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Abstract 

It is important to know the heat generated due to nuclear decay in the final repository for spent 

nuclear fuel. In Sweden, the heating powers generated in spent nuclear fuels are currently 

measured in the calorimeter System 251 at the Clab facility, Oskarshamn. In order to better 

measure, and increase understanding, of the temperature measurements in the calorimeter, a 

simple thermodynamic model of its temperature evolution was developed. The model was 

described as a system of ordinary differential equations, which were solved, and the solution 

was applied to calibration measurements of the calorimeter. How precise the model is, how its 

parameters affect the model, et cetera, are addressed. How the temperature evolution of the 

system changes as the values of parameters in the model are changed is addressed. The mass 

correction of the calorimeter could be estimated from this model, which validated the 

established mass correction of the calorimeter. How the measurement results from the 

calorimeter would be affected if the volume of the calorimeter was changed was also 

considered. Additionally, gamma radiation escape from the calorimeter without being detected 

as heat in the calorimeter. The gamma escape energy fraction was estimated by SERPENT 

simulations of the calorimeter, as a function of the initial photon energy. The gamma escape 

was also estimated for different values of the radius of System 251.  
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Populärvetenskaplig Sammanfattning

I kärnreaktioner i kärnreaktorer, klyvs atomer, vilket genererar tillräckligt mycket värme för att kunna
värma upp vatten till att driva elkraftturbiner. Det är enbart vissa tunga atomer som är tillräckligt
instabila för att kunna klyvas, och när de klyvits återst̊ar s̊a kallade fissionsprodukter; tv̊a mycket
mindre atomkärnor kan ej kan klyvas, och som kan vara radioaktiva. Stundom absorberar de tunga
atomkärnorna partiklar s̊a att deras massa blir än större; dessa är transuraner. När dessa finns i
kärnbränslet i tillräckligt hög koncentration s̊a kan inte energi utvinnas ur bränslet p̊a ett vanligt
kärnkraftverk. Bränslet är d̊a utbränt, och skall förvaras nere i urberget p̊a obestämd tid. De kapslas
in i kopparbeh̊allare begravda i bentonitlera.

B̊ade transuraner och fissionsprodukter är radioaktiva, och genererar en viss mängd värme, vilket
kan p̊averka materialen de omsluts med negativt. Av den anledningen kyls de av i ett mellanlager (Clab,
Oskarshamn), där det även finns en kalorimeter som mäter hur mycket värmeeffekt de producerar.

Denna kalorimeter kan beskrivas som en fem meter l̊ang, vattenfylld termos med temperaturmätare
i. Under en mätning sätts det utbrända kärnbränslet i beh̊allaren, som är isolerad, ett lock sätts p̊a, och
mätarna mäter hur temperaturen med tiden stiger i vattnet. Man kan utifr̊an hur snabbt temperaturen
i vattnet stiger räkna ut hur stor värmeeffekten fr̊an kärnbränslet är. Man vet hur fort temperaturen
stiger genom att innan ha mätt temperaturstigningen med ett elektriskt värmeelement. Effekten i
värmeelementet vet man, och d̊a kan man se hur temperaturen stiger i kalorimetern för olika effekter
i värmeelementet i s̊a kallade kalibreringsmätningar. Om temperaturen stiger lika fort för ett utbränt
kärnbränsle som för värmeelementet vid en viss effekt, kan man uppskatta att kärnbränslet genererar
ungefär samma värmeeffekt som värmeelementet. Men kärnbränslet värms inte alltid upp i samma takt
som elvärmaren, s̊a temperaturstigningen behöver korrigeras. Det finns en etablerad metod att räkna
ut den s̊a kallade masskorrigeringen, men mätningarna blir lättare att först̊a, och kanske noggrannare,
om man försöker att närmare beskriva de fysikaliska processer närmare som orsakar dem.

Genom att beräkna hur värmeeffekten i kalorimetern flödar fr̊an kärnbränslet till vattnet, och fr̊an
vattnet till själva metallskalet, och ut i omvärlden, s̊a kan man räkna ut ungefär hur temperaturen i
vattnet kommer att stiga. Det är det som denna avhandling handlar om. Med en matematisk modell,
där hela kalorimetern medberäknas, kan man räkna ut detta. Det uttrycktes som ett matematiskt prob-
lem (ett ekvationssystem, närmare bestämt), som löstes, och själva lösningen var hur temperaturerna
i kalorimeterns olika delar stiger under tiden som mätningar utförs. I modellen kunde kalorimeterde-
larnas massor ställas in, vilka temperaturer de delarna hade när mätningen p̊abörjades, omgivningens
temperatur, osv.. Utifr̊an temperaturer mätta under kalibreringsmätningar, s̊a kunde värdena p̊a
modellens parametrar ställas in och anpassas till värden nära de riktiga.

När modellen hade värden nära de riktiga, kunde temperaturstigningen i kalorimetern beräknas,
vilka temperaturer den skulle ha vid olika tidpunkter kunde bestämmas. Vad som händer med tem-
peraturen om kalorimeterdelarnas massor ändras, och hur temperaturstigningen borde vara om det är
utbränt kärnbränsle i den kunde räknas ut. Detta innebär att andelen vatten i kalorimetern ändras,
eller att man ändrar hur tung kärnbränslet i kalorimetern är.

Temperaturstigningen enligt modellen kunde jämföras med temperaturstigningen enligt data fr̊an
riktiga mätningar. I mycket stämde temperaturstigningarna överens, men vid vissa tidpunkter brukade
modellen överskatta eller underskatta temperaturen. Temperaturen i modellen avvek en aning fr̊an
kalibreringsmätningarna, men gav änd̊a en god uppskattning om hur temperaturen skulle p̊averkas.

Genom att jämföra den, via modellen, beräknade temperaturstigningen med kärnbränsle och med
värmeelementet, kunde en masskorrigering uppskattas. Definitionen av masskorrigeringen som denna
modell använts till har inte använts tidigare för denna kalorimeter, och visade sig inte avvika mycket
fr̊an de etablerade värdena. De etablerade värdena kan konkluderas ha blivit bekräftade av denna
modell.

Fr̊an det radioaktiva, utbrända, kärnbränslet kommer även str̊alning som undkommer kalorimetern
och rymmer ut i omvärlden. Hur mycket str̊alning som undkommer kalorimetern m̊aste uppskattas för
att korrekt kunna beräkna effekten fr̊an det mätta kärnbränslet. Genom att simulera hur str̊alningen
str̊alar ut fr̊an kalorimetern, kunde detta ”str̊alningsläckage” uppskattas.
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1 Introduction

In the project presented in this thesis, a mathematical, thermodynamic model of a calorimeter (System
251 at Clab, which is an interim storage for nuclear fuel) was devised and applied to calorimetric
calibration measurements. The radiation leak out of the calorimeter was estimated from Monte Carlo
simulations.

1.1 General Background

The nuclear fuel used in nuclear reactors, is usually enriched uranium. The substantial amount of
heat produced by nuclear reactions is heating up water in a circulation loop, which drives turbines for
electricity production. At the time when this is written, there are six nuclear reactors in operation in
Sweden. From January to December 2019, the energy produced by nuclear power was 65801.2 GWh,
approximately 42 % of the total national annual energy production of 158497.8 GWh[8]. About 200
tonnes of enriched uranium is used up every year in Sweden[16].

As the burnable nuclides in the fuel are being used, the fuel becomes depleted of fissile material and
at the same time the concentration of fission products increases. Eventually the fuel becomes unusable
in the reactor for all present economically feasible intents and purposes. A significant amount of the
produced fission products have short half lives, and the activity is high. This results in a substantial
amount of heat produced in the spent nuclear fuel. Another concern are transuranic elements in the
spent nuclear fuel, produced during burnup as well. In general these isotopes have longer half lives,
and are radioactive above natural background levels for millennia. Therefore radiation produced by
the spent nuclear fuel can constitute a health hazard for a long period. To ensure a safe and secure
storage of the spent fuel elements for at times to come is therefore crucial.

In Sweden, the solution to these problems is to encapsulate the spent nuclear fuel (SNF) in canisters
of copper, place them 400 to 700 meters below ground into the rock, and bury them in bentonite
clay[11]. Approximately 12000 tonnes of burned nuclear fuel will be stored as described[13]. It is
expected that when the surfaces of the copper canisters remains well below 100oC, the bentonite clay
will remain stable for over a million years[11, page 94]. For that reason, there is an interim storage
facility at Clab, Oskarshamn, in which assemblies of spent nuclear fuel are placed in order to cool, for
approximately 30 years. There is also a calorimeter there; System 251, used to estimate heating power
generated in SNF:s. This calorimeter is central to this thesis.

Knowledge of the heating power produced in the spent nuclear fuel is necessary for the long term
storage, such that there is no risk to accidentally bury too hot spent nuclear fuel in the final repository.
That is suboptimal for safety considerations. To predict the spent fuel behaviour in the long term,
the isotope vectors have to be known. The isotopic composition of the spent fuel can be derived from
simulations of the fuel elements in the reactor core, under the recorded reactor conditions. The model
prediction can then be verified by e.g. calorimetric measurements.

1.2 Aim of This Thesis

Since calorimetric measurements are used in the estimation of isotopic compositions of SNF:s, accurate
calorimetric measurements are of high importance for the final repository. More specifically, knowl-
edge of how the temperature in the calorimeter changes as a result of the heating power produced by
radioactive decay in SNF:s. In this thesis, connecting the thermodynamic processes in the calorimeter
during measurements to the temperature in the calorimeter was done using fundamental thermody-
namic relations. This was an attempt to better understand the temperature in the calorimeter as
a function of time, and to, perhaps more accurately, measure the heating power generated in SNF
assemblies.

A simplified thermodynamic model was considered and used to describe the temperature evolution
of the various parts of System 251. Such a model has other uses as well, concerning topics not addressed
in this report, such as the following. In numerical simulations of nuclear reactors, which involve burnup
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of the fuel, the composition of the resulting spent nuclear fuel is estimated. The activity, the heat
generated by fission products, and the isotope vector, are known from such calculations. Using the
calorimeter at Clab, such calculations may be confirmed, and various operations and functions used
for burnup simulations can be tested.

In order to construct a model describing the temperature in the calorimeter System 251 at Clab,
it is necessary to know how the calorimeter measurements are conducted. The calorimeter at Clab
is filled with water. The spent fuel is placed inside, the water is heated up as a consequence of the
decaying fission products. The temperature in the water is measured, recorded, and saved as raw data.
In some of these measurements, the heating power generated in the fuel assemblies is estimated based
on the rate of temperature increase in the water (the temperature increase method). This is the only
method this thesis is concerned about. The power is then obtained by using a calibration curve, which
is a curve of the heating power as a function of the rate of temperature increase of the calorimeter.
The calibration curve is estimated from calibration measurements with an electric heater instead of
an SNF.

The model of the temperature in the calorimeter can be described as a simplified thermodynamic
model in which the calorimeter is approximated as three components addressed in subsequent sections.
The model was determined as a system of ordinary differential equations (ODE:s), describing the
temperature in each of these three components depending on the heat flow. The solution of the system
of ODE:s is the temperatures of each of the three components as functions of time. With this solution
to the system of ODE:s, the equilibrium temperature in the calorimeter during measurements may be
estimated. A major part of this thesis is how the temperature is affected by different masses of the
components can be evaluated. Different masses affect the calibration curve. Measurements of spent
nuclear fuel assemblies must be corrected for their masses, in order to make calibration measurements
applicable to measurements of SNF:s. This correction is the mass correction, and the power is not
estimated correctly without it.

In addition, the SNF assemblies emit gamma radiation, some of which escapes the calorimeter.
Thus the calorimeter measurements are not reliable unless corrected for the gamma radiation (gamma
correction). Monte Carlo simulations were conducted in order to estimate the gamma correction.

1.3 The Structure of the Report

This section, the introduction, begins by describing the general background of the project. The
introduction continues by describing the structure of the calorimeter, and then in detail the method by
which the calorimeter measures SNF assemblies. The general geometry of the calorimeter is appropriate
to describe before its function is addressed. This section closes by briefly addressing the gamma escape
estimation.

The following section is the theory section (2), which begins with a description of the mass correc-
tion (2.1). This is appropriate in order to introduce the general approach to describe the temperature
evolution of the calorimeter. It also provides some earlier work on this subject. The following sub-
section introduces the mathematical model of the temperature evolution of the calorimeter during
measurements. The bulk of that section concerns the solution of the mathematical description of the
temperature evolution of the components of the calorimeter. A schematic figure of the calorimeter is
provided in connection with the determination of the mathematical model. The section finishes by
describing the basics of the Monte Carlo program used in order to estimate the gamma escape of the
system.

In the Method section it is addressed how the solution derived in the Theory section was imple-
mented in MATLAB. How raw data from calibration measurements of System 251 was read and used
in MATLAB is also addressed. How the values of the parameters were estimated from previous reports
and calibration measurements is also addressed. The subject of the parameters is also connected with
how the temperature according to the model is compared with the calibration measurements, which
is necessarily addressed there. The estimation of the mass correction according to the model is also
described there, how sensitive it is, how it is approximated, and its uncertainty. The section closes with
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addressing how the gamma escape was estimated by be Monte Carlo program previously mentioned.
The Results section begins by estimating the values of the parameters. The eigenvalues of the

mathematical model are then addressed and estimated. Then the temperature in the calorimeter as a
function of time is addressed, and the results estimated from those calculations. Tables over the values
of some parameters and the calibration measurements used are then provided, in order to give an
impression of the values of these parameters. Near the end the estimated mass correction is addressed.
The section closes with providing the results from the gamma escape calculations.

The following sections are the Discussion of the results, then the Conclusion, and the report closes
with a brief outlook. Appendices with some MATLAB scripts, and a table, are provided after the
references.

1.4 The Structure of the Calorimeter

For the simplified thermodynamic model of the temperature evolution of the calorimeter, its geometry
and materials need to be considered. The calorimeter is circularly symmetric, consisting of two metal
pipes, and is 5 meters long. The inner pipe is the test chamber, which has a diameter of 0.33 meters,
and is 4.5 meters long.

Between these two concentric pipes there is polyurethane foam for thermal insulation. The calorime-
ter opening is closed using a lid which is locked by compressed air. In a unit, connected to the
calorimeter, there is a measurement flow pump and a calibration tank, into which water may flow
from the calorimeter. With a centrifugal water pump constantly keeping the water circulating in the
calorimeter, the temperature in the water is kept homogeneous.

The temperature in the calorimeter is measured using PT-100 sensors. Eight sensors are in the
water inside the calorimeter test chamber, and two are placed outside in the pool. Five monitors
measuring gamma radiation are placed on a movable arm outside the calorimeter.

1.5 The Temperature Increase Method

In this report the ”the temperature increase method” is crucial, which is a method of measuring the
power produced in spent nuclear fuel assemblies. It is employed at the CLAB facility, a brief outline
is given of this method in this section. A full detailed description of the method, it’s assumption and
derivation as well as description of the measurements can be found in [2]. For a measurement of a
spent nuclear fuel assembly, the method may be described as follows.

The spent nuclear fuel (SNF) assembly is inserted into the calorimeter, after which the lid is
closed. The measurement flow pump is operated until the water flows from the calorimeter and into
the calibration tank, and thus it is made certain that the calorimeter is full with water. Thereafter,
the measurement pump is stopped, and an over pressure is created in the calorimeter. Cold, deionised
water is circulated in the calorimeter until its temperature has decreased by approximately 1.5oC
below the temperature of the water in the pool outside of the calorimeter. The circulation pump is
then started, and the temperatures measured by the sensors are recorded with regular time intervals.
When the water in the calorimeter has increased a few degrees, the measurement is stopped. For the
simplified theoretical model described in [2], when the water temperature inside the calorimeter is the
same as the water temperature in the pool, the rate of temperature increase is directly proportional
to the heating power inside the calorimeter. And the power is estimated from the rate of temperature
increase by using a calibration curve as briefly addressed above. The data in the calibration curve are
based on calibration measurements, according to this method, with an electric heater operated at a
fixed temperature.

The gamma radiation measured outside the calorimeter is also used, and then the total power
produced by nuclear decay in the nuclear fuel assembly may be estimated[2].
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1.6 Monte Carlo Simulations

The calorimeter, as a physical system, was simulated using Monte Carlo methods in order to numeri-
cally estimate the energy that escapes the calorimeter as gamma radiation. This is generally termed
the gamma escape fraction. The gamma photons were generated in the assembly of spent nuclear
fuel. The total initial energy of the photons generated in the SNF assembly was set. The energies and
number of the gamma photons escaping through the calorimeter outer wall could be estimated. From
the total initial energy, and the total energy in the escaping photons, the gamma escape fraction could
be calculated. This is also important to validate reactor burnup calculations.

However, in order to correct the results for the gamma escape, its relation to the outputs from the
dosimeters used at Clab must be estimated. That is not estimated in this work, and should be done
in a future project.
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2 The Mathematical Model and SERPENT Fundamentals

Though radioactive decay is the cause of the heat generated in SNF assemblies, that as a subject in itself
is not the highest priority of this project. Rather, the calorimeter is approached as a thermodynamic
system. In this report, the model of System 251 described in [2] is further developed. In it, the
calorimeter is assumed to be one unified object, while in this model the calorimeter is described as
three different components. As in the previous works the calorimeter is described as a simplified
thermodynamic system, considering the heating power generated in the calorimeter, and how it flows
to and from different components of the calorimeter.

By applying fundamental thermodynamic relations to the calorimeter system, a system ODE:s could
be devised which describes the temperature of the system as a function of time. However, crucial to
this model is the heat capacity of the calorimeter, which is closely related to its mass correction. In
addition, the derivation of the mass correction contains elements which were applied in the derivation
of the new thermodynamic model of the system, Therefore, before proceeding to the details, derivation
and solutions of the mathematical model, the mass correction is addressed. The finishing subsection
addresses the particle transport code (SERPENT) in which the calorimeter was implemented in order
to estimate the gamma energy escape correction.

2.1 Derivation of The Mass Correction

The relation between the heating up of the calorimeter, its thermal capacity, and how it changes in
temperature, can be described as follows[2].

