subsequent increase in fuel temperature after the decrease in coolant flow is as expected. We did not have any other simulated values to compare this temperature with.

[bookmark: _Toc259809120]Case 4: 100% FP Followed by 97% Flow Reduction, Followed by 50% Setback

The fourth scenario that was tested on the fuel channel simulator was a 100% full power situation.  For this situation, the reactor thermal power was set at 2156 MW within a 380 fuel channel reactor core.  The mass flow of coolant through the reactor was set initially at 20 Kg/s.  At a time increment of 900 (~90s), a flow reduction of 97% for the coolant was simulated.  Following the flow reduction, a setback in reactor power of 50% will be initiated at the 1100 time increment.

[bookmark: _Toc259809085]Figure 14: Screen Shot of Simulator User Input Screen 100% FP Followed by 97% Flow Reduction, Followed by 50% Setback
[image: ]

Results of Test Case #4
The following graphical outputs were obtained from Test Case #4:
[bookmark: _Toc259809086]Figure 15: Fuel Pin Temperature Profile for 100% FP followed by 97% Coolant Flow Reduction, Followed by 50% Set Back
[image: ]
[bookmark: _Toc259809087]Figure 16: Fuel Sheath & Pressure Tube Temperature Profile for 100% FP followed by 97% Coolant Flow Reduction, Followed by 50% Set Back
[image: ]
Discussion of Results from Test Case #4
The simulation was run and obtained steady state within the first 200th time increments (~20s).  The final average fuel temperature at 100% power was recorded at 838 C. At the 900th time increment, the 97% flow reduction was initiated.  Steady state temperature due to the flow reduction was not obtained, as the set back by 50% occurred before the temperature plateau was obtained.  Following the set back of 50%, it took approximately 300 time increments (30s) for a steady state temperature of 702 C to be obtained. The initial fuel temperature of 838 °C matched the steady state fuel temperature achieved in Test Case #1, which was as expected. The subsequent increase in fuel temperature after the decrease in coolant flow is as expected. The decrease in fuel temperature following the reactor step-back is also as expected. We did not have any other simulated values to compare this temperature with.

[bookmark: _Toc259809121]
Proposed Improvements

The following are listed as possible improvements in subsequent revisions of this project:

It would be of value and likely increase the accuracy of results if the Average Neutron Flux  and Bundle Specific Flux at the current time was provided by the Reactor Physics Module.
It is assumed that there was no heat lost from the ends of the fuel and channels. In addition to modelling these losses it would be advantageous to incorporate the significant heat losses from surrounding components and systems including the End Shield System. It is recommended that these losses and additions (eg. Moderator and Reflector) should be integrated into this Heat Transfer Model. 
The physical characteristics used to pre-populate the Constants table with physical and chemical properties are based on the CANDU design, using a 37 pin bundle and 380 channels. Users can change the physical characteristic of the reactor, such as the number of fuel pins, number of channels etc. and observe the effects on heat transfer.  Ideally as part of future work this capability would be verified so as to allow for simulation of other CANDU designs, such as the CANDU6 plants, CANDU9 plants, GE Constructed Plants (Pickering, Bruce, Darlington etc.) and other possibilities.
Accuracy of the model should improve if the number of integration “shells” is increased above the current number of 6.  
The simplification of assuming the Calandria Tube wall conduction is minimal (or that the inner surface temperature is equal to the cooled moderator temperature) can be developed in a future iteration of the code and simulation. 
Incorporation of emergency conditions involving elevated thermal power and fuel heat production requires special analysis. A future advancement may include the analysis of these conditions and implications. 


[bookmark: _Toc259809122]Conclusions

The development of the Fuel Heat Transfer for a simplified CANDU 6 utilized the accumulation of various thermodynamic and heat transfer modes, formulas and models. The purpose of this report was to document the assumptions, constants, formulas used (as well as their specific references), the simulation results, simulation test cases and recommended future advancements.   

During the development of the VBA code, initially founded on the steady state derivations for heat transfer, several issues were identified that required further code explanations and inclusions. The most critical was that the heat transfer in the core required an element of time dependence based on reactor thermal power changes. As a result, the code was advanced to use heat transfer balance equations incorporating heat in and out of regions as well as fission heat production. 

Further developments were included to calculate the radial heat transfer towards the moderator. Even though it was optional, the heat transfer between the Pressure Tube and Calandria Tube was developed and included. This was an important element to the heat transfer within the core and as such it was strongly felt by the group that this item should be included in the initial code foundation and could be utilized later to further detail and develop more accurately the interplay of events.  

During testing and verification of the software package, 4 scenarios were tested for reactor operation.  The first scenario that was tested was a 100% full power situation.  During this simulation, the average fuel temperature was simulated to be 838 oC.  This value was close to the expected average value of 700 oC.  It should be noted that as the number of integration “shells” was increased across a fuel pellet, the average temperature dropped and converged towards the expected value.  In addition to this 100% full power scenario, a 50% setback situation, 97% flow reduction situation and 97% flow reduction followed by a 50% setback situation were simulated.

These test scenarios showed that a successful fuel channel model can be formulated through the use of thermodynamic and heat transfer fundamentals. 

[bookmark: _Ref259279461][bookmark: _Ref259279700][bookmark: _Toc259809123]Appendix A: Constant and Variable Definitions

Included below are the constants and variables used in the above report’s numerical calculations as well as the embedded models used in the “Fuel Heat Transfer” Visual Basic Code. 