If an amount of energy is transferred to a physical object as heat, the internal heat energy of the
physical object increases by the same amount, in accordance with the law of conservation of energy.
How that change in internal energy is related to change in temperature is described in the following
equation[17];

∆E = mcalcv,cal∆T. (1)

The term ∆E is the change in internal heat energy, mcal its mass, cv,cal the specific heat of the
calorimeter at constant volume. In the case of a calorimeter, the object in the calorimeter which is to
be measured, generates a certain amount of heating power, which can be estimated from the change
in temperature ∆T in the system in a certain period of time.

The equation above is then divided by time, and the limit of t→ 0 is determined in order to find
the derivatives with respect to time, and the following is then derived. The specific heat capacity
at constant volume is approximated to be close to the specific heat capacity at constant pressure for
incompressible water, so that

dE

dt
= Q = P = mcalcp,cal

dT

dt
= mcalcp,calṪ = CcalṪ , (2)

Ṫ =
P

mcalcp,cal
=

P

Ccal
. (3)

The derivative of the heat transfer with respect to time is power P , with the unitWatts. The expression
above can also be derived by considering the law of continuity of heat transfer[1]. From this equation
it can be observed (as stated very briefly in the Introduction) that the power added to the system is
linearly dependent on the time derivative of the temperature Ṫ .

The first case considered concerns the electric heater for calibration measurements. The relation
of the power of the electric heater, employed during calibration measurements, and the temperature
increase rate Ṫ may be described by using the above equation.

The calorimeter also contains additional heat generating objects which introduce additional sources
of heating power to the system, for example water pumps, electric cables, and heating due to gamma
radiation (during measurements of SNF:s). In order to be able to describe the power of a heat-
generating object in a calorimeter, it is necessary to define a power offset, containing those power
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sources. Therefore, the calibration curve, which is the power of the electrical heater, is described by
the following relation;

Pheater = K · Ṫ + loffset, (4)

where K is the term which corresponds to mcalcp,cal above, and loffset is the offset power in the
calorimeter system.

Generally, the measured data is the average temperature in the calorimeter as a function of time.
This temperature curve is then fitted by a second degree polynomial, and the slope at the point
when the temperature is equal to the temperature in the pool is estimated using the polynomial.
With calibration measurements using an electric heater, many measurements with the heater at fixed
heating power have been conducted. For each power of the heater, the temperature increase rate was
estimated. To the resulting power Pheater as a function of Ṫ , the parameters K and loffset in 4 could
be estimated by linear regression. This is the standard method of determining the calibration curve.

The time derivative of the relation ∆T ·m · cp = ∆E is used, which is Ṫ ·m · cp = Ė = Q, since
m · cp remains constant in time during one measurement. But the object of interest for calorimeter
measurements is not the electric heater, it is the SNF:s, and m · cp for the heater is not necessarily
equal to m · cp for a spent nuclear fuel assembly.

As it is to be expected that the heater and the fuel assembly do not have the same heat capacities,
the calibration curve has to be corrected for the different heat capacities. To allow such corrections,
the mass correction factor KT is introduced in the equation;

Passembly = K ·KT · Ṫ + loffset, (5)

where K ·KT = Kassembly is equal to the slope of the linear function P (Ṫ )assembly. An expression for
KT may be deduced as follows. Eq. 4 is here stated slightly differently. The power generated in an
electrical heater and the power generated in a fuel assembly may be described by two functions of the
temperature slope Ṫ , which is used as an independent variable. Those two functions can be described
as follows;

P (Ṫ )heater = K · Ṫheater + lh,offset, (6)

P (Ṫ )assembly = KT ·K · Ṫassembly + la,offset, (7)

where P (Ṫ )heater is the power generated in the electrical heater, P (Ṫ )assembly is the power generated

in the fuel assembly. The term K is the coefficient of Ṫ , Ṫassembly is the temperature slope of the

assembly measurements, and Ṫheater is the temperature slope of the calibration measurements with an
electrical heater.

The term loffset is the power of the system if there is no power generated in the measured object,
and is designated lh,offset for the heater and la,offset for the assembly. The latter necessarily also
contains the power of the escaping gamma radiation, which is addressed in other sections of this
thesis. If Eq. 7 is subtracted from Eq. 6, the following expression is derived;

P (Ṫ )heater − P (Ṫ )assembly = K · Ṫheater −KT ·K · Ṫassembly + lh,offset − la,offset. (8)

In order to determine KT , the equation above is rearranged slightly.

KT ·K · Ṫassembly = K · Ṫheater − P (Ṫ )heater + P (Ṫ )assembly + lh,offset − la,offset, (9)

KT =
K · Ṫheater − P (Ṫ )heater + P (Ṫ )assembly + lh,offset − la,offset

K · Ṫassembly
, (10)

where Eq. 10 describes the mass correction. It is greatly simplified if lh,offset = la,offset, and the
offset power is assumed to be equal for both the heater and the spent nuclear fuel assemblies. Thus
the power offsets cancel out.
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The expression for the mass correction is also simplified if the power generated in the heater and
the power generated in the fuel assembly are equal. That indicates that the power of the assembly
when Ṫassembly is measured, and the power of the heater when Ṫheater is measured, are necessarily

equal. Then P (Ṫ )heater and P (Ṫ )assembly cancel out.

The coefficient K for Ṫassembly and Ṫheater also cancel out. The remaining expression is Eq. 11
below;

KT =
Ṫheater

Ṫassembly
, (11)

such that the mass correction can be estimated for temperature curves with different heat capacities
of the calorimeter. This presupposes (though impossible in measurements since the power of nuclear
fuel assemblies is unknown) that the powers deposited in the calorimeter are equal.

Likewise, the mass correction may also be estimated from the temperature slopes with different
heat capacities, but with the same power P . The mass correction can also be derived as a function of
the heat capacities by using the relation P = m · cp · Ṫ , such that KT = massemblyca,p/(mheaterch,p).
This also presupposes that the powers generated by the heater and the fuel assembly are equal in order
for the power terms to cancel out.

That expression for KT may also be deduced by identifying K with the heat capacity of the
calorimeter with an electric heater mheaterch,p, and Kassembly with massemblyca,p, and KT can then
be described by KT = massemblyca,p/(mheaterch,p).

The latter definition is the established expression to estimate the mass correction. The heating
power generated in the calorimeter is described by the following expression[1];

Passembly = K · massemblyca,p
mheaterch,p

· Ṫassembly + loffset. (12)

In order for the function P (Ṫ ) to describe the power of spent nuclear fuel assemblies, KT is multiplied
to its coefficient. Thus deriving Eq. 12, which is then plotted and used to estimate the power generated
in the fuel assembly. That is the standard practice, when estimating the heating power generated in
the spent nuclear fuel assembly.

Using the expression of KT in Eq. 11 as depending on the temperature slopes, it is possible to
investigate how it is related to the initial temperature of the system, the pool temperature, heat
conduction between the various part of the calorimeter, et cetera. This is not possible with the
established definition of KT .

2.2 Determining The System of Equations

Here the model is described which is be the main focus of this thesis. As stated at the start if this
section, it is a model which describes the calorimeter using fundamental thermodynamic relations, and
arrange them into a system of differential equations.

The functions solving the equations are the temperatures of the components of the calorimeter.
This model is not expected to be a complete description of the temperature evolution of the calorimeter,
and many physical details are omitted. How the water flows through the calorimeter is not considered.
The water has a homogeneous temperature throughout all of its mass, with no temperature gradient,
and it is also homogeneous as it heats up.

It is a simplified model of the temperature of the calorimeter, but is expected to describe the
temperature in the calorimeter as a function of time reasonably well. In this model, the slope of
the temperature as a function of time may be investigated, since the temperatures of the different
components are determined. The temperature slope estimated from measurements of a fuel assembly
may be compared to the curve of the temperature slope of the heater, and their relation may be derived
as described above. Newton’s law of cooling can be described by the following relation[17];

Q = a · (T0 − T1), (13)
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where Q is the power transferred from an object with temperature T0 to a fluid with temperature T1,
it has the unit kW . The parameter ax is the convection heat transfer coefficient multiplied with the
surface area of the object from which heat is flowing. Its unit is kW per degree Centigrade.

In this mathematical model, the calorimeter is assumed to be able to be described as a thermo-
dynamic system consisting of three components. Those are the assembly of spent nuclear fuel in the
calorimeter, the water in the calorimeter, and the calorimeter shell which has polyurethane foam in
its walls and contains the water.

The assembly of spent nuclear fuel generates power as heat, and heat is transferred from the
assembly to the water. The water is in contact with the spent nuclear power assembly and with the
calorimeter shell structure, and has therefore heating power transferred to it from the fuel assembly,
and it is transferred to the calorimeter shell structure. It also has some power deposited in it, from
water pumps, cables, and gamma radiation. The calorimeter structure is in contact with the water
in the calorimeter, and with the pool outside, and leads heating power from the former to the latter.
Finally the water of the calorimeter is also in direct thermodynamic contact with the water of the pool
due to the pipe to and from the circulation pump.

The power terms describing the transferred power to and from the components are described as
Q = C · (dT/dt), where C is the total heat capacity of the component, and dT/dt is the derivative
of its temperature with respect to time. Thus the following system of ordinary differential equations
(ODE:s) can be used to describe the calorimeter as a thermodynamic system[15];

Cm
dTm

dt = −a1(Tm − Tw) +Qm
Cw

dTw

dt = a1(Tm − Tw)− a2(Tw − Ts)− a3(Tw − Tp) +Qw + ac(Tw − Tc)
Cs

dTs

dt = a2(Tw − Ts)− a4(Ts − Tp)
. (14)

This is the system of coupled differential equations which describes the system. Similarly as previously,
but more specifically, Cm, Cw, and Cc are heat capacities of the three components of the calorimeter.

The derivatives of the temperatures ∂T/∂t with respect to time are on the left hand side. The
expressions with the temperatures as functions of time are on the right hand side, and the unit of these
functions is degrees Centigrade. The temperature of each of the three components are the functions
which solve the system.

The first row describes the temperature of the heater/fuel assembly. On the second row, the water
temperature is described, and there is a heat flow from the heater to the water. Describing this, there
is the term a1. Then the heating power flows out to the surrounding structure (a2), and out to the
water in the pool outside (a3). a3 thus functions as a sink for the heat to go out of the system.

The third row the temperature of the calorimetric structure, expressed by the heat that flows in
from the water and out to the pool.

The term Qm describes the heating power from the heater/fuel assembly. The term Qw is the
heating power generated in the water in the calorimeter from pumps, cables, and the power that
escapes via gamma radiation and be deposited in the water of the calorimeter. They have the unit
kW . The parameters above are described in the following list.

• Tm(t) is the temperature of the heater (or fuel assembly) as a function of time in degrees Centi-
grade

• Tw(t) is the temperature of the water in the calorimeter as a function of time in degrees Centigrade

• Ts(t) is the temperature of the calorimeter structure as a function of time in degrees Centigrade

• Tp is the temperature in the pool in degrees Centigrade

• Tc is a temperature describing the cooling of the water in the calorimeter

• Cm is the product of the mass of the heater element and its specific heat capacity (the total heat
capacity of the heater)
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• Cw is the heat capacity of the water in the calorimeter

• Cs the heat capacity of the calorimeter structure

• a1 describes the heat flow between the heater and the water in the calorimeter

• a2 describes the heat flow between the water in the calorimeter and the calorimeter structure

• a3 describes the heat flow between the water in the calorimeter and the pool through the
polyurethane foam and the pipes to and from the pump

• a4 describes the heat flow between the calorimeter structure and the pool

• ac describes the cooling of the water in the calorimeter

• Qm is the heating power from the heater

• Qw is the heating power generated in the water in the calorimeter

A schematic picture of the calorimeter is illustrated in Fig. 1, which is based on information from
[2]. The three components are indicated. The terms describing the temperatures are written, and
the constants describing the heat flow are indicated with white arrows. Thermo-couples and gamma
probes are not included here.

Figure 1: A schematic illustration of the calorimeter, with the three components. Their temperatures
and convection terms are indicated.

Part of the project is to determine an analytical solution of the system of coupled differential
equations. In order to derive it, the system of equations above is rewritten into matrix form, as
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follows; dTm

dt
dTw

dt
dTs

dt

 =

− a1
Cm

a1
Cm

0
a1
Cw

−a1−a2−a3+ac
Cw

a2
Cw

0 a2
Cs

−a2−a4
Cs

TmTw
Ts

+


Qm

Cm
a3
Cw
Tp + Qw

Cw
− acTc

Cw
a4
Cs
Tp

 . (15)

The eigenvalues and the eigenvectors are determined in the following sections.

2.2.1 Derivation of The General Solution of the Mathematical Model

The system of equations presented above in Eq. 14 is to be solved, and then functions describing the
temperatures of the components as functions of time. The matrix equation in Eq. 14 can be written
in the following form;

˙̄T = A · T̄ + nonhom, (16)

where ˙̄T is the column vector of the derivatives of the temperatures of the three components with
respect to time. The term A is the matrix which contains the (presumably) temperature independent
parameters in Eq. 14, T̄ is the column vector of the temperatures of the three components in the
system. nonhom is the column vector with the non-homogeneities of the heat source, cooler, constant
temperature of the pool outside the calorimeter system, and so on.

The term of non-homogenous elements can be rewritten as the product of the matrix A and a
column vector b̄ such that the equation can be expressed as follows;

˙̄T = A · T̄ +A · b̄ = A(T̄ + b̄). (17)

For that reason, T̄ + b̄ is substituted by T̄hom, which has the same time derivative as T , such that the
following can be written;

˙̄Thom = A · T̄Lin, (18)

in which A can be manipulated according to D = P−1AP , where D is a diagonal matrix with the
eigenvalues of A, and P is the matrix of the eigenvectors as columns[4, pages 322-325]. Another

substitution is then made, with ˙̄Thom = P · ˙̄U and T̄hom = P · Ū , and the equation can then be written
as follows;

P · ˙̄U = A · P · Ū . (19)

The equation is then multiplied by the inverted matrix P−1 from the left such that P−1 ·A·P ·Ū = DŪ ,
in order to derive the following;

˙̄U = DŪ. (20)

Since D is simply a diagonal matrix, the system of differential equations is thereafter easily solved for
the elements in Ū . Those are exponential functions with the eigenvalues as the exponential coefficients;

U(t) =

C1 · exp(D(1, 1) · t)
C2 · exp(D(2, 2) · t)
C3 · exp(D(3, 3) · t)

 . (21)

T̄hom is then obtained by T̄hom = P · Ū , and T̄ = T̄hom − b̄ is used to implement the initial conditions.
The exponential functions in U are equal to the initial conditions at t = 0.

By using the relation T̄hom(t = 0) = P · Ū(t = 0), the column vector with the initial conditions
is then written using Ū(t = 0) = C0, such that P · C0 = T̄hom(t = 0) = T̄ (t = 0) + b̄. The initial
conditions are then described by C0 = P−1 · (T̄ (t = 0) + b̄).
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The elements in C0 are used as coefficients for the exponential functions in U(t). The vectors
containing the solution are then determined by T̄ (t) = P · Ū − b̄. What needs to be known, in order
to solve the equations (and thus describe the temperatures in the calorimeter) are the eigenvalues and
the eigenvectors. Both are determined below. Another quantity required to describe the behaviour of
the calorimeter measurements is the equilibrium temperature of the system, of which an expression is
derived below.

To determine the mass correction as defined in Eq. 11, it is necessary to calculate the derivatives
of the solution to Eq. 14. If the solution is known, the right hand side in Eq. 14 may be used in order
to determine the derivative of the solution at some point in time.

The derivatives may also be determined by using Eq. 21, and multiply each of the rows in the
column vector by its corresponding eigenvalues, in order to determine the derivative of Eq. 21;

dŪ(t)

dt
=

C1 ·D(1, 1) · exp(D(1, 1) · t)
C2 ·D(2, 2) · exp(D(2, 2) · t)
C3 ·D(3, 3) · exp(D(3, 3) · t)

 . (22)

Since constant functions have a derivative of zero, the b term becomes zero in the derivative, so that
dT̄ (t)/dt = T̄hom(t)/dt = P · dŪ(t)/dt. Though when determining the values of C1, C2, and C3 (not
to be mistaken for Cm, Cw, and Cs), b still needs to be considered.

2.2.2 Derivation of The Eigenvalues of the Mathematical Model

The eigenvalues of the system are derived in this section, and are negative if a stable system is described
by the system of ODE:s. The smallest eigenvalue dominates the system, while eigenvalues with larger
magnitudes cause transient effects close to t = 0 seconds.

The matrix from Eq. 15 is provided in the following equation. Its eigenvalues are to be determined,
which involves determining the determinant of matrix A. This requires that a third degree equation
in the eigenvalues λ be solved. The matrix A is expressed as

A =

− a1
Cm

a1
Cm

0
a1
Cw

−a1−a2−a3+ac
Cw

a2
Cw

0 a2
Cs

−a2−a4
Cs

 . (23)

The eigenvalues λ are determined by determining and solving the characteristic equation. To determine
the characteristic equation, a 3×3 diagonal matrix with λ in the diagonal elements is used, and the
matrix A is subtracted from it, as follows;

det(λ1−A) =

λ+ a1
Cm

− a1
Cm

0

− a1
Cw

λ+ a1+a2+a3−ac
Cw

− a2
Cw

0 − a2
Cs

λ+ a2+a4
Cs

 . (24)

Then the determinant of the matrix above is determined, as follows;

⇒ (λ+
a1
Cm

) · ((λ+
a1 + a2 + a3 − ac

Cw
) · (λ+

a2 + a4
Cs

)− a22
Cw · Cs

)− a21
Cm · Cw

· (λ+
a2 + a4
Cs

) = 0. (25)

which may also be expressed in the form

λ3 + b2 · λ2 + b1λ+ b0 = 0 (26)

where the coefficients b2, b1 and b0 are the following;

b2 =
a2 + a4
Cs

+
a1 + a2 + a3 − ac

Cw
+

a1
Cm

, (27)
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b1 =
(a2 + a4) · (a1 + a2 + a3 − ac)

Cw · Cs
+
a1 · (a2 + a4)

Cm · Cs
+
a1 · (a1 + a2 + a3 − ac)

Cm · Cw
− a22
Cw · Cs

− a21
Cm · Cw

, and

(28)

b0 =
a1 · (a2 + a4) · (a1 + a2 + a3 − ac)

Cm · Cw · Cs
− a1 · a22
Cm · Cw · Cs

− a21 · (a2 + a4)

Cm · Cw · Cs
. (29)

The method of solving third degree equations developed by Cardano and Euler[14] is applied to this
problem. A substitution is made, with λ = x− (b2/3) in Eq. 29:

(x− b2
3

)3 + b2 · (x−
b2
3

)2 + b1(x− b2
3

) + b0 = 0, (30)

which is rearranged into the following;

x3 +

(
b1 −

b22
3

)
· x =

(
b1 · b2

3
− b0 −

2 · b32
33

)
. (31)

Thus in Eq. 31 the second degree term is not expressed, which makes it possible to simplify it in the
form x3 + P · x = Q, with

P = b1 −
b22
3

(32)

and

Q =

(
b1 · b2

3
− b0 −

2 · b32
33

)
. (33)

Then the method is applied as described in [14] on how to solve cubic equations (the rest is general
for solving cubic roots);

(a− b)3 + 3ab(a− b) = a3 − b3. (34)

Applying Eq. 34, x is to x = a− b, Q is a3 − b3 = Q, and ab = P/3. Then a = P/3b, which is used in
the former equation, which is then rearranged in order to derive the following second order equation
(for b3);

(b3)2 +Q · b3 −
(
P

3

)3

= 0. (35)

Then for b3

b3 = −Q
2
±
√

∆, (36)

where

∆ =

(
P

3

)3

+

(
Q

2

)2

. (37)

When determining cubic roots, the cubic root of ω = 3
√

1 = 3
√
exp(2πi) = exp(2πi/3), and there are

three values of b which satisfy Eq. 36. One of its roots is here called β, and then there are β · ω and
β · ω2.
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Using that a = P/3 · b, it may be written that α = P/3 ·β. It was previously stated that x = a− b,
and there are three possible values of x: x1 = α− β, x2 = α · ω2 − β · ω, and x3 = α · ω − β · ω2, and
the eigenvalues can be written (in short) as

λ1 = α− β − b2
3

λ2 = α · ω2 − β · ω − b2
3

λ3 = α · ω − β · ω2 − b2
3

. (38)

Thus the three eigenvalues of matrix A are obtained. The equations above are used in order to estimate
the eigenvalues of the system as functions of the parameters in the system.

2.2.3 Derivation of The Eigenvectors of The Mathematical Model

The eigenvectors are the vectors x̄ that fulfill the simple relation Ax̄ = λx̄. The values of the eigenvalues
λ are determined above. That expression is then expressed as (λ1̄−A)x̄ = 0, which can be written as
follows; λ+ a1

Cm
− a1
Cm

0

− a1
Cw

λ+ a1+a2+a3−ac
Cw

− a2
Cw

0 − a2
Cs

λ+ a2+a4
Cs

x1x2
x3

 =

0
0
0

 . (39)

And Eq. 39 can be expressed as the following;(
λ+ a1

Cm

)
· x1 − a1

Cm
= 0

− a1
Cw
· x1 +

(
λ+ a1+a2+a3−ac

Cw

)
· x2 − a2

Cw
· x3 = 0

− a2
Cs
· x2 +

(
λ+ a2+a4

Cs

)
· x3 = 0

. (40)

Then, by using the upper expression and the lower equations in Eq. 40, expressions may be derived
for x1 and x3 in terms of x2, as follows;

x1 =
a1

λ · Cm + a1
· x2, (41)

x3 =
a2

λ · Cs + a2 + a4
· x2. (42)

Using Eq. 41 and 42, and substituting them into the second equation in 40, the following expression
is derived.

− a1
Cw
· a1
λ · Cm + a1

· x2 +

(
λ+

a1 + a2 + a3 − ac
Cw

)
· x2 −

a2
Cw
· a2
λ · Cs + a2 + a4

· x2 = 0, (43)

which is divided by x2 such that the following is obtained;

− a1
Cw
· a1
λ · Cm + a1

+ λ+
a1 + a2 + a3 − ac

Cw
− a2
Cw
· a2
λ · Cs + a2 + a4

= 0. (44)

Eq. 44 has to be true for λ to be an eigenvalue. However, this equation is not elaborated or used any
further. Now it is known that an eigenvector can be determined in terms of x2, and it is stated as
follows;

x̄ =

 a1
λ·Cm+a1

· x2
x2

a2
λ·Cs+a2+a4

· x2

 . (45)
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Setting x2 to one, it can be written as follows;

x̄ =

 a1
λ·Cm+a1

1
a2

λ·Cs+a2+a4

 . (46)

The full matrix P can then be expressed as

x̄ =

 a1
λ1·Cm+a1

a1
λ2·Cm+a1

a1
λ3·Cm+a1

1 1 1
a2

λ1·Cs+a2+a4
a2

λ2·Cs+a2+a4
a2

λ3·Cs+a2+a4

 . (47)

2.2.4 Derivation of The The Equilibrium Solutions to The Mathematical Model

In order to determine the equilibrium solutions, Eq. 15 is used, and the derivatives of the temperatures
with respect to time are substituted with zero. The equations are then correctly described as the
following; 0

0
0

 =

− a1
Cm

a1
Cm

0
a1
Cw

−a1−a2−a3+ac
Cw

a2
Cw

0 a2
Cs

−a2−a4
Cs

TmTw
Ts

+


Qm

Cm
a3
Cw
Tp + Qw

Cw
− acTc

Cw
a4
Cs
Tp

 . (48)

It can also be written as follows;

0 = −a1 · (Tm − Tw) +Qm
0 = a1 · (Tm − Tw)− a2 · (Tw − Ts)− a3 · (Tw − Tp) +Qw + ac · (Tw − Tc)

0 = a2 · (Tw − Ts)− a4 · (Ts − Tp)
. (49)

The temperatures Tm, Tw and Ts which are to be determined. First Tm can be determined in terms
of Tw, as follows;

Tm =
Qm
a1

+ Tw. (50)

Then Ts can be determined as well in terms of Tw. The terms in the equation in which Ts is described
are moved in order to express the equation as follows;

0 = a2 · (Tw − Ts)− a4 · (Ts − Tp),
0 = a2 · Tw − (a2 + a4) · Ts + a4 · Tp. This expression is then solved for Ts;

Ts =
a2Tw + a4Tp
a2 + a4

. (51)

Then to solve for Tw, it is already known that

0 = a1 · (Tm − Tw)− a2 · (Tw − Ts)− a3 · (Tw − Tp) +Qw + ac · (Tw − Tc) (52)

which can be expressed as

0 = a1 · Tm − (a1 + a2 + a3 − ac) · Tw + a2 · TS + a3 · Tp +Qw − ac · Tc (53)

where after the expressions for Tm and Ts can be used for substitution so that

0 = a1 ·
(
Qm
a1

+ Tw

)
− (a1 + a2 + a3 − ac) · Tw + a2 ·

(
a2Tw + a4Tp
a2 + a4

)
+ a3 · Tp +Qw − ac · Tc (54)
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, and a number of terms cancel out. Thus the following is derived;

0 = Qm − (a2 + a3 − ac) · Tw + a2 ·
(
a2Tw + a4Tp
a2 + a4

)
+ a3 · Tp +Qw − ac · Tc (55)

, which is then rearranged into

0 = Qm +

(
a22

a2 + a4
− a2 − a3 + ac

)
· Tw +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc, (56)

which is then rearranged into(
a2 + a3 −

a22
a2 + a4

− ac
)
· Tw = Qm +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc (57)

, which in turn is then stated as(
a3 +

a2 · a4
a2 + a4

− ac
)
· Tw = Qm +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc, (58)

and then, an analytical expression for the equilibrium temperature of the water in the calorimeter is
expressed as:

Tw =

(
a3 +

a2 · a4
a2 + a4

− ac
)−1

·
(
Qm +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc

)
. (59)

Then the expressions of Tm and Ts can be written as follows;

Tm =
Qm
a1

+

(
a3 +

a2 · a4
a2 + a4

− ac
)−1

·
(
Qm +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc

)
, and (60)

Ts =
a4

a2 + a4
Tp +

a2
a2 + a4

·
(
a3 +

a2 · a4
a2 + a4

− ac
)−1

·
(
Qm +

(
a4a2
a2 + a4

+ a3

)
· Tp +Qw − ac · Tc

)
,

(61)
respectively.

2.3 SERPENT Fundamentals

In this subsection, the fundamentals of the particle transport code used in this project are briefly
introduced. In order to estimate the gamma escape energy fraction, the system was simulated in
the Monte Carlo program SERPENT, which is ”a multi-purpose three-dimensional continuous-energy
Monte Carlo particle transport code”, as described in [10].

The general Monte Carlo method is to simulate a number of particles which travel randomly
in a defined space. When the simulated particles interact with atoms, the outcome is decided by
pseudorandom choice set by a random seed. The outcome and the probabilities are defined according
to the physical properties of the simulated interaction. The particles may be counted by the virtual
detectors in the system. Several MATLAB formatted output m-files are created by SERPENT after a
simulation, one of which contains the readings from the virtual detectors defined in the input file.

There is no graphical user interface available for SERPENT, and it simulates a system described
in an input file (which may simply be a txt-file) with several ”card” sections describing the system
simulated. The particles simulated in SERPENT may be neutrons or photons, and the system may
be critical or uncritical. If it is not critical, a card may be used which describes an external particle
source. Dosimeters, particle counters, et cetera, are also described with cards. One which is applied
in the simulations is a counter of photons through a surface.
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The majority of the cards describe the geometry and materials of the system. The geometry of the
simulated system is defined by different cells describing parts of the object in the simulation. A cell,
which is described in the cell card, is a volume filled with a material. The materials are described in
the material card, where a material is defined as a homogeneous mix of nuclides written in a list. For
each nuclide a density must also be defined.

Generally, a volume of a cell is defined to be the in the intersection of one or several surfaces given
in the surface card. The surfaces are mostly simple, geometric surfaces, such as planes, cylinders,
spheres, cubes, cones, et cetera.

For a cell which is defined using a plane surface, a positive sign indicates that the cell fills the
side of the surface which is parallel to the positive axis direction. In the case of closed geometrical
objects, a minus sign indicates the inside of the surface of the object, and the positive the outside. For
example, having a surface described as a sphere R1 , and having a sphere R0 with a smaller radius,
the volume of a cell described as being in the volume in between those spheres (with them sharing the
same origin) would be R0- R1[6].

The results from the simulation return the normalized number of counted photons in an array,
listed according to their energy at the time of being counted. A list of energy intervals in an array is
also returned by SERPENT. The normalized number of counted photons in the formerly mentioned
array can be described as a function of the energy intervals returned in the latter array.
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3 Implementation in MATLAB and in SERPENT

The project described in this thesis involves two parts; the first is the thermodynamic model of the
temperature evolution of the calorimeter and the second Monte Carlo gamma escape calculations.

The method of the first part, in order to apply the mathematical model to measurements, was
to implement the mathematical model of the temperature evolution of the calorimeter in MATLAB
and apply it to calibration measurements from the calorimeter described in the subsequent subsection.
Specifically, the solution of the system of ODE:s in Eq. 14 as described in section 2.2.1, were defined
in a script. This is described in the next subsection. The values of the parameters were estimated by
consulting relevant literature, and adjusted in accordance with data readings from calibration measure-
ments with a heater, by comparing the temperature curve from the model and from measurements.
When the values of these parameters were estimated, predictions and calculations concerning the
calorimeter were made based on that data. This involved long term predictions of the system, mass
corrections, et cetera.

Last in this section, Monte Carlo simulations of the calorimeter system in order to estimate the
fraction of escaped gamma energy fraction are addressed.

3.1 General Implementation in MATLAB

This subsection concerns how the temperature curves as functions of time, according to the model,
were estimated in MATLAB.

3.1.1 MATLAB Implementation of The Solution to the ODE:s

The system of ODE:s may be solved according to the analytical solution derived in section 2, but in
MATLAB, the solution was implemented in a simple function which used standard built-in MATLAB
functions. Thus the code operates faster, and the implementation was less complicated. This function
is included in Appendix A. The input variables of the function are the parameters used to describe
the system, initial temperatures of the three components of the calorimeter, and a time vector. It
returns an array of temperature values with three rows (one for each component) and the number of
columns is the number of elements in the time vector input variable. Each row of temperature values
corresponds to the temperature of one component in the calorimeter as a function of the elements in
the time vector input variable.

With this simple function, how the temperature curve is affected by changing the values of different
parameters could be investigated. In the result section, subsection 4.3 relies heavily on the temperature
curve function. In those subsections, deviations of the model from the measured data were calculated,
the predictions of the model in the long term. Also, the temperature curves of other components,
and how the temperature curve changes with different values of the heat capacities of the calorimeter
components, could be calculated.

Additionally, a function returning the derivative of the solution as a function of time was written,
which is of importance in order to estimate the mass correction. This function is included in Appendix
A. A function was also devised which determines the temperature of the water in the calorimeter at a
specific time (this function is also included in Appendix A).

3.1.2 Reading and Manipulating the Raw Data in MATLAB

The raw data files were read in MATLAB, and the data was manipulated in that program. The
procedure of transferring data from the raw data files to MATLAB is described in greater detail in
Appendix A.

During physical calibration measurements, the temperatures, according to measurements from the
eight thermo-couples in the water in the calorimeter, were recorded for every 96th second. Thus there
are eight temperature curves as functions of time provided in the raw data. In this project, the average
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of the eight temperatures was determined as a function of time, and used as a reference temperature
curve for the mathematical model.

Though briefly mentioned in subsection 2.1, a more detailed description of the measurement pro-
cedure is here provided. The slopes from the measured temperature curves were estimated by linear
regression. A second degree polynomial was fitted to a curve of the average temperature of the tem-
perature of the water in the calorimeter. Before linear regression was applied, the curve of the average
temperature in the calorimeter was shifted such that the time at which the temperature equal to
the temperature in the pool would be at (or at least close to) the origin. The temperature was also
shifted as to indicate the difference between the temperature of the water in the calorimeter and the
temperature of the water in the surrounding pool. In practice, the time relevant for the slope was
within 100 to 200 seconds of the location where the slope was estimated. The average temperature
of the water in the calorimeter would thus go through, or near, the origin. Then the slope of the
measured temperature was obtained from the coefficient multiplied with the first degree term in the
second degree polynomial.

In addition, from the linear regression analysis a covariance matrix of the coefficients in the second
degree polynomial was obtained. From it the standard deviation of the first degree coefficient (square
root of the second element in the diagonal), and therefore the slope, was derived. The curve of the
average temperature was cut off at a certain point, such that the origin was approximately at the
center of the curve, making the slope more accurate. Then the slope was documented.

3.1.3 How to Estimate The Parameters of The Mathematical Model

In order to properly apply the simplified mathematical model to the calorimeter system 251, the
parameters used in the system of ODE:s were estimated. The values of the heat capacities are measured
and well-known according to [2]. The values of the convection heat transfer coefficients multiplied with
the surface area a1, a2, a3, a4, and ac, are not well-known. They were estimated by comparing the
measured temperature in the calorimeter as a function of time with the corresponding temperature
curve according to the model.

The temperature curve of the model was adjusted in order to overlap with the measured data to as
great an extent as possible. This was by means of adjusting the values of the convection heat transfer
coefficients multiplied with the surface area. Whether the values of the parameters were remotely
physically reasonable or not could then be considered. How these parameters affect the temperature
is elaborated in the results section.

Some specific simplifications are here addressed. In subsection 2.2 it is mentioned that the param-
eter a3 describes the heat flow from the water in the calorimeter to the pool. In order to simplify the
application of this model, a3 described all heat flow out of the system, which was applied by setting
a4 to zero. Thus it was assumed that there was no heat transfer from the structure to the pool, and
the structure is perfectly isolated from the pool by the polyurethane foam.

The structure may be described as being inside of the foam, in this model. However, similar to
a3, using a2 as a ”sink” for the heat is also possible, with a nonzero value of a4. This option is not
elaborated in this project, but it is possible. In such a case, a3 should be set to zero, which simplifies
the curve fitting procedure, as there would be several parameters which have similar effects on the
temperature curve otherwise. Had such an approach been taken to the model, the calorimeter shell
would be described as being outside of the polyurethane foam, as a result of the low value of a2. By
setting a3 to zero, the heat flow out through the pipe to the circulation pump is neglected, which
may be unrealistic. In the approach chosen in this project, the heat flow due to a4 is assumed to be
negligible compared to a3.

There are two different approaches to interpret the model, depending on how the values of the
convection heat transfer coefficients are set. One of those models assumes that the structure is inside
the polyurethane foam, and the other that the structure is outside the polyurethane foam. In this
project, the calculations were limited to the former scenario (zero a4, and nonzero a3). In this approach,
a3 is a comprehensive average measure of the heat flow from the calorimeter and into the pool, which
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would not be the case in the other approach.
The values of a1, a2, a3, a4, and ac may also be estimated using a more sophisticated model based

in firm fluid mechanics. Theoretical values of the parameters would then have been estimated, which
would then perhaps be confirmed by calibration measurements. That would possibly require numerical
simulations of the fluid flows inside the calorimeters, which would be beyond the scope of this thesis.
And if reasonable accurate values of those parameters would be estimated, it would probably not be
a significant improvement to the model. Further elaborations of the values of the convection heat
transfer coefficients multiplied with surface area can not be described here, but must be in the Results
section.

The values of Qm and Qw were estimated depending on the power of the electrical heater during
the calibration measurements, and on the calibration curve.

The value Tp of the temperature of the pool outside of the calorimeter was estimated by determining
the mean value of the temperature of the thermo couples in the pool.

In case of there being transient effects close to t = 0 seconds, the initial temperature of the
components (the three components have the same initial temperature) was estimated by considering
the calibration temperature curve near t = 0 seconds, but after potential transient effects. This was
an attempt to adjust the model in order for the temperature of the model and the measured curve to
coincide. This is addressed further in the results section.

3.1.4 How to Estimate The Eigenvalues of The Mathematical Model

The eigenvalues were calculated by implementing the solution to the third degree equation described
in subsection 2.2.2. The values of the parameters described above were used in solving the system of
ODE:s.