[bookmark: _Toc259809071]Table 13: Constants and Variables
	Symbol
	Definition
	Units
	Value / Reference

	Constants

	PTH
	Reactor Power (Thermal)
	MW(th)
	2029.7 (R.A Chaplin D. o., 2009) 

	r
	Fuel pellet radius
	m
	0.00608 (R.A Chaplin D. o., 2009)

	l
	Fuel pellet length
	m
	0.480 (R.A Chaplin D. o., 2009)

	rsi
	Fuel Sheath Inner Radius
	m
	0.006121 (R.A Chaplin D. o.)

	tsheath
	Fuel Sheath Thickness
	m
	0.000419 (R.A Chaplin D. o.)

	rso
	Fuel Sheath Outer Radius
	m
	0.00654 (R.A Chaplin D. o., 2009)

	rPTinner
	Pressure Tube Inner Radius
	m
	0.05169 (R.A Chaplin D. o., 2009)

	tPT
	Pressure Tube Thickness
	m
	0.00419 (R.A Chaplin D. o., 2009)

	rPTouter
	Pressure Tube Outer Radius
	m
	0.05588 (R.A Chaplin D. o., 2009)

	Bu
	Fuel Bundles Per Channel
	Bundles
	12 (R.A Chaplin D. o., 2009)

	n
	Number of pins
	Pins
	37 (R.A Chaplin D. o.)

	Ch
	Number of Fuel Channels
	Channels
	380 (R.A Chaplin D. o., 2009)

	Ef
	Energy released per fission
	J
	32x10-12 (E. Nichita)

	NA
	Avogadro’s Number
	nuclei/mol
	6.02 x 1023 

	Mf
	Molecular Mass Fissile fuel
	g/mol
	235

	Ρf
	Density of the fissile fuel
	g/m3
	10.5 (R.A. Chaplin)

	

	Enrichment fraction
	%
	0.72 (R.A Chaplin D. o.)

	Ρ
	Overall fuel density
	g/m3
	270

	σf
	Uranium Fission Cross Section
	m2
	5.28x10-26 (Lamarsh & Baratta)

	KUO2
	Uranium Dioxide Thermal Conductivity
	W/m  ̊C
	2.5 (R.A Chaplin D. o.)

	KZr
	Zircalloy Thermal Conductivity
	W/m  ̊C
	15 (R.A Chaplin D. o.)

	hPS
	Fuel to Sheath Heat Transfer Coefficient
	W/m2    ̊C
	3000 (R.A Chaplin D. o.)

	hSC
	Sheath to Coolant Heat Transfer Coefficient
	W/m2    ̊C
	40000 (R.A Chaplin D. o.)

	Cp
	Specific Heat Capacity UO2
	J/ kg  ̊C
	240 (Lamarsh & Baratta)

	Cp
	Coolant D2O @ 290  ̊C
	J/ kg  ̊C
	475.33 (Hill, MacMillan, & Lee)

	ΡD20
	Density D2O
	Kg/m3
	1105.6 (Hill, MacMillan, & Lee)

	Calculation Variables

	q’’’
	Heat Release Rate
	W/m3
	

	Rf
	Fission reaction rate
	m-3
	

	Nf
	Concentration of fissile nuclei
	Nuclei/m3
	

	n
	Neutron concentration
	m-3
	

	v
	Neutron velocity
	m/s
	

	Φ
	Neutron flux
	n/m2s
	

	i
	Number of fissile nuclei per molecule of the fuel
	
	

	f
	Mass fraction of U in UO2
	
	



	Free Convection and Radiation Constants and Variables

	Di
	Inside Diameter of Calandria Tube
	m
	0.06625 (R.A Chaplin D. o., 2009)

	Do
	Outside Diameter of Pressure Tube
	m
	0.05588 (R.A Chaplin D. o., 2009)

	To
	Temperature of Calandria Tube 
	 ̊C
	61 (OPG)

	Ti
	Temperature of Pressure Tube 
	 ̊C
	

	L
	Gap between Concentric cylinders
	m
	[Calculated above]

	g
	Gravity
	m/s2
	9.8 

	β
	Expansion Coefficient
	K-1
	[Calculated above]

	v
	Kinematic Viscosity CO2  at 450 K
	m2/s
	17.8 x 10-6 (P. Incropera & P. DeWitt, 2002)

	α
	Thermal Diffusivity CO2  at 450 K
	m2/s
	24.5 x 10-6 (P. Incropera & P. DeWitt, 2002)

	Pr
	Prandtl Number CO2  at 450 K
	Unitless
	0.728 (P. Incropera & P. DeWitt, 2002)

	k
	Thermal Conductivity
	W/m K
	28.3 x 10-6 (P. Incropera & P. DeWitt, 2002)

	Ai
	Surface Area of Pressure Tube
	m2
	2πrPTouterL = 2.022

	σ
	Stefan Boltzman Constant
	w/m2K4
	5.67 x 10-8 (P. Incropera & P. DeWitt, 2002)

	εi
	Emissivity of Pressure Tube
	Unitless
	0.6 (Murphy & Havelock, 1975)

	εo
	Emissivity of Calandria Tube
	Unitless
	0.6 (Murphy & Havelock, 1975)

	Lch
	Length of Channel
	m
	0.480 x 12







[bookmark: _Toc259809124]
Appendix B: Heat Transfer Module Code
Sub Macro2()
Reset
'
'define inputs
FullPWR_ThermPWR = Worksheets("Input").Cells(3, 9)              '(W)
CoolInletTemp = Worksheets("Input").Cells(4, 9)                 '(C)
CoolInletPres = Worksheets("Input").Cells(5, 9) * 10 ^ 6        '(Pa)
CoolInletFlow = Worksheets("Input").Cells(6, 9)                 '(kg/s)
HeatToPressureTube = Worksheets("Input").Cells(7, 9)               '(W)

'define constants
UrDensity = Worksheets("Input").Cells(9, 9)                     '(kg/m^3) Uranium density
DensityD20 = Worksheets("Input").Cells(29, 9)                   '(kg/m^3) D20 density

U235MicroCrossSection = Worksheets("Input").Cells(10, 9)      'fission microscopic cross section (m^2)
EnergyReleased = Worksheets("Input").Cells(11, 9)               'Energy released in fission (J)

FuelPelletRad = Worksheets("Input").Cells(13, 9)                '(m)
FuelPelletLen = Worksheets("Input").Cells(14, 9)                '(m)
FuelSheathInnerRad = Worksheets("Input").Cells(15, 9)           '(m)
FuelSheathOuterRad = Worksheets("Input").Cells(16, 9)           '(m)
FuelCladThickness = Worksheets("Input").Cells(17, 3)            '(m)

NumFuelPins = Worksheets("Input").Cells(18, 9)
NumFuelAssPerChannel = Worksheets("Input").Cells(19, 9)
NumChannels = Worksheets("Input").Cells(20, 9)

ThermConductivityUO2 = Worksheets("Input").Cells(22, 9)         '(W /m C) Thermal conductivity, k (conduction)
ThermConductivityZircalloy = Worksheets("Input").Cells(23, 9)   '(W /m C) Thermal conductivity, k (conduction)
ThermConductivityD20 = Worksheets("Input").Cells(27, 9)         '(W /m C) Thermal conductivity, k (conduction)

PelletCladGapCoef = Worksheets("Input").Cells(24, 9)            '(W /m^2 C) Coefficient of Heat Transfer, h (convection)
CladToWaterHeatTransferCoef = Worksheets("Input").Cells(25, 9)  '(W /m^2 C) Coefficient of Heat Transfer, h (convection)

SpecificHeatCapacityUO2 = Worksheets("Input").Cells(28, 9)      '(J/kg K) Specific Heat Capacity (at constant pressure) Cp
SpecificHeatCapacityD20 = Worksheets("Input").Cells(29, 9)      '(J/kg K) Specific Heat Capacity (at constant pressure) Cp

ThermalConductivityPT = Worksheets("Input").Cells(35, 9) 'thermal conductivity of pressure tube
HeatTransferD2O_PT = Worksheets("Input").Cells(34, 9) 'heat transfer coefficient between D2O and Pressure Tube
PressureTubeIR = Worksheets("Input").Cells(32, 9) 'pressure tube inner radius
PressureTubeOR = Worksheets("Input").Cells(33, 9) 'pressure tube outter radius

ModTemp = Worksheets("Input").Cells(26, 9) 'mod temperature
KCO2 = Worksheets("Input").Cells(27, 9) 'conductivity K for CO2
CTID = Worksheets("Input").Cells(37, 9)  'Calandria Tube Inner Diameter
CTOD = Worksheets("Input").Cells(38, 9)  'Calandria Tube Outer Diameter
PRCO2 = Worksheets("Input").Cells(39, 9)    'Pr for CO2
vCo2 = Worksheets("Input").Cells(40, 9)     'v for CO2
AlphaCO2 = Worksheets("Input").Cells(41, 9) 'alpha for CO2
sigmaCO2 = Worksheets("Input").Cells(42, 9)
ECO2 = Worksheets("Input").Cells(43, 9)

'Calculate derived values
FuelPinVolume = 3.1459 * FuelPelletRad ^ 2 * FuelPelletLen                  '(m^3)
VolOfFuelInReactor = (3.1459 * FuelPelletRad ^ 2 * FuelPelletLen) * (NumFuelPins * NumFuelAssPerChannel * NumChannels) '(m^3)
DenU235Nuclei = (6.02 * 10 ^ 23 / 235) * 0.0072 * (238 / 270) * UrDensity   '(nuclei/m^3) Concentration of fissionable uranium nuclei; from "Nuclear Reactor Heat Removal page 10"
U235MacroCrossSection = U235MicroCrossSection * DenU235Nuclei             '(m^-1) fission macroscopic cross section ; should be close to 0.004 cm^-1 = 0.4 m^-1

'TIME DEPENDENT MODEL:
'-In order to describe the time dependent changes within the fuel, the fuel pin is divided into six concentric cylinders (regions 1 to 3).
'-The temperature is assumed to be constant within each ring.  The change in temperature with respect to time is calculated in the for loop in the main body of the code below.