The values of the convection heat transfer coefficients multiplied with the surface area are not
very exact. Therefore, a range of eigenvalues were estimated for different values of the aforementioned
coefficients and presented in a table in the eigenvalue subsection in the Results section. That the
model indicates that one eigenvalue is dominant is also demonstrated in that section.

3.1.5 Curve Fitting Procedure of The Mathematical Model

In order to estimate the temperature of the calorimeter as a function of time, the above mentioned
MATLAB function was used. In order to apply the model to the calorimeter in question, some
parameters were adjusted to make the temperature curve from the model fit as good as possible to the
calibration data, with a value of R2 as large as possible.

The convection heat transfer coefficients multiplied with the surface area (a chosen number of
them), and possibly a term describing generated heating power, were adjusted to the temperature
curve. This is in addition to the initial temperature, pool temperature, and power of the heater. In
order to estimate how the parameters should be adjusted, some data resulting from calculations are
necessary. This depends on how the values of these parameters affect the temperature evolution of the
calorimeter, and the discussion must therefore continue in the Results section.

At next step the two different methods applied to fit the temperature curves to the measured data
are described.

By maximizing the value of R2, the overall fit became as good as possible. The overall preciseness
of the description of the temperature evolution of the calorimeter by the model is thus estimateable.
But the slope of the temperature curve is of primary interest in estimations of the mass correction.
For that reason, another set of curve fittings was conducted, in which, in addition to first adjusting
aforementioned parameters according to R2, a parameter describing power generation was adjusted to
the slope of the temperature curve from the calibration measurements. The slope in question is, as
previously stated, at the time when the temperature of the water in the calorimeter is equal to the
temperature of the water in the pool.
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3.2 How to Estimate The Mass Correction According to The Mathematical
Model

The mass correction is crucial to accurately measure the power of spent nuclear fuel assemblies. In
the Results section, the subsection addressing the mass correction is after the subsections addressing
the values of the parameters.

The definition of the mass correction in Eq. 11 (KT = Ṫheater/Ṫassembly) was implemented by

determining the time derivatives Ṫheater and Ṫassembly of the solution to the general solution to the
system of ODE:s. This derivative was determined in Eq. 22. The values of the parameters describing
the heat capacities applied in this model to derive Ṫheater are consistent with the calorimeter structure
configuration during the calibration measurements.

To calculate Ṫassembly, the total heat capacities of the components were varied, and KT was plotted
as a function of the heat capacity of the water in the calorimeter. It was assumed that the value of the
heat capacity of the structural component of the calorimeter can only be set to a limited set of values,
depending on which parts of the calorimeter structure were used during the measurement. The heat
capacities of the fuel assemblies were assumed to be more variable, and also the heat capacity of the
water in the calorimeter.

There is one plot for each calorimeter configuration, in which the mass correction is illustrated as a
function of the heat capacity of the water in the calorimeter, and there are different lines for different
values of the fuel assembly/heater.

3.2.1 Polynomial Approximation

To allow for a simple estimation of the magnitude of the mass correction, a simple mathematical
equation was derived.

It has been established that the mass correction is estimated with respect to three parameters: the
heat capacity of the assembly (or the heater), the heat capacity of the water in the calorimeter, and
the heat capacity of the inner structure of the calorimeter (not including the component that heats up
the system). Since the solution of the three component system of equations involves a solution to a
cubic equation, the derivation of the slope correction is a relatively complicated procedure. A simple
analytically derived equation of the slope correction is not available from the model considered in this
report. Though the slope correction curves, as functions of the heat capacities, are roughly linear
functions. By using linear regression, first degree-and second degree polynomials may be determined
which describe the slope correction to a satisfactory degree. Those polynomials are as follows;

KT (Cm) = am · C2
m + bm · Cm + aw · Cw + as · Cs + C. (62)

As can be observed in the equation, there are three heat capacities whose values are variable, and thus
there are three curves which were fitted, and the following functions were derived;

KT (Cm) = am · C2
m + bm · Cm + cm

KT (mw) = aw · Cw + bw
KT (ms) = as · Cs + bs

. (63)

The coefficients were estimated by using linear regression, but the constants cm, bw and bs are different
in different cases. C was estimated by using that the correction is equal to one in the case of having
the heat capacities equal to the case when the heater is measured, which is expressed as C = 1− am ·
C2
m − bm · Cm − aw · Cw − as · Cs.

The code itself functioned by determining an interval for each of the heat capacities of the three
components Cm, Cs, and Cw for the temperature slope in the case of a spent fuel assembly. That slope
was then determined as a function of each of these three heat capacities, with the other two being kept
fixed.

The correction factors for each of the values were estimated using the aforementioned relation
KT = Ṫheater/Ṫassembly, written previously in Eq. 11. A polynomial function was fitted to each of those
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curves using linear regression, which is from where the values of the coefficients were obtained. The
constant C was then determined by using that the correction factor is one when the heat capacities are
set to the values they have when there is just a heater in the calorimeter. The polynomial approximation
is provided in the results section.

3.2.2 How to Estimate The Sensitivity of the Mass Correction on Parameters

In order to estimate the sensitivity of the mass correction with regard to the parameters used in the
model, the following method was used. A number of plots are provided, the horizontal axis is the
difference in the parameter divided by the the standard fixed value of the parameter (in the case of
initial temperature, (T − T0)/T0, where T is a vector of tested initial values and T0 is the standard
value). The parameters which values were varied were the parameters of the temperature slope without
the electric heater, which is in the denominator of the definition for the mass correction defined by the
temperature slopes. The effect of changing the values of the parameters of the slope in the numerator
was expected to be of a similar magnitude. The vertical axis is corresponding for the mass correction
(∆KT /KT ). Which parameters which were investigated as described is elaborated in the results
section.

A plot is also be provided, demonstrating whether the power terms Qm and Qw affect the temper-
ature slope differently or similarly.

3.2.3 How to Estimate The Uncertainty of the Mass Correction

In order to estimate the uncertainty of the mass correction, the general approach was to vary the
values of parameters the mass correction is sensitive to. A value of the mass correction was estimated
from the definition of the mass correction in Eq. 11 (KT = Ṫheater/Ṫassembly).

The values of parameters the mass correction is sensitive to were varied in the estimation of
Ṫassembly, while kept to fixed, standard values in Ṫheater. Since results from calculations are needed in
order to be more specific regarding the method, how this was conducted, more exactly, is elaborated
in the results section.

The uncertainty of the mass correction was also estimated using the propagation of uncertainty.
Using Eq. 7, in order to estimate the uncertainty with respect to the masses and the heat capacities
of the parts of the calorimeter. However, this approach may only be reliable if the mass correction
estimated in this report returns similar values as the established mass correction.

Another approach was also used in order to estimate the uncertainty of the mass correction. In
order to estimate this uncertainty, a simplified equation describing the propagation of uncertainty
was used. As long as the uncertainties remain small, the estimations obtained using this method are
reliable. The uncertainty can then be estimated as follows, where ∆KT is the mean uncertainty;

∆KT =

√(
∂KT

∂x1

)2

(∆x1)2 +

(
∂KT

∂x2

)2

(∆x2)2 + ..., (64)

where x1, x2, ..., are parameters KT is dependent on. This equation would have to be applied to the
solution to the system of equations solved in this report. That would be a very complicated procedure.
The established definition of the mass correction can be stated as follows;

KT =
Cm,a + Cw,a + Cm,a
Cm,h + Cw,h + Cm,h

, (65)

where the index ends with a if it is in the case of an assembly, if it ends with h it is in the case of the
electrical heater. The mean uncertainty for the total heat capacity (in case of a general heat capacity
mcp) was be estimated by the following expression;

∆(mcp = C) =
√
m2 · (∆cp)2 + c2p · (∆m)2, (66)
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where m is the mass of the object. and cp is its specific heat. The mean uncertainty in the total heat
capacities were thus estimated. The mean uncertainty could then be determined by a more specific
equation;

(∆KT )2 =
(
∂KT

∂Cm,a

)2
(∆Cm,a)2 +

(
∂KT

∂Cw,a

)2
(∆Cw,a)2 +

(
∂KT

∂Cs,a

)2
(∆Cs,a)2 +

(
∂KT

∂Cm,h

)2
(∆Cm,h)2 + ...

...+
(
∂KT

∂Cw,h

)2
(∆Cw,h)2 +

(
∂KT

∂Cs,h

)2
(∆Cs,h)2

.

(67)
from which the square root was determined to calculate the uncertainty. The derivatives of parameters
in the numerator of Eq. 65 were determined to be the following;

∂KT

∂Cm,a
=

1

Cm,h + Cw,h + Cm,h
. (68)

It is similar in the case of other parameters in the numerator. If it is in the denominator, the derivative
is determined to be the following;

∂KT

∂Cm,h
= − Cm,a + Cw,a + Cm,a

(Cm,h + Cw,h + Cm,h)2
. (69)

Using the equations derived above, the uncertainty of the mass correction with respect to the heat ca-
pacities of the components in the calorimeter can be estimated. The results estimated these calculation
are in the section ”Results”.

3.3 SERPENT Implementation to Estimate the Gamma Escape Fraction

In order to conduct the simulations necessary to correct the power in the spent nuclear fuel, a SER-
PENT input file, written prior to this project, was used which describes the calorimeter[9]. In it, a
number of surfaces and materials are defined, describing the structure of the calorimeter, with a fuel
assembly, relative to a Cartesian coordinate system. A random seed is set at the beginning of the file
in order to reproduce the same run. The fuel material, which filled the pins in the spent nuclear fuel
assembly was used as an external photon source. Using this option in the input file, the total number
of photons released may be defined, from which part of the system the photons originate, which energy
those photons have during simulations, et cetera. A similar project in which this particular file was
used for similar purposes is reported on in [7]. This part of the thesis is a further development of that
project.

The simulated photons are monoenergetic. The file was modified, and several simulations were
conducted with different values of the energy of the photons. The fraction of the total energy escaping
could then be estimated. The physical dosimeters presently used at Clab were not represented in
the simulations. To obtain statistically reliable results was very challenging. Furthermore, reliable
simulations would require experimental results characterising in detail the detector response as function
of the photon energy, experiments which were not available to the author of this report. Therefore the
scope in this thesis is limited to estimating the fraction of photon energy lost due to gamma escape.
That is, to estimate the relation between the energy deposited in the calorimeter and the energy that
escapes. In order to attain such estimations, the current of photons through two strategically defined
surfaces was measured by using a virtual detector which detects photon currents. Two circularly
cylindrical surfaces were used. One of them was, described relative to the virtual calorimeter, defined
as being at the boundary between the water in the calorimeter and the inner wall of the calorimeter
structure.

The other surface was defined as being at the boundary between the outer surface of the calorime-
ter structure and the pool, but this cylinder had a top approximately 20 cm above the top of the
calorimeter, and a bottom approximately 20 cm below the bottom of the calorimeter. That is, one
surface just inside the calorimeter structure, and the other just outside of it.
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Two virtual detectors were then defined for each of these two surfaces. Each of these detectors
counted the number of photons passing through its designated surface, and normalized the number
with respect to the total number of released photons from the source. The detector defined for the
outer surface was used to estimate gamma escape.

The estimation of the fraction of energy exiting the calorimeter by means of gamma escape was
calculated from the output file of the detectors. The normalized photon current as a function of photon
energy is reported there. The following equation is an equation defined in order to estimate the energy
lost due to gamma escape[3].

By multiplying the relative number of photons detected within a specific energy interval, with the
average energy in that interval, returns the total gamma escape for photons in that particular energy
interval. That was then done for photons in the full energy spectrum of gamma radiation escaping
the calorimeter, and the lost gamma escape energy was estimated. Then the fraction of energy that
escaped the system can be estimated with the following relation;

F =

∑n
i=1N · fi · Ei
N · Eγ

=

∑n
i=1 ·fi · Ei
Eγ

, (70)

where N is the total number of photons generated in the photon source. The term fi is the normalized
number of photons counted in a specific energy interval, Ei is the average of the energy in that energy
interval. The term Eγ is the energy of the photon in the instant of it being generated in the source.

Simulations were conducted with monoenergetic photons with energies in the range of 100 keV to
2 MeV (in intervals of 50 keV). From the results, a function of the energy escape fraction of the total
energy could be tabulated as a function of the energy of the monoenergetic photons.

Concerning the construction of a new calorimeter, which may have larger dimensions, simulations
were also conducted in which the radius of the calorimeter was increased by 10 centimeters. The
structure of the calorimeter which was expanded is the shell structure which contains the water inside
the calorimeter, such that it contained a larger volume of water.

In addition, the uncertainty of each fi was known, and there was no uncertainty in Ei, nor in
Eγ . Using the simple expression for the propagation of error, requires that the uncertainties of all
the components in this equation are small. That is true for the majority of the components of the
sum, in which the uncertainty is a few percent. In cases where the component in the sum is small,
the uncertainty of that part tends to be greater, but the contribution to the sum of those components
are assumed negligible. Then the uncertainty of fraction F can also be estimated by the following
equation;

σF =

√(
∂(E1 · f1/Eγ)

∂f1

)2

σ2
f1

+
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∂(E2 · f2/Eγ)

∂f2

)2

σ2
f2

+ ..., (71)
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+
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E2
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)2

σ2
f2

+ .... (72)

In addition, a plane surface was defined at the top of the cylindrical surface counting the exiting
photons, and a plane surface was defined at the bottom of this cylindrical surface. The two plane
surfaces were thus defined approx. 20 cm above the calorimeter top, and 20 cm below the calorimeter
bottom, respectively. Current detectors were defined, which counted the number of photons passing
the top and the bottom of the surface counting the exiting photons.

The planes defined at the top and the bottom were infinite, and photons which pass through the
mantle surface of the calorimeter cylinder could also pass through the current detector at the top or
bottom. But the number of those photons were assumed to be small and are neglected further on in
this report.

The calorimeter in the SERPENT input file had no defined bottom which corresponds to the
physical calorimeter. There was no physical lid defined, and the value of Eescape through the top is
thus not physical, but simply fulfilled the function of counting how many photons exits the calorimeter
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parallel to the positive direction of the z-axis according to the simulations. Likewise with the bottom
current detector.

Since the fuel assembly in the calorimeter has a square cross section, it did not emit radiation
homogeneously in all directions.

Using a set of mesh detectors defined to be in a circle around the circularly cylindrical calorimeter,
the fluency of photons in the detector integrated over time could be estimated as a function of the
azimuthal angle of the calorimeter. In this way, it was possible to estimate how the gamma radiation
depends on the azimuthal angle.

In addition, another mesh detector was defined, but with each detector being a circle around
the calorimeter, and several on a row along the symmetry axis of the calorimeter. They measured
the fluency of photons in the detector integrated over time, which could therefore be estimated as a
function of the z-axis.

In addition, several simulations were conducted, in which the energy of the gamma photons, gen-
erated in the nuclear fuel, was set to 661.657 keV, and the radius of the calorimeter shell was varied.
The gamma energy escape fraction was estimated from the current detectors used, and was tabulated
as a function of the radius of the calorimeter shell.
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4 Results

In this section, the results obtained with this model are presented. An overview over the section is
here provided. In order to describe the temperature evolution of the calorimeter, the possible intervals
for the values of the model parameters are estimated (subsection 4.1). Those include a1, a2, and a3 as
well as the heat capacities Cm, Cw, and Cs. The values of T0 and Tp were measurable and depend on
the circumstances of the measurements in question.

After the values of the parameters of the systems were estimated, the possible values of the eigen-
values of the system were calculated (subsection 4.2). Subsequently, a typical temperature curve
according to this model could be described and illustrated (4.3). Various aspects of the temperature
curve according to the model may then be investigated. Those include reoccurring deviations in the
model curve from the measured temperature curves are illustrated (4.3.1), which demonstrate some
limits of the model.

The temperature curve during long time periods was considered (4.3.2), until it is close to equilib-
rium temperature. This is then followed by temperature plots (4.3.3 Temperature curves of the other
components) of the temperature curves in the other components. As the system is assumed to be in
thermal equilibrium all curves show strong similarities.

As a next step, the temperature curves for different values of the heat capacities of the components
of the calorimeter were calculated (4.3.4). This may potentially concern the construction of a new
calorimeter. In order to test this model, the parameters of this model were fitted to several calibration
measurements (4.4). The results from those curve fittings are listed in tables. They list which values
the parameters have for each set of measurement data.

As the calculations progressed past the fitting tables, the mass correction, according to this model,
could be estimated (4.5). Plots as functions of the heat capacity of the water in the calorimeter
are provided. An example of a calibration curve is also provided (4.4.1). There is also a polynomial
approximation of the mass correction provided, which is probably of greater practical utility (see 4.5.1).
The polynomial approximation and the established estimation of the mass correction calculated similar
values of the mass correction.

The sensitivity of the mass correction on the parameters used in the model is then addressed and
was estimated (4.5.2), and the deviation of this mass correction from the established mass correction
was estimated (4.5.3). The uncertainty of the mass correction was then estimated (4.5.4). This section
closes by reporting the results from the SERPENT calculations concerning the estimation of the gamma
escape energy fraction (subsection 4.6).

4.1 Estimating and Setting the Parameters

To be able to apply the model to measurements performed in the calorimeter, reasonable values have to
be assigned to the model parameters first. How these parameters affect the temperature as a function
of time can then be investigated. The heat capacities for the various components are known and listed
in Table 1[2].
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There was no indication of changes in the calorimeter structure, and it was assumed that that configuration of
the calorimeter was still descriptive of the state of the calorimeter in the later calibration measurements used for
this model.

The heat capacity of the heater was estimated by determining the heat capacity of the steel in the heater
(0.46 · (71.70 + 5.38 + 4.11) = 0.46 · 81.19 = 37.35 kJ/oC), and adding it to the heat capacities of the other
components in the heater, which are made of other materials. Those are the heat capacity for copper in the heater
(1.34 kJ/oC) and the plastic in the heater (8.61 kJ/oC). The total heat capacity of the heater is summed up to
Cm = 37.35 + 1.34 + 8.61 = 47.30.

During some calibration measurements, the electrical heater was inside a steel box of 18.16 kg, which would
increase the heat capacity with mcp = 18.16 · 0.46 = 8.3536 kJ/oC to the heat capacity of the heater. The mass
correction with such a box is approx. 0.999 according to the established mass correction estimation, which is not
significant. In the documents with the raw data, no clear indications could be found in the available measurement
protocols whether the electrical heater had a steel box or not during calibration measurements.

During curve fitting, it is the heat capacity without box which was used. The heat capacity of the structure of the
calorimeter is the heat capacity of all the parts of the calorimetric structure used during calorimetric measurements,
which is below demonstrated to sum up to Cs = 98.41 kJ/oC, and the heat capacity of the water is Cw = 1572 kJ/oC.
The heat capacities of the components of the calorimeter are addressed again, concerning the mass correction. The
remainder of this subsection is concerned with the values of the other parameters.

Physics consideration can give ranges for the parameters a1, a3, and a3, and the impact of changes in these
intervals can be and tested with the model. Theoretically, the interval of physical values that the heat transfer
convection coefficient in the case of a liquid flowing past a solid surface ranges from ca. 50 W/oC ·m2 to ca. 20
kW/oC ·m2[17]. This is without the surface area multiplied, but it is assumed that the order of magnitude would
remain unchanged.

In case of low values of a1, there is a delay for the heat transfer from the fuel assembly to the water in the
calorimeter. From trial and error it was known that in a plot of the temperature Tw of the water, there would be
an interval starting at t=0 seconds, and continuing for a significant period of time. The temperature of the water
in the calorimeter rises at a very slow rate in that interval, and then the rate of increase gradually increases and
go to higher temperatures and rise at the same rate as the measurements from Clab. In the model, this effect is
magnified (both the time interval during which the delay takes place, and how much the system is delayed) as the
heat capacity of the heater/fuel assembly is increased.

In some calibration measurements, one to three temperature measurements close to t = 0 seconds indicate such
a delay. But adjusting a1 to lower values is not feasible with this few measurement points. Additionally, it may

Component Mass / [kg] cp / [kJ/kg · oC ] Total Heat Capacity
Free water 375.99 4.18 1572.18
Structure
Shell 112.33 0.46 51.67
Bottom 2.15 0.46 0.99
Nozzle 48.36 0.46 22.25
Lid 3.42 0.46 1.57
Circulation line 5.84 0.46 2.69
Truss 42.03 0.46 19.33
BWR guide 3.23 0.46 1.49
Spacer 10.90 0.46 5.01
Heater
Electric heater 71.70 0.46 32.98
Heater lid 5.38 0.46 2.47
Guide 4.11 0.46 1.89
Plates 18.16 0.46 8.35
Copper 3.48 0.39 1.34
Plastic 8.61 1.00 8.61

Table 1: A table over the heat capacities of the physical parts of the calorimeter used in considering this model of
the system.
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not be due to the heat flow from heater to water, but to some other transient cause (pumps initiated, or how the
cooling is operated, for example). Since this is not regularly observed in the raw data, the value of a1 is assumed to
be high. Thus assuming that the system is in thermal equilibrium. The rate of heat transfer between neighboring
components is very high. That is also more descriptive of the overall temperature curve.

With large values of Cm, the distinctive features of low values of a1 become stronger. 17×17 PWR fuel assemblies
have a rather large volume and force away a lot of water, so measurements from such assemblies could be used to
see how small a1 can be.

To the author to this report, there was also raw data from measurements of large assemblies (PWR 17×17 fuel
assemblies, Cm = 162.28 kJ/oC) available, and any indication of such a delay remains absent. Though there is a
small delay in some measurements, these remain too small to be of practical significance for parameter adjustment
in any curve fitting procedure.

Based on available data, a physically reasonable range of the values of a1 may be approximated. The lower
limit of a1 is observed to be close to 1. In the case of a value of 0.1 kW/oC the model temperature curve overlaps
with the measured curve, but does not work with these fuel assembly measurements (the temperature curve does
not agree with the curve from the data). Since these calculations are used to estimate mass/slope correction, the
estimation of the reasonable range of a1 has to consider measurements of larger Cm, so a1 assumes a large value.

The coefficients a1 and a2 are the results of the same water flow passing similar cylindrical surfaces, so their
values were expected to be of a similar magnitude. Therefore a1 and a2 were assumed to be equal, and thus had
the same reasonable interval. a2 should be slightly larger than a1 due to the geometry of the calorimeter, but this
slight difference is neglected here.

In Fig. 2, a plot is displayed of the temperature of the water in the calorimeter as a function of time. There
are two curves; one with a2 = 2 · 1012 kW/oC, and one with a2 = 2 · 10−14 kW/oC. Neither of these values are
physically realistic, but they demonstrate how insensitive the system is to large variations in the value of a2. The
power generated by Qm is approx. 499 W . Beyond these values of a2, MATLAB does not return trustworthy
results.
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Figure 2: This is a plot of how the temperatures of the water in the calorimeter, how the curve is affected by varying
the values of a2. The power in the heater is approx 499 W. In one of the curves, the value of the convection heat
transfer coefficient a2 is a2 = 2.e12, and in the other it is a2 = 2.e-14.

In Fig. 2, the small value of a2 defines the structural component of the calorimeter to be thermally isolated. Since
a2 is small, the heat never flows to the structural component of the calorimeter. The slightly steeper temperature
curve demonstrates a slight decrease of the heat capacity of the calorimeter, heat cannot flow to the structural
component. At a2 = 20 kW/oC, this term has the same effect on the temperature curve as it would have if it was
at a2 = 2 · 1012 kW/K. The effect on the temperature evolution is constant for the values in between those extreme
values, and this effect is also consistent with the measurements from the calorimeter. As a result, the adjustment
of a2 to any more precise value than the values mentioned above is not feasible by this approach.

At a2 = 0.2 W/oC, which is below the lower boundary of the range of physical values (50 W/oC), the temperature
curve shifts slightly along the positive vertical axis. If a2 is continually decreased, the temperature curve is still
fixed at that position.

In curve fittings to calibration measurements, the values of Qw and a3 may be adjusted in order to compensate
for a2. The value of a3 is further elaborated in subsequent sections. In practice, it is unfeasible to estimate the
value of a2 independently of Qw and a3. In addition, the range of a2 at which the temperature curve is sensitive
is about two orders of magnitude less than its physical range. This suggests that the ”lower” temperature curve is
more physical than the ”higher”. The value of the parameter a2 is assumed to be equal to the value of a1.

The value of the power of the heater is estimated by determining the average value of the power, measured using
a Watt-meter, that the heater consumes while the measurements are conducted. The data on the power consumed
by the electric heater was obtained from the raw data files.

In addition, the power in the calorimeter which is not generated in the heater/fuel assembly is assumed in the
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model to be deposited in the water. This heat is a consequence of the water pumps, power lost in the power circuit
to the heater, or gamma rays which escape from the assembly. The parameter Qoffset describes such powers, and
it corresponds to the difference between the power from the heater/fuel assembly and the power measured in the
calorimeter. In the model, Qoffset is represented by Qw. The exact value of Qoffset, or Qw, is not necessarily
evident, and it is used as a parameter to adjust the model-generated temperature curve to the raw data. The slope
of the temperature curve is proportional to these power generated in the system, according to theory addressed
previously.

The (in the model assumed constant) temperature Tp of the pool was estimated by calculating the average of
the detected temperatures by the two thermo couples in the pool.

As the value intervals for the parameters of the model have been estimated, the eigenvalues of the system could
be estimated as well.

4.2 Estimation of The Eigenvalues

The eigenvalues are estimated in this subsection. For brevity, the plots of the eigenvalues as functions of various
parameters are not provided in here, but the eigenvalues’ maximum and minimum values are tabulated.

In Table 2, the eigenvalues are listed with the standard case that a1 = a2 = 20 kW/oC, a3 = 2.6e-02 kW/oC,
ac = 0 kW/ oC, Cm = 47.30 kJ/oC, Cw = 1572 kJ/oC, Cs = 98.41 kJ/oC. Qm, Qw, and T0 are not in the matrix
A, and the eigenvalues are not dependent on them. The range of the values is very wide, and are also includes
values which are high or low (not physical) for some of the parameters, but this table is just to provide a general
overview. In order to estimate how the eigenvalues vary, their maximum values and minimum values are listed, as
each of the parameters are varied.

Parameter interval λ1,min λ1,max λ2,min λ2,max λ3,min λ3,max
- no interval -1.5e-05 -1.5e-05 -0.44 -0.44 -0.22 -0.22
a1 0.1-50 kW/oC -1.5e-05 -1.5e-05 -0.0022 -0.22 -0.22 -1.1
a2 0.1-50 kW/oC -1.5e-05 -1.5e-05 -0.0011 -0.43 -0.44 -0.54
a3 0.01-50 kW/oC -5.8e-06 -0.029 -0.22 -0.22 -0.44 -0.44
a4 0.01-50 kW/oC -2.1e-05 -0.0088 -0.22 -0.44 -0.44 -0.72
Cm 1-200 kJ/oC -1.39e-05 -1.56e-05 -0.11 -0.22 -0.22 -20
Cw 1-2000 kJ/oC -1.212e-05 -1.771e-04 -0.2128 -0.3128 -0.4333 -40.3391
Cs 1-200 kJ/oC -1.43e-05 -1.60e-05 -0.112 -0.436 -0.436 -20.0

Table 2: The maxima and minima of the eigenvalues are with respect to the value intervals of the parameter. The
minimum is for the low end of the parameter interval, and maximum is for the high end of the parameter interval.

In Table 2, λ2 and λ3 are several orders of magnitude greater than λ1. In the case of a1 = 0.1 kW/oC, or
a2 = 0.1 kW/oC, λ2 has an eigenvalue which is two orders of magnitude larger than the maximum value of λ1. The
term λ1 can be concluded as being the eigenvalue which dominates the long term behaviour of the system.

It is here necessary to discuss the values of a3 and a4. As can be observed in Table 2, the smallest eigenvalue
varies significantly with respect to a3 and a4, and not significantly with the other parameters. Thus these particular
parameters is very useful when fitting parameters to the raw data from the calorimeter at Clab. They are thus
important concerning the long term behaviour of the system.

The parameters a3 and a4 are, if both are nonzero, not easily distinguishable. Both describe the magnitude of
the heat flow out of the system. It is intuitively reasonable that the convection heat transfer coefficient is greater
in the unisolated pipe wall than in the calorimeter wall.

Assuming a3 to be the major contributor to the heat flow out of the system, a4 may be assumed to be zero.
In practice, the values of a3 and a4 cannot be adjusted independently. If a3 would be assumed as being zero, the
convection through the pipe would be neglected, which may be substantial. The term a3 thus becomes the term
describing the total convection out of the system, and may be adjusted by operating the circulation pump.

With the parameters having the values reported above, adjusted according to calibration measurements, the
temperature evolution of the calorimeter is described by one dominant eigenvalue. The alternative is illustrated
in Fig. 3, in which one eigenvalue is almost as small in magnitude as the smallest eigenvalue. It displays the
temperature as a function of time with a1 = 0.01 kW/oC, so that λ2 is not significantly larger than λ1. This has
some effects on the solution of the system of the equations describing the system.
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One curve demonstrates the contribution from all three exponential functions (blue curve), and one curve the
exponential function with the dominant eigenvalue (orange curve). When a1 has higher, slightly more realistic
(though at the upper physical limit), values, the curves overlap almost completely. The yellow curve is the temper-
ature of the water in the surrounding pool. It is also here visible what the general effect of changing the value of
a1 has for the model. No indication of a secondary eigenvalue has been found.

Figure 3: This is a general plot of the temperature evolution of the water in the calorimeter, with and without the
exponential functions involving eigenvalues λ2 and λ3. The parameters are at standard values, and Qm = 500 W,
and a1 = 0.01.

4.3 The Temperature Curve According to the Model

In this subsection a general temperature curve according to the model is illustrated. In the following subsections,
more specific results are provided.

The temperature curve starts at the initial temperature, and tends to exponentially converge to the convergence
temperature, which is also determined analytically above. In Fig. 4, the result from a general curve fitting using the
thermodynamic model is illustrated. The blue curve is the temperature of the water in the calorimeter as described
by the three component model. The orange curve is the average of the temperature in the calorimeter. The yellow
line is the average temperature of the water in the surrounding pool.

The time interval of the raw data used for the fitting starts at approx. 0 (96) seconds to approx 75000 seconds.
The goodness of the fit, compared to the average of the raw data, is R2 = 0.99989. It can be observed that the

curve from the model does not align perfectly (though close) with the calibration measurements. These deviations
are often reoccurring.
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Figure 4: An example of the three components model being fitted to a temperature curve from raw data from a
calibration measurement at Clab. The orange curve is the average of the temperature of the water in the calorimeter,
the blue curve is the temperature curve from the model, and the yellow line is the temperature in the surrounding
pool. R2 = 0.99989

As written in the Method section, the model temperature curves were also adjusted primarily with respect to
the slope. An example of such a curve fitting is illustrated in Fig. 5. The slope of the temperature curve is used
at the time at which it is equal to the temperature of the water in the pool. The coefficient of determination is
R2 = 0.99989.
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Figure 5: Temperature of the water in the calorimeter as a function of time, curve fitting to decrease deviation of
the model at Tw = Tp. The orange curve is the average of the temperature of the water in the calorimeter, the blue
curve is the temperature curve from the model, and the yellow line is the temperature in the surrounding pool.
R2 = 0.99989

4.3.1 Periodic Deviations of The Model from the Raw Data Curves

For the curve fittings, periodic deviations of the model curve from the curve fittings are here described. In curve
fittings where the temperature curve from the model was fitted to calibration measurements by adjusting Qw and
a3 to a value of R2 as close to one as possible, the difference between the model curve and the raw data can be
observed in Fig. 6. The temperature curve from the model was subtracted by the temperature from the calibration
measurements. The time at which the temperature of the water in the calorimeter is equal to the temperature of
the water in the pool is indicated by a black, vertical line. This may affect the estimation of the slope correction
estimated further down below. This particular curve fitting is from the measurement conducted on the date 2018-
12-05, with P=999 W.

In Fig. 7, fitted from measurements conducted 2019-02-13 with P=1625 W. It is an example of the temperature
difference between raw data and the model in another curve fitting, which is shorter than in Fig. 6. Then the part
of the curve at which the slope is measured is thus better fitted with the model.
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Figure 6: The raw data is from the same curve fitting as in Fig. 4 above, but what is plotted is the temperature
difference between the model and the average of the raw data. The pattern is similar for other long measurements,
the time at which Tw = Tp is indicated by a vertical black line.
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Figure 7: Temperature difference between model and raw data, the time at which Tw = Tp is indicated by a vertical
black line. Data from a curve fitting of a shorter sequence of measurements than Fig. 4, and it thus fits better with
the part of the curve which passes the same temperature as the pool outside the calorimeter.

Another set of curve fittings was calculated in order to make curve fittings more appropriate for use to mass
correction, as described in the Method section. The parameters were adjusted with respect to the slope when
Tw = Tp. The deviation from those curve fittings can be observed in Fig. 8.

The curve fitting is relative to the same calibration measurements as in Fig. 6. The time at which the temper-
atures are equal is indicated by the vertical black line, and the temperature difference is close to zero, while the
deviation is higher as time progresses. For the mass correction, it is the curve fittings conducted according to the
latter method which is important, since the mass correction is dependent on the slope at that point.
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Figure 8: Temperature difference between the model and the average of the raw data, the time at which Tw = Tp
is indicated by a vertical black line. This is also calculated from the temperature curve in Fig. 4. The fit is done
according to the slope of the measured data, to decrease the slope deviation of the model from the raw data. The
pattern is similar for other long measurements.

4.3.2 Long Term Temperature Predictions

The model predictions for the long time behaviour of the temperature evolution of the calorimeter are here investi-
gated. The temperature curve approaches the convergence temperature, the formula for this parameter is derived
in the theory section. For the long term predictability of the model, measurements conducted with the intention of
the system to reach equilibrium are used[12]. A plot of a measurement and a curve fitting of a measurement started
in second April 2014 is displayed in Fig. 9. The power of the heater is 802.6 W, and the convergence temperature
is 50.33 oC.
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Figure 9: This is a plot of a curve fit of the raw data from an equilibrium calibration measurement started in second
April 2014. The exponential functions approaches the equilibrium temperature.

In Fig. 10, the equilibrium temperatures, with a standard Q offset at Qw = 60 W, are plotted as functions of
Qm. The analytical equilibrium solution of the system of ODE:s was used in calculating these curves, and are thus
just mathematical functions. It can there be observed that the equilibrium temperature is lower for higher values
of a3, since the heat flow out of the calorimeter is greater in such cases.
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Figure 10: This is a plot of the equilibrium temperatures as a function of the heating power from the electric heater.
The equilibrium temperatures have been calculated from the analytical equilibrium solution to the system of ODE:s
derived in the theory section. Different curves correspond to different values of a3.

According to this model, there is an uncertainty of the equilibrium temperature in the calorimeter, depending
on a3. In order to be able to estimate the equilibrium temperature a3 must be estimated in accordance with this
model.

4.3.3 Temperature Curve of The Other Components

The temperature of the different components as functions of time are very similar. This is due to very high values of
a1 and a2. If lower, they would give noticeable effects when the time is close to zero, which were not clearly observed
in the temperature measurements, and those two parameters are thus assumed to be of high values. Therefore, the
temperatures of the different components can follow each other, since the heat very easily flows from component to
component.

This system similar to a one component model, which may be why the mass correction of these two models are
similar. The system is, for all practical purposes, in thermodynamic equilibrium.
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Figure 11: This is a plot the temperatures of all three components (see legend) as functions of time, and it is from
a fit of the raw data from file EV 500W 2018-11-08, which is not represented. These are only the curves according
to the solution.

4.3.4 Model Predictions: Considering A Calorimeter with Larger Radius

A hypothetical calorimeter with a different radius would contain a different volume of water (thus a different heat
capacity) and it would have a different temperature curve.

In Fig. 12, there are three curves. One curve corresponds to a water heat capacity of Cw = 700 kJ/oC, and the
case with this calorimeter Cw = 1572.18 kJ/oC, and then a water heat capacity of approximately Cw = 2606 kJ/oC.
The first case corresponds to a smaller calorimeter, and the last case for a larger calorimeter. For comparison, some
simple calculations using elementary geometry will show that if the radius of System 251 would be expanded by 10
cm, the heat capacity of the water would be approx. 4000 kJ/oC. The radius would then increase from R = 0.165
meters to R = 0.265 meters, which would be a system that heats up slowly. The heat capacities for the heater
Cm = 47.2974 kJ/oC and for the calorimeter structure Cs = 98.4124 kJ/oC were unchanged, relative to calibration
measurements using an electric heater.