'Define 3 concentric cylindrical regions within the fuel to model the time dependence of Temperature
r1 = FuelPelletRad / 6                                      '(m)
r2 = 2 * r1                                                 '(m)
r3 = 3 * r1                                                 '(m)
r4 = 4 * r1                                                 '(m)
r5 = 5 * r1                                                 '(m)
r6 = 6 * r1                                                 '(m)

'Surface Area at each radius (for heat transfer across the surface)
area_r1 = 2 * 3.1459 * r1 * FuelPelletLen                   '(m^2)
area_r2 = 2 * 3.1459 * r2 * FuelPelletLen                   '(m^2)
area_r3 = 2 * 3.1459 * r3 * FuelPelletLen                   '(m^2)
area_r4 = 2 * 3.1459 * r4 * FuelPelletLen                   '(m^2)
area_r5 = 2 * 3.1459 * r5 * FuelPelletLen                   '(m^2)
area_r6 = 2 * 3.1459 * r6 * FuelPelletLen                   '(m^2)

'Volume of each region
volr1 = 3.1459 * r1 ^ 2 * FuelPelletLen                     '(m^3)
volr2 = 3.1459 * (r2 ^ 2 - r1 ^ 2) * FuelPelletLen          '(m^3)
volr3 = 3.1459 * (r3 ^ 2 - r2 ^ 2) * FuelPelletLen          '(m^3)
volr4 = 3.1459 * (r4 ^ 2 - r3 ^ 2) * FuelPelletLen          '(m^3)
volr5 = 3.1459 * (r5 ^ 2 - r4 ^ 2) * FuelPelletLen          '(m^3)
volr6 = 3.1459 * (r6 ^ 2 - r5 ^ 2) * FuelPelletLen          '(m^3)

Worksheets("Output").Cells(6, 40) = volr1
Worksheets("Output").Cells(6, 41) = volr2
Worksheets("Output").Cells(6, 42) = volr3
Worksheets("Output").Cells(6, 43) = volr4
Worksheets("Output").Cells(6, 44) = volr5
Worksheets("Output").Cells(6, 45) = volr6

'********************************* MAIN BODY OF CODE *****************************************************

'Iteration Parameter
'WARNING: the iterative loop will become unstable with timeIncr > 0.3s with 6 rings in the fuel.
timeIncr = 0.1                                                  '(s)

'PROBLEM DEFINITION:
'Given the local coolant temperature, calculate the delta T (relative to the coolant) at various radial positions in the fuel lattice using the conduction and convection equations.
'These values are calculated assuming pseudo steady state; as the power changes the heat (q3) will change instantaneously.
  
'Initial Conditions:
     PWR = Worksheets("Input").Cells(2, 2)                           '% FP
     'Power cannot be less than 6% due to decay heat.
     If PWR < 0.06 Then PWR = 0.06
      
    'Thermal Properties of the Reactor
     T_Cool = CoolInletTemp                                          'Coolant Inlet Temperature (C)
     ThermPWR = PWR * FullPWR_ThermPWR                               'Total Thermal Power (W)
     q3 = ThermPWR / VolOfFuelInReactor                              'Thermal Power per Volume (W/m^3)
     AvgNeutronFlux = q3 / (U235MacroCrossSection * EnergyReleased)  'Flux (neutrons/m^2 s)
    
    'Temperature Drop across fuel lattice (Steady State)
     FuelSheathToCoolantDeltaT = (q3 * FuelSheathOuterRad) / (2 * CladToWaterHeatTransferCoef)        'convection equation into coolant from sheath
     FuelSheathDeltaT = (q3 * FuelSheathInnerRad ^ 2 * Log(FuelSheathOuterRad / FuelSheathInnerRad)) / (2 * ThermConductivityZircalloy)
     FuelPinToSheathDeltaT = (q3 * FuelPelletRad) / (2 * PelletCladGapCoef)
     FuelPinDeltaT = (q3 * FuelPelletRad ^ 2) / (4 * ThermConductivityUO2)                               'Change in temperature from the center of the fuel to the outer surface (r3)
     CoolantToPressureTubeDeltaT = (q3 * FuelSheathOuterRad ^ 2) / (2 * HeatTransferD2O_PT * PressureTubeIR) 'convection equation for heat from coolant to Pressure Tube
     PressureTubeDeltaT = (q3 * FuelSheathOuterRad ^ 2) / (2 * ThermalConductivityPT) * Log(PressureTubeOR / PressureTubeIR) 'conduction equation through the pressure tube
     
    'Steady state approximates for the six regions within the fuel pins
    '-NOTE: r6 = fuel surface so only 5 calculations
     FuelPinDeltaT1 = (q3 * r1 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r1
     FuelPinDeltaT2 = (q3 * r2 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r2
     FuelPinDeltaT3 = (q3 * r3 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r3
     FuelPinDeltaT4 = (q3 * r4 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r4
     FuelPinDeltaT5 = (q3 * r5 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r5
    
     'HEAT FLUX
      BundleHeatToCoolant = q3 * 3.1459 * FuelSheathOuterRad ^ 2 * FuelPelletLen    'Bundle Thermal Power (W)
      CoolFlowRate = Worksheets("Input").Cells(2, 3) ' Initial Coolant Flow Rate (kg/s)
      BundleRiseInTempCoolant = BundleHeatToCoolant / SpecificHeatCapacityD20 / CoolFlowRate '(J/s) / (J/kg C) / (kg/s) = C
      