Changing the heat capacity for the calorimeter structure was likewise tested in Fig. 13. The heat capacity Cm
of the heater and of the water Cw in the calorimeter remained unchanged, while the heat capacity of the structure
has the heat capacity Cs = 70 kJ/oC, Cs = 98.4124 kJ/oC (as before), and Cs = 130 kJ/oC. Otherwise, the values
of the parameters were from a curve fitting of a calibration measurement from 2018-11-08, with a heater power of
503 W.
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Figure 12: This is the temperature of the water in the calorimeter as a function of time, if its heat capacity is at
what it is now, how the curve would be if Cw was smaller, and how it would look if Cw was larger.
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Figure 13: This is the temperature of the water in the calorimeter as a function of time, if the heat capacity of the
structure is at what it is now, how the curve would be if Cs was smaller, and how it would look if Cs was larger.

According to Fig. 12 the temperature slope is steeper for smaller masses of water than for larger masses of
water. The results from Fig. 12 and 13 indicate that the varying heat capacity of the water in the calorimeter is
more significant than the heat capacity of the structure of the calorimeter. This can also be concluded from the
established mass correction. In calculations in [2], the heat capacity of the water in the tank may vary by approx.
250 kJ/oC. This is the difference between the calorimeter with a heater and with a 17×17 PWR fuel assembly.
The value of the parameter Cm ranges from approx 47.30 kJ/oC to 162.28 kJ/oC.

4.4 Tables over Curve Fitting Data

The general curve fittings are tested above in different aspects. Some tables are here provided of the most important
fitting parameters used when adjusting the model to the calibration measurement readings[5]. In Table 3, fitting
parameters are listed for calorimetric measurements with a heater conducted from 2017 to 2019. Those curve fittings
are conducted by maximising the coefficient of determination (R2).

When Tw = Tp, the slope of the temperature curve of the model generally deviates a few percent from the
measured temperature curve, which affects the value of Qw.

The results from the curve fittings in which the slope of the model curve in particular was adjusted are listed in
Table 4. The overall goodness of the fit according to the coefficient of determination (R2) is not as great for these
fittings as for the fittings listed in Table 3.

There is also parameter data of a third set of curve fittings where the value of Qw was set to 70 Watts, and
a3 = 26 W/oC. In Table 5 the powers, slopes of the measurements, and the slopes of the model temperature curve
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can be observed from that curve fitting.
For several calibration measurements, the electrical heater was operated at close to the same power. For the

data listed in Table 4, the ranges of the values of the parameter Qw for similar values of the power in the heater is
listed in Table 6, along with the slopes. This is of use for an uncertainty evaluation in a later subsection.

In Table 7, the data from fittings of longer measurements from 2003 is listed. There are some curve fittings
conducted for calibration measurements which were continued till the equilibrium temperature was reached, which
are listed in Table 8. In Table 9 the fitting parameters for spent nuclear fuel (PWR 17×17 assemblies) are listed.

The slope estimated by this method is 2 to 4 % lower than corresponding values listed in [2].
The value of the initial temperature T0 of the system was not as evident as the value of Tp. The value of Tw

at t = 0 was not recorded in the raw data. In addition there are, in some calibration measurement data, small
transient phenomena occurring close to t = 0 seconds, and recorded a few hundred seconds after the initiation
of the measurement. This phenomena is described above as a delay in the temperature curve, causing it to be
horizontal for some time after t = 0 seconds. The temperature curve according to the model does not describe
such phenomena near t = 0 seconds, and using the initial value of the measured temperature curve as an initial
temperature in the model would lead to erroneous calculations. Instead, the value of T0 is manually adjusted to
coincide with the measured temperature curve after the initial transient effects. The initial temperatures, and the
pool temperatures, are listed in a table in an appendix.

In Table 3 below, the dates of the measurements are listed in the first column from the left. In the second column
the average of the power obtained from the xlsx-documents with the raw data. In the third column (under ”Poly.
Slope”), data from a second degree polyfit with the raw data was used to estimate the slope of the temperature
curve. In the fourth column (under ”Mod. Slope”) the slope of the curve from the thermodynamic model is
provided. Since it is simply the derivative of the solution to the three component system of equations, the slope of
the model is simply a number, without uncertainties.

The term R2 is a measure of the goodness of the fit of the thermodynamic model, and is here used as a measure
of the uncertainty of the values of the fitting parameters in these calculations. Otherwise, a possible source of
uncertainty is due to the numerical calculations in MATLAB, but this uncertainty is small and negligible.

In the fifth column, the values of Qw are listed, which can be seen as the power offset relative to the heat flowing
from the heater. In the next column (under a3) the convection heat transfer coefficient multiplied with the surface
can be observed, for heat going from the water in the calorimeter to the water in the pool. The curve fits also
depend on the temperature of the pool outside of the calorimeter, and on the values of the initial temperatures in
the model.
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Date Aver. P/[W] Poly. Slope /[oC/s] Mod. Slope /[oC/s] Qw /[W] a3 /[W/oC] R2

2018-10-17 100.47(28) 10.62(48)e-05 10.72e-05 82.60 22.470 0.99997
2017-11-16 209.43(48) 16.8(13)e-05 16.72e-05 77.80 21.010 0.99998
2017-12-06 209.81(46) 16.8(24)e-05 16.78e-05 78.40 21.490 0.99999
2018-11-26 200.61(43) 16.3(13)e-05 16.32e-05 79.70 23.650 0.99997
2018-11-12 299.39(58) 21.7(19)e-05 21.81e-05 75.30 24.70 0.99996
2017-11-17 407.64(61) 27.9(33)e-05 27.82e-05 70.40 22.020 0.99998
2017-12-05 403.65(67) 27.6(37)e-05 27.50e-05 68.80 21.630 0.99999
2018-12-03 395.06(63) 27.2(29)e-05 27.46e-05 76.60 26.330 0.99992
2018-11-08 503.19(69) 33.0(35)e-05 33.48e-05 72.0 27.320 0.99991
2018-11-15 499.27(67) 32.8(35)e-05 33.41e-05 71.30 27.170 0.99993
2018-11-19 497.93(70) 32.8(38)e-05 33.22e-05 72.70 27.120 0.99995
2018-11-20 494.63(65) 32.6(38)e-05 32.98e-05 71.90 27.050 0.99992
2018-11-21 503.52(71) 33.1(41)e-05 33.56e-05 73.0 27.280 0.99992
2018-11-22 504.28(72) 33.2(41)e-05 33.71e-05 74.90 27.960 0.99987
2017-11-20 608.24(79) 38.9(46)e-05 39.13e-05 64.0 25.010 0.99998
2017-12-04 606.12(75) 38.8(50)e-05 38.97e-05 63.40 24.470 0.99999
2018-12-11 664.92(74) 42.3(70)e-05 42.69e-05 68.40 27.60 0.99991
2018-11-13 698.95(73) 43.9(57)e-05 45.01e-05 74.30 29.340 0.99992
2017-05-03 749.95(74) 47.0(59)e-05 47.74e-05 70.20 27.850 0.99994
2018-12-10 750.13(77) 47.0(68)e-05 47.82e-05 71.30 28.280 0.99994
2017-11-21 814.47(81) 50.3(78)e-05 50.55e-05 53.90 25.840 0.99998
2017-11-30 813.13(78) 50.3(71)e-05 50.73e-05 58.30 24.40 0.99994
2018-12-13 794.59(79) 49.5(89)e-05 49.90e-05 62.70 27.530 0.99992
2018-12-06 852.12(79) 52.6(92)e-05 53.51e-05 67.20 29.190 0.99988
2017-04-13 898.88(70) 55.7(37)e-05 56.77e-05 76.30 33.530 0.99863
2018-11-14 903.93(72) 55.1(74)e-05 55.84e-05 55.30 26.20 0.99993
2018-12-12 906.18(76) 56(12)e-05 56.28e-05 60.60 28.980 0.99984
2018-12-05 1001.44(79) 61.(12)e-05 62.37e-05 70.00 30.580 0.99990
2017-04-18 1020.53(77) 62.0(88)e-05 62.15e-05 47.20 25.520 0.99999
2017-10-03 995.57(77) 61(21)e-05 62.34e-05 75.40 30.030 0.99998
2017-11-22 1003.13(80) 61(11)e-05 61.01e-05 44.90 23.340 0.99998
2017-11-23 1014.46(73) 62(12)e-05 61.58e-05 43.40 23.010 0.99998
2019-03-18 1195.54(71) 72(14)e-05 71.83e-05 38.40 23.640 0.99998
2019-03-15 1352.13(78) 80(25)e-05 80.80e-05 35.90 25.070 0.99996
2019-03-14 1501.42(54) 89(23)e-05 89.03e-05 28.10 25.050 0.99999
2019-02-13 1621.75(45) 96(22)e-05 95.73e-05 22.80 23.420 0.99996
2019-03-12 1728.5(55) 101(22)e-05 102.462e-05 31.70 27.990 0.99995

Table 3: Results from curve fittings of the model to raw data from calibration measurements conducted from 2017
through 2019. The listed data in the columns, from left to right, is as follows. Dates of the measurement, the
average of the power in the heater recorded in the files, the slope of a second degree polyfit on an average of the
raw data, and then the slope of the temperature curve according to the model. The term Qw is the power offset,
a3 convection heat transfer coefficient, and R2 is the goodness of the fit of the model curve to the calibration data.

The model slope is consistently a few percent greater than the calibration measurement slope. Table 4 provides
the values of the same parameters as Table 3, but in Table 4 the parameters were adjusted with respect to the slope
in addition to R2.

Table 5 is a table of the case when all parameters, including a3 = 26 W/oC and Qw = 70 W, are kept fixed.
This is in order to demonstrate the predictability of this model.

In the tables below, some of the raw data could not be used properly for the curve fitting procedure. Dash
marks indicate the cases when data was not possible to estimate.
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Date Aver. Power/[W] Poly. Slope /[oC/s] Mod. Slope /[oC/s] Qw /[W] a3 W/oC R2

2018-10-17 100.47(28) 10.62(48)e-05 10.62e-05 81.0 22.470 0.99967
2017-11-16 209.42(48) 16.8(13)e-05 16.76e-05 78.6 21.010 0.99996
2017-12-06 209.81(46) 16.8(24)e-05 16.80e-05 78.80 21.490 0.99998
2018-11-26 200.61(43) 16.3(13)e-05 16.30e-05 79.4 23.650 0.99997
2018-11-12 299.39(58) 21.7(19)e-05 21.66e-05 72.70 24.70 0.99976
2017-11-17 407.64(61) 27.9(33)e-05 27.88e-05 71.40 22.020 0.99996
2017-12-05 403.65(67) 27.6(37)e-05 27.62e-05 70.80 21.60 0.99994
2018-12-03 395.06(63) 27.2(29)e-05 27.15e-05 71.30 26.310 0.99942
2018-11-08 503.19(69) 33.0(35)e-05 32.98e-05 63.30 27.320 0.99889
2018-11-15 499.27(67) 32.8(35)e-05 32.80e-05 61.0 26.780 0.99900
2018-11-19 497.93(70) 32.8(38)e-05 32.77e-05 65.10 27.120 0.99920
2018-11-20 494.63(65) 32.6(38)e-05 32.59e-05 65.20 27.050 0.99932
2018-11-21 503.52(71) 33.1(41)e-05 33.11e-05 65.30 26.890 0.99952
2018-11-22 504.28(72) 33.2(41)e-05 33.20e-05 66.0 28.090 0.99874
2017-11-20 608.24(79) 38.9(46)e-05 38.93e-05 60.50 25.010 0.99988
2017-12-04 606.12(75) 38.8(50)e-05 38.78e-05 60.10 24.470 0.99989
2018-12-11 664.92(74) 42.3(70)e-05 42.26e-05 61.0 27.60 0.99950
2018-11-13 698.95(73) 43.9(57)e-05 43.86e-05 54.60 29.10 0.99743
2017-05-03 749.95(74) 47.0(59)e-05 46.96e-05 56.80 27.610 0.99902
2018-12-10 750.12(77) 47.0(68)e-05 47.04e-05 57.90 28.040 0.99908
2017-11-21 814.47(81) 50.3(78)e-05 50.34e-05 50.40 25.840 0.99992
2017-11-30 813.13(78) 50.3(71)e-05 50.25e-05 50.10 24.40 0.99960
2018-12-13 794.59(79) 49.5(89)e-05 49.51e-05 56.0 27.530 0.99968
2018-12-06 852.12(79) 52.6(92)e-05 52.61e-05 51.60 29.070 0.99879
2017-04-13 898.88(70) 55.7(37)e-05 - - - -
2018-11-14 903.93(72) 55.1(74)e-05 55.05e-05 41.70 26.640 0.99909
2018-12-12 906.18(76) 56(12)e-05 55.72e-05 51.10 28.820 0.99955
2018-12-05 1001.43(79) 61(12)e-05 60.84e-05 43.70 30.620 0.99717
2017-04-18 1020.53(77) 62.0(88)e-05 - - - -
2017-10-03 995.54(84) 61(21)e-05 - - - -
2017-11-22 1003.13(80) 61(11)e-05 60.88e-05 42.70 23.340 0.99997
2017-11-23 1014.46(73) 62(12)e-05 61.52e-05 42.40 23.010 0.99998
2019-03-18 1195.54(71) 72(14)e-05 71.95e-05 40.50 23.640 0.99997
2019-03-15 1352.13(78) 80(25)e-05 79.83e-05 19.20 25.060 0.99939
2019-03-14 1501.42(54) 89(23)e-05 88.90e-05 25.80 24.910 0.99998
2019-02-13 1621.75(45) 96(22)e-05 95.65e-05 21.50 23.320 0.99995
2019-03-12 1728.5(55) 101(22)e-05 100.97 6.0 27.990 0.99911

Table 4: Results from curve fittings of the model to raw data from calibration measurements conducted from 2017
through 2019. The listed data in the columns, from left to right, is as follows. Dates of the measurement, the power
according to the the average of the power in the heater recorded in the files, the slope of a second degree polyfit on
an average of the raw data, and then the slope of the temperature curve according to the model. The model slope
was adjusted to the measured temperature slope by adjusting Qw. The term Qw is the power offset, a3 convection
heat transfer coefficient, and R2 is the goodness of the fit of the model curve.
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Date Aver. Power/[W] Poly. Slope /[oC/s] Mod. Slope /[oC/s] R2

2018-10-17 100.47(28) 10.62(48)e-05 9.981e-05 0.96808
2017-11-16 209.42(48) 16.8(13)e-05 16.27e-05 0.99715
2017-12-06 209.81(46) 16.8(24)e-05 16.29e-05 0.99962
2018-11-26 200.61(43) 16.3(13)e-05 15.75e-05 0.99194
2018-11-12 299.39(58) 21.7(19)e-05 21.50e-05 0.99752
2017-11-17 407.64(61) 27.9(33)e-05 27.80e-05 0.99981
2017-12-05 403.65(67) 27.6(37)e-05 27.57e-05 0.99958
2018-12-03 395.06(63) 27.2(29)e-05 27.07e-05 0.99944
2018-11-08 503.19(69) 33.0(35)e-05 33.37e-05 0.99929
2018-11-15 499.27(67) 32.8(35)e-05 33.33e-05 0.99940
2018-11-19 497.93(70) 32.8(38)e-05 33.06e-05 0.99976
2018-11-20 494.63(65) 32.6(38)e-05 32.87e-05 0.99965
2018-11-21 503.52(71) 33.1(41)e-05 33.39e-05 0.99960
2018-11-22 504.28(72) 33.2(41)e-05 33.43e-05 0.99920
2017-11-20 608.24(79) 38.9(46)e-05 39.48e-05 0.99988
2017-12-04 606.12(75) 38.8(50)e-05 39.36e-05 0.99987
2018-12-11 664.92(74) 42.3(70)e-05 42.78e-05 0.99853
2018-11-13 698.95(73) 43.9(57)e-05 44.76e-05 0.99438
2017-05-03 749.95(74) 47.0(59)e-05 47.73e-05 0.99829
2018-12-10 750.12(77) 47.0(68)e-05 47.74e-05 0.99701
2017-11-21 814.47(81) 50.3(78)e-05 51.49e-05 0.99871
2017-11-30 813.13(78) 50.3(71)e-05 51.41e-05 0.99944
2018-12-13 794.59(79) 49.5(89)e-05 50.33e-05 0.99809
2018-12-06 852.12(79) 52.6(92)e-05 53.68e-05 0.99308
2017-04-13 898.88(70) 55.7(37)e-05 - -
2018-11-14 903.93(72) 55.1(74)e-05 56.69e-05 0.99898
2018-12-12 906.18(76) 56(12)e-05 56.82e-05 0.99247
2018-12-05 1001.43(79) 61(12)e-05 62.37e-05 0.98781
2017-04-18 1020.53(77) 62.0(88)e-05 - -
2017-10-03 995.54(84) - - -
2017-11-22 1003.13(80) 61(11)e-05 62.47e-05 0.99773
2017-11-23 1014.46(73) 62(12)e-05 63.13e-05 0.99748
2019-03-18 1195.54(71) 72(14)e-05 73.67e-05 0.99813
2019-03-15 1352.13(78) 80(25)e-05 82.78e-05 0.99795
2019-03-14 1501.42(54) 89(23)e-05 91.47e-05 0.99708
2019-02-13 1621.75(45) 96(22)e-05 98.48e-05 0.99691
2019-03-12 1728.5(55) 101(22)e-05 104.69e-05 0.99747

Table 5: How well the model predictions agree with the raw data from calibration measurements conducted from
2017 through 2019. In these calculations, the parameters of the model were fixed to Qw = 70 Watts and a3 = 26
W/oC. Dates of the measurement, the power according to the average of the power in the heater recorded in the
files, the slope of a second degree polyfit on an average of the raw data, and then the slope of the model curve.
Then the coefficient of determination indicating the goodness of the fit is listed in column five.

The curve fittings indicate a dependence of Qw on Qm. The values of Qw is significant for the uncertainty
estimation of the model.

In Table 6 down below, which uses data from Table 4, the column furthest to the left lists a power range of the
heater in the calorimeter. The next two columns are the maximum and minimum slopes for the model curve within
that interval. Column four is the minimum Qw for those curve fittings, and column five is the maximum value of
Qw. The sixth column is the average value of Qw of the curve fittings within the given power interval in column
one.
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Power /[W] Min. Slope /[oC/s] Max. Slope /[oC/s] Min. QW /[W] Max. QW /[W] Aver. Qw
200-209 16.77e-05 16.79e-05 78.60 79.4 78.93
395-407 27.15e-05 27.88e-05 70.80 71.40 71.17
494-504 3.26e-04 33.20e-04 61.0 66.0 64.32
606-608 38.78e-05 38.93e-05 60.10 60.50 60.3

750 46.96e-05 47.04e-05 56.80 57.90 57.35
794-814 49.51e-05 50.35e-05 50.10 56.0 52.17
904-906 55.05e-05 55.72e-05 41.70 51.10 46.65

1001-1014 60.84e-05 61.52e-05 42.40 43.70 42.93

Table 6: A table over the slopes obtained from the model by adjusting the Qw term (Table 4.4) for some short
intervals of the value of the heating power. The maximum/minimum values of the slopes, and the corresponding
maximum/minimum values of the Qw term.

There are some measurements which this model does not fit as well as desired, and those are some long measure-
ments conducted 2003. The parameter values from those curve fittings are listed in Table 7. Overall, the coefficient
of determination (R2) has a value close to one. The slope at Tw = Tp, close to the beginning, is more divergent than
for the shorter measurements from 2017 to 2019. For that reason, the time of the measurement considered is just
80000 seconds (of a total of 350000 seconds) for the calibration measurements with Qm = 99.98 W and Qm = 149.7
W, and the data is fitted to that. The columns describe the same parameters as in Table 3.

Start Date Power/[W] Poly. Slope /[oC/s] Mod. Slope /[oC/s] Qw /[W] a3 /[W/oC] R2

2003-05-28 99.98(28) 10.87(69)e-05 10.92e-05 87.60 16.77 0.99997
2003-03-21 149.7(24) 13.7(12)e-05 13.84e-05 88.0 17.02 0.99997
2003-03-18 699.96(74) 44.7(75)e-05 45.93e-05 89.0 20.63 0.99996
2003-05-06 748.79(75) 47.7(93)e-05 48.80e-05 89.60 20.87 0.99996

Table 7: Fitting parameters for the thermodynamic model on raw data from calibration measurements conducted
in 2003. The columns from the left: Dates of the measurement, the average of the power in the heater recorded
in the files, the slope of a second degree polyfit on an average of the raw data, and then the slope of the slope of
the thermodynamic model. The term Qw is the power offset, a3 convection heat transfer coefficient, and R2 is the
goodness of the fit of the thermodynamic model.

In Table 8 down below are some additional data from curve fittings of measurements from a calibration method
that used an electric heater. The system was heated until it reached equilibrium temperature. Since Tw > Tp,
no slopes were estimated in these measurements. The maximization of R2 was therefore conducted in these curve
fittings.

The start date is the date at which the calibration measurements began, the second column from the left is
the mean power of the electric heater during measurements. Teq is the equilibrium temperature of the water in
the calorimeter determined according to the model according to the curve fitting. The time provided is the time
at which the temperature of the water in the calorimeter is within approximately 0.1 degree Centigrade of the
equilibrium temperature. The last three columns are the curve fitting adjustment parameters Qm, a3, and the
goodness of the fit parameter R2.

In the second equilibrium measurement (starting in 2014-04-02), the model underestimates the equilibrium
temperature of the water in the calorimeter. At the end of the measurements the equilibrium temperature is at
50.368 oC about 421800 seconds after the measurements start.
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Start Date P/[W] Teq. /[oC] time /[s] Qw /[W] a3 /[W/oC] R2

2014-03-28 603.43(78) 44.4028 350000 132.90 27.48 0.99961
2014-04-02 802.6(11) 50.3266 310000 170.80 29.73 0.9998

Table 8: 2021-09-11, fittings from equilibrium measurements. The start date is the date at which the calibration
measurements began, the second column from the left is the mean power of the electric heater during measurements.
The term Teq is the equilibrium temperature of the water in the calorimeter determined according to the model
according to the curve fitting. The time is the time given is the time at which the temperature of the water in the
calorimeter is within approximately 0.1 degree Centigrade of the equilibrium temperature. The last three columns
are the curve fitting adjustment parameters Qm, a3, and the goodness of the fit parameter R2.

In Table 9, the thermodynamic model was fitted to a number of measurements of spent nuclear fuel assemblies
of the type 17×17 PWR. The heat capacities of the components were changed accordingly. The heat capacity of
the steel in the structural part of the calorimeter is 98.47 kJ/oC, the heat capacity of the water in the calorimeter
is 1311.03 kJ/oC, and the heat capacity of the spent nuclear fuel assembly is 32.93 + 9.45 + 119.90 = 162.28 [kJ/oC]
[2].

In the parameter fitting procedure, the value of Qm was set to zero, and Qw was adjusted and accounted for all
heating power from the spent nuclear fuel assembly. Its adjusted value is listed in the third column under ”P”. The
slopes of the average of the temperature measurements in the water in the calorimeter are in the fourth column,
and the slopes from the model curve are in the fifth column. The adjusted parameter a3 is in the sixth column,
and the R2 value can be observed in the seventh column from the left. These are the powers that the assembly
generated according to the three component model.

Assembly Date P/[W] Poly. Slope /[oC/s] Mod. Slope /[oC/s] a3 /[W/oC] R2

BT01 2019-01-29 1632.0 10.4(24)e-04 10.383e-04 25.31 0.99998
BT02 2019-01-23 1085.70 6.9(13)e-04 6.907e-04 24.31 0.999795
BT03 2019-02-04 922.70 5.87(87)e-04 5.870e-04 23.77 0.999993
BT04 2019-01-28 809.90 5.15(75)e-04 5.153e-04 23.99 0.99993
BT05 2019-01-24 710.50 4.52(61)e-04 4.520e-04 22.84 0.999993

Table 9: From the left: Designation of the assembly, date at which the measurement was performed, value of Qm
which was set to zero, slope of a second degree polynomial fit, slope of a fit of the thermodynamic model to an
average of the raw data, power offset Qw which is here the full power of the assembly, convection heat transfer a3,
and then the goodness R2 of the fit of the thermodynamic model.

4.4.1 Example of a Calibration Curve According to the Model

A calibration curve with the power of the heater as a function of the slope of the curve is illustrated in Fig. 14. The
measured data points (from calibration measurements in [5], and also provided in Table 3, 4 and 5) are indicated
by yellow stars, and the calibration curve according to the model is indicated by a blue line.

The convection heat transfer coefficient a3 from the water in the calorimeter to the pool has a value of a3 = 26
W/oC, which are the standard values used in Table 5. Since Qw is here kept fixed, it can be observed that the
calibration measurements that for the steepest slopes, the model underestimates the powers for the slopes. In curve
fitting parameter adjustments in tables above, the Qw is decreased for steeper slopes, in order not to estimate too
steep slopes for high powers.
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Figure 14: This is the power generated in the system by the electrical heater as a function of the temperature
increase rate. The line is predicted by the model with Qw=70 W, a3=0.026 kW/oC. Cm = 47.2974 kJ/oC,
Cs = 98.4124 kJ/oC, Cw = 1.5722e + 3 kJ/oC, T0 = 17.3 oC, Tp = 19.3886 oC. The stars are the data from the
calibration measurements

Concerning Fig. 14, a simple curve fit was calculated in the MATLAB plot. It returned a linear curve fit of the
calibration curve according to the model as P (Ṫ )heater = 1718 · Ṫ − 0.07. The fit it estimated for the 17×17 PWR
curve was P (Ṫ )assembly = 1572 · Ṫ − 0.07. The constants −0.070 are certainly the 70 Watts of the Qw, which was
set to the same value in both curves.

The most fundamental definition of the mass correction, is the relation between the slope of the calibration
curve and of the corresponding curve used when measuring spent nuclear fuel assemblies. The relation between
those slopes is KT = 1572/1718 = 0.9150, which is in agreement with the established value KT = 0.915[2].

When the value of Qw was adjusted in the curve fittings in the tables above, it corresponded to shifting its curve
in Fig. 14 along the vertical axis, till the measurement would agree with the model.

4.5 Estimation of The Mass Correction

In the following full page figures, the mass correction was plotted as a function of the heat capacity Cw of the
water in the calorimeter. Different curves correspond to different values of the heat capacity of the fuel element
Cm. Different figures correspond to different values of the heat capacity of the inner structural components of the
calorimeter Cs.

The heat capacities of the standard configuration of the calorimeter structure are addressed in subsection 4.1,
but they need to be addressed again here in order to estimate the heat capacities of other configurations. In the
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model used in this project, the calorimeter is divided into three components, though those have several components
not considered as independent components, and those are listed in Table 10.

Apart from the total heat capacities of the components of the calorimeter, the parameters applied in the model
were fixed at the same values for the temperature slope numerator and the temperature slope in the denominator
of KT = Ṫheater/Ṫassembly.

Component (mcp = Cx) Fullpage 1 Fullpage 2 Fullpage 3 Fullpage 4 Fullpage 5
Shell (51.67 kJ/K) yes yes yes yes yes
Bottom (0.99 kJ/K) yes yes yes yes yes
Nozzle (22.25 kJ/K) yes yes yes yes yes
Lid (1.57 kJ/K) no no yes yes yes
Circulation line (2.69 kJ/K) yes yes yes yes yes
Truss (19.33 kJ/K) yes yes yes yes yes
BWR guide (1.49 kJ/K) yes no no yes yes
Spacer (5.01 kJ/K) no no no no yes
Total mcp = Cx / [kJ/K] 98.41 96.93 98.50 99.99 105.00

Table 10: The various parts of the calorimeter structure component, with their respective heat capacities, and
various combinations used. The full pages referred to are the mass correction charts on the next few pages.

In the large figure after this text, the correction factor of the calibration curve is displayed as a function of Cw.
In the y-axis, KT is the mass correction, Tslope0 is the temperature increase rate Ṫw of the water with an electric
heater, and Tslope is the corresponding value with an SNF. The heat capacity Cs of the inner structure of the
calorimeter is at 98.41 kJ/oC, which is a basic configuration of having shell, bottom, nozzle, circulation line and
the truss. The different curves are for different values of the heat capacity of the heater/spent fuel assembly, which
is also the case for the plots on the pages following.

On the page thereafter the heat capacity Cs of the inner structure of the calorimeter is at 96.93 kJ/oC, where
the parts mentioned previously are included with the addition of the lid. In the third figure, the heat capacity Cs
of the inner structure of the calorimeter is at 98.50 kJ/oC, which in this case also has a BWR guide. In the fourth
figure, the heat capacity Cs of the inner structure of the calorimeter is at 99.99 kJ/oC, here also includes a spacer.
In the fifth figure, the heat capacity Cs of the inner structure of the calorimeter is at 105.00 kJ/oC, which is a
configuration of having shell, bottom, nozzle, lid, circulation line, truss, BWR guide, and spacer.
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4.5.1 Polynomial Approximation of The Mass Correction

This subsection is concerned with the polynomial approximation of the mass correction, which is reported here. The
formula describing this polynomial approximation is as follows, along with the numerical values of its coefficients;

KT,poly(Cm, Cw, Cs) = am · (C2
m) + bm · Cm + aw · Cw + as · Cs + C, (73)

am = 4 · 10−10

bm = 5.8211214 · 10−4

aw = 5.8210247 · 10−4

as = 5.821922 · 10−4

C = 1.806 · 10−6

, (74)

which should approximate the mass correction according to the model presented in this report down to a precision of
approximately the fourth significant digit. The established mass correction equation does not significantly deviate
from the values given by this model, nor from this polynomial approximation.

4.5.2 Estimation of The Sensitivity of the Mass Correction of Parameters

How sensitive the mass correction is regarding the parameters used in the model was here investigated. In the
following sensitivity plots, the horizontal axis is the difference in the parameter divided by the the standard fixed
value of the parameter, and the vertical axis corresponds to the mass correction (∆KT /KT ). The power of the
heater was set to 500 Watts, Qw = 70 Watts, a3 = 2.7 · 10−2 kJ/oC, and the (average) temperature of the pool was
Tpool = 19.39oC, and Cs = 98.41 kJ/ oC.

The parameters that were changed were the following. The initial temperature of the components in the system
was changed from 10 oC to 18.9 oC (Fig. 15) with a standard value of T0 = 17.3 oC, a1 was changed from 1 W/oC
to 20 W/oC. This was also the range for a2, and their standard value was 20 kW/oC. The parameter a3 was
changed from 17 W/oC to 37 W/oC (Fig. 16) with 26 kW/oC as standard value, Qw was changed from 64 W to
80 W (Fig. 18) with 70 W as standard value. The parameter a4 was set to zero.

59



Figure 15: The sensitivity of KT to the initial temperature T0, which was changed from 10 oC to 19 oC. The
standard temperature was 17.3 oC.
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Figure 16: The sensitivity of KT to a1 and a2, both were changed from 1 kW/oC to 19 kW/oC. The standard
value for both was 20 kW/oC.
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Figure 17: The sensitivity of KT to a3, which was changed from 17 W/oC to 37 W/oC. The standard value was 26
W/oC.
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Figure 18: The sensitivity of KT to Qw, which was changed from 64 W to 80 W . The standard power was 70 W .

The effect of most parameters on the mass correction is negligible. That changing T0 does not have a significant
impact can be explained as the general temperature curve which is almost linear, or close to, in the interval of
interest. The initial temperature has no effect on the mass correction at all. The parameters a1 and a2 have similar
effects, which are not very great either. Changing the value of a3 caused a small effect. The effect of Qw is relatively
large, since it is a measure of the power deposited in the water, and it is of significance for the uncertainty analysis.

In Fig. 19, it is demonstrated that Qw and Qm have very similar effects on the temperature curve. Two
temperature curves of the water in the calorimeter were calculated according to the model, in one of those curves
all the power generated in the system was in the value of Qm. In the other curve, all the power generated in the
system was in the value of Qw.

In Fig. 19, the difference between those two curves is plotted, with the data points from one curve subtracted
from the other. It is there demonstrated that it is approximately one thousandth of one degree Centigrade, which
is approximately how sensitive the measured values obtained from the thermo couples (temperature sensors) in the
calorimeter are (three decimals). Therefore, the difference between them can be considered negligible, and Qw and
Qm are interchangeable as far as the model is concerned.
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Figure 19: This is a plot of the temperature difference between a temperature curve where all power in the system
was described with Qw and a temperature curve where all power in the system was described using Qm. The
power of the heater was 1.072 kW, and the other parameters were set to a curve fitting of a measurement done in
2018-12-05.

In Fig. 19, it can be observed that whether the power is deposited in the heater/assembly, or in the water,
causes a negligible difference in the temperature curve. The reason to why this is so in this model may be due to
the high value of the convection transmission coefficient a1 between the heater/assembly and the water.

4.5.3 Comparing the New Mass Correction with the Established Correction

The mass correction, defined as a fraction of heat capacities, may be plotted and compared to the mass corrections
estimated by using this thermodynamic model. A plot of the established mass correction divided by the mass
correction estimated in this report can be observed in Fig. 20. In the y-axis, the established mass correction (”Old
KT ”) divided by the mass correction developed in this thesis (”new KT ”). That ratio is here a function of the heat
capacity of the water in the calorimeter. The other heat capacities are Cm = 162.28 kJ/oC, and Cs = 98.47, in
accordance with a 17×17 PWR fuel assembly. The difference between these two models is not significantly greater
than the difference between the thermodynamic model and its polynomial approximation.
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Figure 20: The old correction factor divided by the new correction factor, with both of them being functions of Cw.
The correction factor is with respect to a 17×17 PWR fuel assembly with Cm = 162.28 kJ/oC, and Cs = 98.47

Fig. 20 illustrates that the mass correction estimated using the model considered in this thesis does not deviate
significantly from the established mass correction.

4.5.4 Estimation of the Uncertainties of the Mass Correction

Based on results obtained during curve fittings, as reported above, how the uncertainty of the mass correction is
elaborated and estimated is in this subsection. The estimation of the mass correction developed above is dependent
on the premise that the heating powers generated in the calorimeter with the fuel assembly and with the electric
heater are equal. But due to the power offset, those powers may deviate slightly. The mass correction as it is
defined in Eq. 10 returns the same values if the difference in powers are known and applied in that equation.
But during measurements of spent nuclear fuel assemblies, that difference in powers is unknown. Therefore, the
simplified definition has to be employed.

How KT = Ṫheater/Ṫassembly may deviate from established values as the power generated was varied was
estimated and treated as an uncertainty for that reason. This assumes that the uncertainty is in the mass correction
term, rather than in loffset in the calibration curve (the power indicated at P (Ṫ = 0)).

Then the uncertainty of the mass correction was estimated by varying the value of the most significant parameter
of the three component model. It is demonstrated above (Fig. 16, 17, 15, and 18) that the mass correction is not
very sensitive to a1, a2, a3, nor to T0. The system is primarily sensitive to Qw, thus the uncertainty of the mass
corrections is primarily dependent on the range of the values of Qw.

An assessment was made of the maximum and minimum values of Qw based on its values listed in Table 4. This
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is since the temperature curve adjusted there was adjusted to the slope of the measured curves.
But with different values of the slope, and, by implication, different values of Qm, the values of Qw follow a

trend. In Tables 3 and 4 the value of Qw consistently decreases as Qm increases. If Qw follows the same decreasing
trend for the spent nuclear fuel assemblies as for the electrical heater, the Qw in the numerator and the denominator
could be expected to be generally similar. This is since the premise of the mass correction is that they have the
same Qm.

That point can be argued further. The term Qw is the power indicated by the slope when the power from the
heater/assembly is zero, and corresponds to the loffset term in Eq. 5. Considering 10, lh,offset = Qw,heater and
la,offset = Qw,assembly, they were expected to be of similar values since Qm is the same for the heater and the fuel

assembly. Thus they were expected to nearly cancel out. Furthermore, if the value of Qw in Ṫheater and in Ṫassembly
increase with the same value (both denominator and numerator) their effect cancels out as well. It is necessary to
consider this effect when the uncertainty is estimated; otherwise the uncertainty is overestimated.