      'coolant average temperatures at each bundle locations
      TB1In = T_Cool
      TB1Out = TB1In + BundleRiseInTempCoolant
      TB1Avg = (TB1In + TB1Out) / 2
      TB2In = TB1Out
      TB2Out = TB2In + BundleRiseInTempCoolant
      TB2Avg = (TB2In + TB2Out) / 2
      TB3In = TB2Out
      TB3Out = TB3In + BundleRiseInTempCoolant
      TB3Avg = (TB3In + TB3Out) / 2
      TB4In = TB3Out
      TB4Out = TB4In + BundleRiseInTempCoolant
      TB4Avg = (TB4In + TB4Out) / 2
      TB5In = TB4Out
      TB5Out = TB5In + BundleRiseInTempCoolant
      TB5Avg = (TB5In + TB5Out) / 2
      TB6In = TB5Out
      TB6Out = TB6In + BundleRiseInTempCoolant
      TB6Avg = (TB6In + TB6Out) / 2
      TB7In = TB6Out
      TB7Out = TB7In + BundleRiseInTempCoolant
      TB7Avg = (TB7In + TB7Out) / 2
      TB8In = TB7Out
      TB8Out = TB8In + BundleRiseInTempCoolant
      TB8Avg = (TB8In + TB8Out) / 2
      TB9In = TB8Out
      TB9Out = TB9In + BundleRiseInTempCoolant
      TB9Avg = (TB9In + TB9Out) / 2
      TB10In = TB9Out
      TB10Out = TB10In + BundleRiseInTempCoolant
      TB10Avg = (TB10In + TB10Out) / 2
      TB11In = TB10Out
      TB11Out = TB11In + BundleRiseInTempCoolant
      TB11Avg = (TB11In + TB11Out) / 2
      TB12In = TB11Out
      TB12Out = TB12In + BundleRiseInTempCoolant
      TB12Avg = (TB12In + TB12Out) / 2

      'with average bundle temperatures, you can calculate the average temp of the coolant in the fuel channel
      TAvgCoolant = (TB1Avg + TB2Avg + TB3Avg + TB4Avg + TB5Avg + TB6Avg + TB7Avg + TB8Avg + TB9Avg + TB10Avg + TB11Avg + TB12Avg) / 12
    
                    
    'Absolute Temperatures across radial direction:
     T_PTi = TAvgCoolant - CoolantPressureTubeDeltaT                                'pressure tube inner temperature
     T_PTo = T_PTi - PressureTubeDeltaT                                             'pressure tube outter temperature
     T_So = TAvgCoolant + FuelSheathToCoolantDeltaT                                 'Fuel Sheath Outer surface temperature(C)
     T_Si = T_So + FuelSheathDeltaT                                                 'Fuel Sheath Inner surface temperature(C)
     T_Sur = T_Si + FuelPinToSheathDeltaT                                           'Fuel Surface temperature(C)
     T_max = T_Sur + FuelPinDeltaT                                                  'Fuel Centerline temperature(C)
     T_1 = T_max - FuelPinDeltaT1                                                   'Steady State approximation of fuel temperature at r1 (C)
     T_2 = T_max - FuelPinDeltaT2                                                   'Steady State approximation of fuel temperature at r2 (C)
     T_3 = T_max - FuelPinDeltaT3                                                   'Steady State approximation of fuel temperature at r3 (C)
     T_4 = T_max - FuelPinDeltaT4                                                   'Steady State approximation of fuel temperature at r4 (C)
     T_5 = T_max - FuelPinDeltaT5                                                   'Steady State approximation of fuel temperature at r5 (C)
     
     'Set initial temperature conditions of six regions within the fuel for time dependent calculation
     T1 = (T_max + T_1) / 2    'Initial condition for T1 is the average of T(fuel center) and T(r1)
     T2 = (T_1 + T_2) / 2      'Initial condition for T2 is the average of T(r1) and T(r2)
     T3 = (T_2 + T_3) / 2      'Initial condition for T3 is the average of T(r2) and T(r3)
     T4 = (T_3 + T_4) / 2      'Initial condition for T4 is the average of T(r3) and T(r4)
     T5 = (T_4 + T_5) / 2      'Initial condition for T5 is the average of T(r4) and T(r5)
     T6 = (T_5 + T_Sur) / 2    'Initial condition for T6 is the average of T(r5) and T(fuel surface)
     'Set initial temperature conditions for other variables.
     TSheathInside = T_Si
     TSheathOutside = T_So
     TCoolant = TAvgCoolant
     TPTInside = T_PTi
     TPTOutside = T_PTo

'&&&&&&&&&&&&&&&&&&&& TIME DEPENDENT LOOP &&&&&&&&&&&&&&&&&&&&&&&&&&&&&
                                
For N = 6 To 1800
currTime = currTime + timeIncr
    
    'Recalculate Thermal Power and Flux assuming Pseudo Steady State:
        PWR = Worksheets("Input").Cells(2 + (N - 6), 2)                 '% FP
        If PWR < 0.06 Then PWR = 0.06                                   'Minimum power is set to 6% due to decay heat.
        ThermPWR = PWR * FullPWR_ThermPWR                               'Total Thermal Power of reactor (W)
        q3 = ThermPWR / VolOfFuelInReactor                              'Thermal Power per Volume (W/m^3)
        AvgNeutronFlux = q3 / (U235MacroCrossSection * EnergyReleased)  'Flux (neutrons/m^2 s)
    
    'For comparison purposes, recalculate temperatures assuming Pseudo Steady State:
        FuelSheathToCoolantDeltaT = (q3 * FuelSheathOuterRad) / (2 * CladToWaterHeatTransferCoef)        'convection equation into coolant from sheath
        FuelSheathDeltaT = (q3 * FuelSheathInnerRad ^ 2 * Log(FuelSheathOuterRad / FuelSheathInnerRad)) / (2 * ThermConductivityZircalloy)
        FuelPinToSheathDeltaT = (q3 * FuelPelletRad) / (2 * PelletCladGapCoef)
        FuelPinDeltaT = (q3 * FuelPelletRad ^ 2) / (4 * ThermConductivityUO2)                               'Change in temperature from the center of the fuel to the outer surface (r3)
        CoolantToPressureTubeDeltaT = (q3 * FuelSheathOuterRad ^ 2) / (2 * HeatTransferD2O_PT * PressureTubeIR) 'convection equation for heat from coolant to Pressure Tube
        PressureTubeDeltaT = (q3 * FuelSheathOuterRad ^ 2) / (2 * ThermalConductivityPT) * Log(PressureTubeOR / PressureTubeIR) 'conduction equation through the pressure tube
        FuelPinDeltaT1 = (q3 * r1 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r1
        FuelPinDeltaT2 = (q3 * r2 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r2
        FuelPinDeltaT3 = (q3 * r3 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r3
        FuelPinDeltaT4 = (q3 * r4 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r4
        FuelPinDeltaT5 = (q3 * r5 ^ 2) / (4 * ThermConductivityUO2)                 'Change in temperature from the center of the fuel to r5

        'Steady State Absolute Temperatures:
        T_PTi = TAvgCoolant - CoolantPressureTubeDeltaT                                 'pressure tube inner temperature
        T_PTo = T_PTi - PressureTubeDeltaT                                              'pressure tube outter temperature
        T_So = TAvgCoolant + FuelSheathToCoolantDeltaT                                  'Local coolant temperature(C
        T_Si = T_So + FuelSheathDeltaT                                                  'Fuel Sheath Outer surface temperature(C)
        T_Sur = T_Si + FuelPinToSheathDeltaT                                            'Fuel Sheath Inner surface temperature(C)
        T_max = T_Sur + FuelPinDeltaT                                                   'Fuel Surface temperature(C)
        T_1 = T_max - FuelPinDeltaT1                                                   'Steady State approximation of fuel temperature at r1 (C)
        T_2 = T_max - FuelPinDeltaT2                                                   'Steady State approximation of fuel temperature at r2 (C)
        T_3 = T_max - FuelPinDeltaT3                                                   'Steady State approximation of fuel temperature at r3 (C)
        T_4 = T_max - FuelPinDeltaT4                                                   'Steady State approximation of fuel temperature at r4 (C)
        T_5 = T_max - FuelPinDeltaT5                                                   'Steady State approximation of fuel temperature at r5 (C)
       
    'Recalculate heat flux into fuel bundles
        BundleHeatToCoolant = q3 * 3.1459 * FuelSheathOuterRad ^ 2 * FuelPelletLen    'Bundle Thermal Power (W)
        CoolFlowRate = Worksheets("Input").Cells(N - 4, 3) '(kg/s)
        BundleRiseInTempCoolant = BundleHeatToCoolant / SpecificHeatCapacityD20 / CoolFlowRate '(J/s) / (J/kg C) / (kg/s) = C
        
        'coolant average temperatures at each bundle locations
        TB1In = T_Cool
        TB1Out = TB1In + BundleRiseInTempCoolant
        TB1Avg = (TB1In + TB1Out) / 2
        TB2In = TB1Out
        TB2Out = TB2In + BundleRiseInTempCoolant
        TB2Avg = (TB2In + TB2Out) / 2
        TB3In = TB2Out
        TB3Out = TB3In + BundleRiseInTempCoolant
        TB3Avg = (TB3In + TB3Out) / 2
        TB4In = TB3Out
        TB4Out = TB4In + BundleRiseInTempCoolant
        TB4Avg = (TB4In + TB4Out) / 2
        TB5In = TB4Out
        TB5Out = TB5In + BundleRiseInTempCoolant
        TB5Avg = (TB5In + TB5Out) / 2
        TB6In = TB5Out
        TB6Out = TB6In + BundleRiseInTempCoolant
        TB6Avg = (TB6In + TB6Out) / 2
        TB7In = TB6Out
        TB7Out = TB7In + BundleRiseInTempCoolant
        TB7Avg = (TB7In + TB7Out) / 2
        TB8In = TB7Out
        TB8Out = TB8In + BundleRiseInTempCoolant
        TB8Avg = (TB8In + TB8Out) / 2
        TB9In = TB8Out
        TB9Out = TB9In + BundleRiseInTempCoolant
        TB9Avg = (TB9In + TB9Out) / 2
        TB10In = TB9Out
        TB10Out = TB10In + BundleRiseInTempCoolant
        TB10Avg = (TB10In + TB10Out) / 2
        TB11In = TB10Out
        TB11Out = TB11In + BundleRiseInTempCoolant
        TB11Avg = (TB11In + TB11Out) / 2
        TB12In = TB11Out
        TB12Out = TB12In + BundleRiseInTempCoolant
        TB12Avg = (TB12In + TB12Out) / 2
        
        'with average bundle temperatures, you can calculate the average temp of the coolant in the fuel channel
        TAvgCoolant = (TB1Avg + TB2Avg + TB3Avg + TB4Avg + TB5Avg + TB6Avg + TB7Avg + TB8Avg + TB9Avg + TB10Avg + TB11Avg + TB12Avg) / 12
        
        
'TIME DEPENDENT DIFFERENTIAL EQUATION:
    'dT/dt = (Constant)(Net Energy Created in region) = net temperature change in a given region = H
    '-ConstB represents the "Constant" term that describes the temperature change for each net joule of energy.
    '-Flux is assumed to be constant throughout the fuel.
    
        ConstB = 1 / (UrDensity * SpecificHeatCapacityUO2) '(K/J)
        'UNITS:     '1/ '(kg/m^3) (J/kg C) = (J/ m^3 C) (m^3 C/J)
    
    '-Net Temperature change in each region is split into three terms: H = Ha + Hb + Hc
    '-->Ha = temperature change due to heat generated by fission.
    '-->Hb = temperature change due to heat lost by to leakage out.
    '-->Hc = temperature change due to heat added by leakage in.
       
        Ha = timeIncr * EnergyReleased * U235MacroCrossSection * AvgNeutronFlux / UrDensity / SpecificHeatCapacityUO2
    'UNITS:= (s)      * (J)            * (1/m)                * (1/m^2 s)       / (kg/m^3)  / (J/kg C)  = (C)
      
    'To calculate Leakage heat, use conduction equation:
    'Heat flow = (T_max - T_sur) * k * Area_Surface[2 pi R l] / dR
    '(r#/r1) scaling term is used since the surface area is r# and dR = effective area between T# and T#+1; for 6 rings, this is 1/6 fuel radius = r1
        'Hb = timeIncr * ConstB * HeatLeakageOut
        Hb_1 = 1 / volr1 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r1 / r1) * FuelPelletLen * (-T1 + T2)
        Hb_2 = 1 / volr2 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r2 / r1) * FuelPelletLen * (-T2 + T3)
        Hb_3 = 1 / volr3 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r3 / r1) * FuelPelletLen * (-T3 + T4)
        Hb_4 = 1 / volr4 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r4 / r1) * FuelPelletLen * (-T4 + T5)
        Hb_5 = 1 / volr5 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r5 / r1) * FuelPelletLen * (-T5 + T6)
        'Heat leakage out of ring 6 must use the convection equation since there is a gap between the fuel and the sheath
        Heat_Hb6 = area_r6 * PelletCladGapCoef * (-T6 + T_Si)   '(J/s)      'Convection equation for heat transfered per second
        Hb_6 = timeIncr * Heat_Hb6 / (SpecificHeatCapacityUO2 * volr6 * UrDensity)      '(C)
        
        'Hc = timeIncr * ConstB * HeatLeakageIn
        Hc_1 = 0
        Hc_2 = 1 / volr2 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r1 / r1) * FuelPelletLen * (T1 - T2)  'same amount of heat as leakage out of vol1 but will affect temp in vol2 differently because different volume
        Hc_3 = 1 / volr3 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r2 / r1) * FuelPelletLen * (T2 - T3)
        Hc_4 = 1 / volr4 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r3 / r1) * FuelPelletLen * (T3 - T4)
        Hc_5 = 1 / volr5 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r4 / r1) * FuelPelletLen * (T4 - T5)
        Hc_6 = 1 / volr6 * timeIncr * ConstB * 2 * ThermConductivityUO2 * 3.1459 * (r5 / r1) * FuelPelletLen * (T5 - T6)
         
    'calculate net change in temperature of each region of fuel.
        deltaT1 = Ha + Hb_1 + Hc_1
        deltaT2 = Ha + Hb_2 + Hc_2
        deltaT3 = Ha + Hb_3 + Hc_3
        deltaT4 = Ha + Hb_4 + Hc_4
        deltaT5 = Ha + Hb_5 + Hc_5
        deltaT6 = Ha + Hb_6 + Hc_6
    
    'modify temperatures of each region of fuel.
        T1 = T1 + deltaT1
        T2 = T2 + deltaT2
        T3 = T3 + deltaT3
        T4 = T4 + deltaT4
        T5 = T5 + deltaT5
        T6 = T6 + deltaT6
        
    'Calculate the drop in temperature on the inside of sheath.  This is a change that is proportional to the temperature change on the fuel surface at beginning and end of power change
        DeltaSheathInside = deltaT6 * (TSheathInside - T_Si) / (T6 - T_Sur)
        TSheathInside = TSheathInside + DeltaSheathInside
       
        'calculate heat flow changing with time (Q4) moving through the gap of the this Q4 will be equivalent to heat flow through sheath and coolant at any instant
        q4 = 2 * PelletCladGapCoef * (-TSheathInside + T6) / FuelPelletRad
              
        'calculate the temperature change in the sheath and coolant by using the heat flow q4 to get the delta T from the inside of the sheath to the coolant
        TSheathOutside = -(q4 * FuelSheathInnerRad ^ 2 * Log(FuelSheathOuterRad / FuelSheathInnerRad)) / (2 * ThermConductivityZircalloy) + TSheathInside
        TCoolant = -(q4 * FuelSheathOuterRad) / (2 * CladToWaterHeatTransferCoef) + TSheathOutside      'convection equation into coolant from sheath
        
        'calculate pressure tube inside temp based on heat lost to HTS
        TPTInside = (HeatToPressureTube / NumChannels / 2 / 3.14159 / HeatTransferD2O_PT / PressureTubeIR / (12 * FuelPelletLen)) + TCoolant
        TPTOutside = (HeatToPressureTube / NumChannels / 2 / 3.14159 / ThermalConductivityPT / (12 * FuelPelletLen) * Log(PressureTubeOR / PressureTubeIR)) + TPTInside
        
        'calculate heat loss through calandria tube from convection over annulus gas
        Beta = 1 / ((TPTOutside + ModTemp) / 2 + 273)
        L = (CTOD - CTID) / 2
        RaL = 9.81 * Beta * (TPTOutside - ModTemp) * L ^ 3 / (vCo2 * AlphaCO2)
        Rac = (Log(CTOD / CTID)) ^ 4 * RaL / (L ^ 3 * (CTID ^ (-3 / 5) + CTOD ^ (-3 / 5)) ^ 5)
        Keff = 0.386 * (PRCO2 / (0.861 + PRCO2)) ^ (1 / 4) * Rac ^ (1 / 4) * KCO2   'conductivity efficiency w/mk
        QFreeConvection = 2 * 3.14159 * Keff * (TPTOutside - ModTemp) / (Log(CTOD / CTID)) * FuelPelletLen * NumFuelAssPerChannel 'heat lost to moderature through annulus gas as convection
        
        'calculate heat loss through calandria tube from radiation over annulus gas
        QRadiation = sigmaCO2 * 2 * 3.14159 * PressureTubeOR * 12 * FuelPelletLen * (TPTOutside ^ 4 - ModTemp ^ 4) / (1 / ECO2 + (1 - ECO2) / ECO2 * (CTOD / CTID))
       
        'Total heat lost through calandria tube
        QCalandriaTube = QFreeConvection + QRadiation
    
    'fill in spreadsheet in excel
        Worksheets("Output").Cells(N, 1) = currTime
        Worksheets("Output").Cells(N, 2) = deltaT1
        Worksheets("Output").Cells(N, 3) = deltaT2
        Worksheets("Output").Cells(N, 4) = deltaT3
        Worksheets("Output").Cells(N, 5) = T1
        Worksheets("Output").Cells(N, 6) = T2
        Worksheets("Output").Cells(N, 7) = T3
        Worksheets("Output").Cells(N, 8) = T_max
        Worksheets("Output").Cells(N, 9) = T_Sur
        Worksheets("Output").Cells(N, 10) = TSheathInside
        Worksheets("Output").Cells(N, 11) = TSheathOutside
        Worksheets("Output").Cells(N, 12) = TCoolant
        Worksheets("Output").Cells(N, 13) = TPTInside
        Worksheets("Output").Cells(N, 14) = TPTOutside
        Worksheets("Output").Cells(N, 15) = PWR
        Worksheets("Output").Cells(N, 16) = Hb_1
        Worksheets("Output").Cells(N, 17) = Hb_2
        Worksheets("Output").Cells(N, 18) = Hb_3
        Worksheets("Output").Cells(N, 19) = T4
        Worksheets("Output").Cells(N, 20) = T5
        Worksheets("Output").Cells(N, 21) = T6
        Worksheets("Output").Cells(N, 48) = q3
        Worksheets("Output").Cells(N, 49) = q4
        Worksheets("Output").Cells(N, 50) = QCalandriaTube
        Worksheets("Output").Cells(N, 51) = QFreeConvection
        Worksheets("Output").Cells(N, 52) = QRadiation
Next N  'Repeat for next time increment

End Sub

Sub Input_FP_Click()
For N = 2 To 1802
    Worksheets("Input").Cells(N, 2) = 1
Next N
End Sub

Sub Input_Stepback_Click()
For N = 2 To 902
    Worksheets("Input").Cells(N, 2) = 1
Next N
'Stepback
For N = 903 To 1802
    Worksheets("Input").Cells(N, 2) = 0.6
Next N
End Sub

Sub Input_Setback_Click()
For N = 2 To 602
    Worksheets("Input").Cells(N, 2) = 1
Next N
'Setback
For N = 603 To 1203
    Worksheets("Input").Cells(N, 2) = Worksheets("Input").Cells(N - 1, 2) - 0.00066666666667
Next N

For N = 1204 To 1802
    Worksheets("Input").Cells(N, 2) = 0.6
Next N
End Sub

Sub Input_LineBreak_Click()
For N = 2 To 902
    Worksheets("Input").Cells(N, 3) = Worksheets("Input").Cells(2, 12)
Next N

For N = 903 To 1802
    Worksheets("Input").Cells(N, 3) = Worksheets("Input").Cells(2, 12) - Worksheets("Input").Cells(3, 12) / 100 * Worksheets("Input").Cells(2, 12)
Next N
End Sub

Sub Input_ReactorPower_Click()

For N = 2 To 1100
    Worksheets("Input").Cells(N, 2) = Worksheets("Input").Cells(9, 12) / 100
Next N

For N = 1101 To 1802
    Worksheets("Input").Cells(N, 2) = (Worksheets("Input").Cells(9, 12) - Worksheets("Input").Cells(10, 12) / 100 * Worksheets("Input").Cells(9, 12)) / 100
Next N

End Sub
[bookmark: _Toc259809125]Appendix C: Summary of Work Completed

The theoretical calculations were mostly researched by Ronen Ben-Shlomo with assistance from Travis Brown and Pamela McDermid. The VBA Code was developed primarily Michael Hersch and Joseph Downey. The report was assembled by Travis Brown and Pamela McDermid with support from Ronen Ben-Shlomo. The presentation was put together primarily by Travis Brown. 
It should be noted that every team member gave comments and suggestions on every aspect of the project. The roles outlined above were mainly to assign who was ‘in charge’ of that particular section. 
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