Therefore, the uncertainty in KT was estimated using the range of values in Qw at a specific power Qm of the
heater, at which there is an average value of Qw. The average of Qw was used when determining Ṫheater. The
minimum and maximum values of Qw at a particular power Qm (or in a short interval of Qm values) were used
when determining Ṫassembly. The deviation (both with the maximum value and minimum value of Qw) in KT from
its established value was calculated and described as the uncertainty for that particular power of the heater.

This approach is only applicable at the power levels where several calibration measurements were conducted.
That is at 200 Watts, 400 Watts, 500 Watts, 600 Watts, and so on, where several values of Qw for similar values of
Qm can be estimated.

Since the uncertainty is dependent on the power Qm, and on the range of Qw, a comprehensive table of the
uncertainties of many values of the mass correction was not feasible. One value of the mass correction was here
considered, and how the value of the mass correction deviates with Qw at different values of Qm (with each Qm
having its own range of Qw) was estimated for that mass correction.

The correction factor to a temperature slope of a measurement of a spent 17×17 PWR fuel assembly, in which
case the heat capacity of the water is Cw = 1311.03 kJ/oC, the heat capacity of the steel in the calorimeter is
Cs = 98.47 kJ/oC, and the heat capacity of the fuel assembly is Cm = 162.28 kJ/oC [2].

According to the mass correction estimation developed in this project, the correction factor is KT = 0.91496.
Employing the method used in previous reports (divide the heat capacity of the system with the heat assembly by
the heat capacity of the system with the heater) the correction factor estimated is KT = 0.91495.

The results from this uncertainty estimation are listed in Table 11. The first column from the left lists the
power interval for the power of the heater, the second column lists the average value of Qw estimated from the
curve fittings. The next column lists how the value of Qw varies with curve fittings within the given power interval
in the first column.

In order to be able to estimate KT , a particular value of P (which is the same as Qm) was used, which is provided
in column four. The endpoint powers in the power intervals provided in P returned slightly different values of KT .
But that difference was in the fifth decimal place in KT , and disappears during round-off. The fourth decimal may
have been affected by one unit. The minimum values of KT are provided in the fifth column, which is in the case
of maximum value of Qw. When the minimum value of Qw is given in the range of Qw provided in column three,
the maximum value of KT was estimated.

P /[W ] Q̄w /[W ] Range of Qw /[W ] P used /[W ] KT,min KT,max

200-209 78.93 78.60-79.4 204.5 0.9134 0.9157
395-407 71.17 70.80-71.40 401 0.9145 0.9157
494-504 64.32 61.0-66.0 499 0.9122 0.9204
606-608 60.3 60.10-60.50 607 0.9147 0.9152

750 57.35 56.80-57.90 750 0.91434 0.9156
794-814 52.17 50.10-56.0 804 0.9109 0.9172
904-906 46.65 41.70-51.10 905 0.9107 0.9197

1001-1014 42.93 42.40-43.70 1008 0.9143 0.9154

Table 11: A table over how the mass correction varies with Qw. From the left: power interval of the heater, average
Qw, range of Qw, in the fourth column the Qm value used to determine KT , then the minimum value of KT , and
in the sixth column the maximum value of KT .

In Table 11, the greatest deviation for KT is just less than 1 %, which is larger than the difference between the
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established method of estimating the mass correction and this one.
Another method to estimate the uncertainty of fuel assembly measurements is to apply the range of Qw to the

value of loffset. These results indicate that the uncertainty of loffset is more significant than the uncertainty in the
mass correction of the calibration slope.

A simpler method to estimate the uncertainty of the estimated power of fuel assemblies is to use that the value
of Qw is, in the calibration curve, independent of the mass correction. The variation of the value of Qw also provides
a direct estimation of how the power of the fuel assembly may vary. According to the values listed in Table 11,
that the highest value of Qw is 78.60 W , and the lowest is 42.40 W , that approximates a range of the power. The
range covers approximately 36.20 W . Qw is dependent on Qm, and determining a proper standard deviation will
therefore not be attempted.

As described in the Method section, the uncertainty may also be estimated by applying the propagation of error
to the established definition of the mass correction. This is reasonable, since it is demonstrated above that the mass
correction estimated using this model, and the mass correction estimated using the established definition, estimate
close to the same values. And the derivation of one from the other is straight forward, so the established definition
of the mass correction was used in order to estimate this uncertainty.

The derivation of this uncertainty is written in the Method section. No uncertainties regarding the specific
heat capacities are known. In [2] it is provided that the estimated uncertainty for the masses is at 0.02 %. If that
uncertainty in the masses is used, the uncertainty for the mass correction of a 17×17 PWR fuel assembly, as used
in previous examples, is 0.0018, which is positioned in the third decimal place of the mass correction.

4.6 Gamma Escape Energy Fraction

In this subsection, the results from the SERPENT simulations are reported. As an example of a plot of the photon
current as a function of energy, see Fig. 21. In it, the normalized net current (current away from the calirometer
minus the current going back into the calorimeter) is illustrated. The energy of the photons generated in the source
is 1.40 MeV.
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Figure 21: The net current of photons out through the outer wall of the calorimeter shell. The energy of the photons
generated in the fuel assembly was 1.40 MeV.

In Fig. 21, there is a peak at the plot at approximately 1.40 MeV, and just under 10 % of the number of
photons originating in the fuel escapes at that energy. Below, approximately 0.25 MeV, there is a number of
photons returning, into the calorimeter, having lost a lot of energy, probably due to Compton scattering.

The negative values are not visible in this figure due to the logarithmic scale, but it can be observed that the
curve disappears below 10−7 according to the y-axis. The peak just over 0.5 MeV is probably a result of pair
production.

The results of the simulations described above are listed in Table 12 below, which is a table of the gamma escape
energy fractions. The gamma escape energy fraction was calculated as described in the Method section. In the first
column from the left the energies of the monoenergetic photons generated in the fuel material in the nuclear fuel
assemblies are listed. What is listed in the second column are the gamma escape energy fractions from a calorimeter
of the same dimensions as the one presently of interest.

The third column lists the gamma escape energy fraction exiting through the top of the calorimeter. That
number is often too small to have any significant uncertainty, and if present, its trustworthiness is not certain. The
list in the third column is of the gamma escape energy fractions through the top, and the fourth column through
the bottom.

The list in the fifth column is of the gamma escape energy fraction if the radius of the calorimeter had been 10
centimeters greater. The gamma escape fraction is in that case generally smaller than in the previous case. The
uncertainties are estimated as previously described. Also, the data presented in Table 12 is also plotted in Fig. 22.
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Eγ /[MeV] Eescape Eescape (Up) Eescape (Down) Eescape (LR)
0.10 0.000256(3) 0 0 0.000102(2)
0.15 0.001071(5) 0.000001 0 0.000482(3)
0.20 0.003330(9) 0.000007 0 0.001646(7)
0.25 0.00711(1) 0.000017(1) 0 0.003752(9)
0.30 0.01221(2) 0.000034(1) 0 0.00675(1)
0.35 0.01842(2) 0.000055(1) 0 0.01053(1)
0.40 0.02536(2) 0.000082(1) 0.000001 0.01492(2)
0.45 0.03277(3) 0.000116(1) 0.000001 0.01971(2)
0.50 0.04040(3) 0.000153(7) 0.000002 0.02479(2)
0.55 0.04808(3) 0.000192(2) 0.000002 0.03000(2)
0.60 0.05575(3) 0.000234(2) 0.000004 0.03530(2)
0.65 0.06330(3) 0.000277(2) 0.000005 0.04060(3)
0.70 0.07072(4) 0.000325(2) 0.000006 0.04588(3)
0.75 0.07792(4) 0.000374(2) 0.000007 0.05109(3)
0.80 0.08487(4) 0.000423(2) 0.000008 0.05619(3)
0.85 0.09169(4) 0.000474(3) 0.000011 0.06124(3)
0.90 0.09836(4) 0.000530(2) 0.000012 0.06626(3)
0.95 0.10472(4) 0.000581(3) 0.000015 0.07105(3)
1.00 0.11090(4) 0.000643(3) 0.000017 0.07580(4)
1.05 0.11689(5) 0.000702(3) 0.000021(1) 0.08045(4)
1.10 0.12277(5) 0.000761(3) 0.000024(1) 0.08506(4)
1.15 0.12839(5) 0.000821(3) 0.000026(1) 0.08947(4)
1.20 0.13369(5) 0.000879(4) 0.000030(1) 0.09366(4)
1.25 0.13870(5) 0.000942(4) 0.000034(1) 0.09768(4)
1.30 0.14341(5) 0.001007(4) 0.000037(1) 0.10154(4)
1.35 0.14789(5) 0.001066(4) 0.000041(1) 0.10523(4)
1.40 0.15215(5) 0.001123(4) 0.000046(1) 0.10874(4)
1.45 0.15611(5) 0.001181(4) 0.000049(1) 0.11209(4)
1.50 0.15982(5) 0.001238(4) 0.000054(1) 0.11520(4)
1.55 0.16323(5) 0.001292(4) 0.000059(1) 0.11816(4)
1.60 0.16651(5) 0.001351(4) 0.000065(1) 0.12099(4)
1.65 0.16965(5) 0.001410(4) 0.000070(1) 0.12376(4)
1.70 0.17259(5) 0.001463(5) 0.000075(1) 0.12634(5)
1.75 0.17538(5) 0.001519(5) 0.000081(1) 0.12880(5)
1.80 0.17788(5) 0.001576(5) 0.000086(1) 0.13107(5)
1.85 0.18029(5) 0.001632(5) 0.000092(1) 0.13329(4)
1.90 0.18255(5) 0.001680(5) 0.000098(1) 0.13536(5)
1.95 0.18465(6) 0.001733(5) 0.000105(1) 0.13732(5)
2.00 0.18666(5) 0.001789(5) 0.000110(1) 0.13919(5)

Table 12: Table of the gamma escape energy fraction as a function of the energy of the photons. From the left,
the first column is a list of the energies of the monoenergetic photons, the second a list of the total gamma energy
escape fractions for the present calorimeter, the third the gamma energy escape fraction through the lid, the fourth
for the bottom, the fifth the total gamma energy escape fraction for a larger calorimeter.

In Table 12, it can be observed that the escape through the bottom of the calorimeter is relatively insignificant.
The gamma escape through the top of the calorimeter is also relatively insignificant, compared to the escape fraction
listed in the second column of the table. At energies of 100 kev, the gamma escape fraction is negligible, while it
increases for higher photon energies.
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Figure 22: Escaped gamma photon energy as fractions of the total energy, as a function of the total energy released
from the source. The blue curve is for the dimensions of the present dimensions, while the orange is for dimensions
of a larger calorimeter.

Comparing the curves in Fig. 22 it can be observed that the decrease in gamma escape is not very significant
when the radius is increased by 10 cm.

Cs-137 has been used as a reference nuclide in estimating the composition of the radiation from spent nuclear
fuel assemblies. The gamma photon released as a consequence of Cs-137 decaying has an energy of 661.657 keV,
and the intensity of this gamma emission is 85.10%.

In order to relate the gamma escape fraction with the number of decays, the intensity of the gamma emission
has to be considered. For each decay, the number of gamma emissions is (on average) 0.8510. The gamma escape
per decay (rather than by gamma emission) is 0.065041/0.8510 = 0.0764.

The results of the mesh detector, with the fluency as a function of angle, are illustrated in Fig. 23. The energy
of the photons is set to 2 MeV, in order to have an as high gamma escape energy fraction as possible, and make
any dependence of the gamma escape on the azimuthal angle as apparent as possible.
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Figure 23: Gamma escape as measured by a circular set of mesh detectors around the calorimeter just outside the
shell of the calorimeter. The number of detectors was 120. A pattern repeating every 90 degrees is discernable.

A rough pattern can be observed, with something akin to a maximum at approx. 90 degrees, 180 degrees, 270
degrees, and at approx. 360 degrees. This confirms that the gamma escape measurements should be conducted
with this in mind.

The results from the mesh detector along the z-axis is visible in Fig. 24.
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Figure 24: Gamma escape as measured by circular mesh detectors placed along the axis of symmetry of the
calorimeter, just outside the shell. The x-axis are the z-coordinates, the y-axis is the fluency

In Fig. 24, there is a relatively homogeneous gamma escape distribution along the symmetry axis, along with
the fuel pins.

The results from the current detector with a photon energy of 661.567 keV, and with different values of the
radius of the calorimeter, are provided in Table 13.

Radius Expansion /[cm] Eescape Eescape (Up) Eescape (Bottom)
0 0.06504(3) 0.000287(2) 0.000005
5 0.05227(3) 0.000267(2) 0.000004
10 0.04183(3) 0.000247(2) 0.000004
15 0.03336(2) 0.000235(2) 0.000004
20 0.02653(2) 0.000223(2) 0.000004
25 0.02101(2) 0.000213(2) 0.000004
30 0.01661(2) 0.000206(2) 0.000004

Table 13: Table of the gamma escape energy fraction as a function of expanding the radius of the calorimeter, with
the photon energy being at 661.567 keV.
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As displayed in Table 13, the gamma escape fraction is approximately 6.5 % at the presently used radius, and
decreases with over 2 % when the radius is increased with 10 cm. When the radius has been increased by 30 cm,
the gamma escape is at approx. 1.7 %.
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5 Discussion

A good description if the properties of the spent nuclear fuel is important for the safe operation of the final
repository of spent nuclear fuel. The power generated in spent nuclear fuel is estimated according to calorimetric
measurements. In order to increase the accuracy of the power estimations, and to obtain a better understanding of
the calorimetric measurements, a simple thermodynamic model was defined which describes the calorimeter.

First in this section, the model in general is discussed, and how to interpret the structural component in the
model. Thereafter, the heat flows in the calorimeter, and the values of the parameters are discussed.

In the model developed in this work, the calorimeter is described by three components (the heater/fuel assembly,
the water, and the calorimeter structure), which each has a heat capacity. A main assumption of the model is that the
temperatures of all components are approximated as being homogeneous, i.e. each component is in thermodynamic
equilibrium within itself.

5.1 Considering the Structural Component

Apart from steel, the structural component also contains polyurethane foam. There is probably a section of the
steel component which is inside the foam and in contact with the water of the calorimeter, and one outside the
foam and in contact with the water in the pool.

This should not make a significant difference to the temperature curve, considering Fig. 13, but those are
potentially two new components for a similar model as this one. The model could - at least theoretically - be
extended to account for this interaction. In that case, the new system would be described by four eigenvalues, since
the matrix A would be a 4×4 matrix instead of a 3×3 matrix.

5.2 Heat Flow and Parameters

Concerning the heat flow and the parameters, those are central concepts for all such models. The flow is described by
the convection heat transfer coefficient multiplied with the surface area of the convecting surface. This coefficient for
the heat flow between the fuel assembly and the water (a1 = 20 kW/oC), and between the water and the structure
(a2 = 20 kW/oC), were set to rather high values. Such values are within the physical interval reasonable for forced
convection of liquids (0.05 kW/oC ·m2 to 20 kW/oC ·m2 without the surface area multiplied to it), although it has
been demonstrated that the values of those coefficients may also be a bit lower.

As a result of the system being in thermodynamic equilibrium, Qm and Qw were almost completely interchange-
able (see Fig. 19). The values of a1, a2, and a3 were within the reasonable physical interval, and predict temperature
curves which are very similar to calibration measurements. This renders some merit to this model’s approach in
describing the system.

The coefficient for the transfer of heat from the water in the calorimeter to the water in the pool, a3, was set to a
very low value. A low value is consistent with there being isolating polyurethane foam in the calorimeter structure.
This parameter is crucial in describing the temperature of the calorimeter system in the long term. This is since
a3 is the only parameter describing how the heat in the system exits the calorimeter.

The reason for this is that the convection heat transfer coefficient a4 between the structure and the pool was set
to zero, causing the system to be thermally isolated apart from a3. In this application of the model, the structure is
isolated from the pool by polyurethane foam. Though a3 describes the heat flow leaking through the polyurethane
foam and the pump pipes to the pool, it does not involve the structural component of the calorimeter. As written
previously, this model is a simplified one, and a3 does not necessarily correspond to an exact physical value.

Also, a2 could have been used, and the structure would then have been outside of the polyurethane foam. The
parameter a4 would then have a high value. Whether a2 or a3 is preferable as the parameter that describes the
escape of heat from the system, and whether the metallic part of the calorimeter shell should be inside or outside
of the polyurethane foam, may be solvable by defining this component as two different components separated by
polyurethane foam. There would then be a convection heat transfer coefficient describing the heat flowing between
those components, and it would be describing the heat transfer through the polyurethane foam.

5.3 Discussion on the Eigenvalues

When the values of the parameters had been estimated, the eigeinvalues could be estimated, listed in Table 2.
From Table 2 it is clear that the a3 parameter dominates the smallest eigenvalue (λ1 in the row for a3), which is
the eigenvalue which describes the temperature curve in the long term. This demonstrates that one eigenvalue can
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describe the calorimeter system with the values of the parameters being at reasonable values. This model does not
indicate any more eigenvalue than the dominant eigenvalue affecting the temperature slope at Tw = Tp.

In addition, the curve fittings demonstrate that that this description of the system is relatively consistent with
the calibration measurements. This description of the system assumes that the values of the parameters Qw, and
the convection heat transfer coefficients remain constant through time. Transient effects, such as the initiation of
the operation of pumps, initiating the water circulating, and so on, are not considered in this model. This is when
two of the eigenvalues have their greatest effects on the temperature curve, and they may thus not describe the
calorimeter accurately.

Perhaps a more accurate value of the parameter a1 could be estimated with a higher frequency of temperature
readings from the thermo couples during measurements. Then a greater resolution of the initial temperature delay
may be obtained, but then the problems of transient effects probably become an issue, as written above.

5.4 Discussion on the Estimation of the Temperature as a Function of Time

With the eigenvalues of the system estimated, temperature as a function of time could be calculated according to
the model, as reported in subsections, starting in the beginning of 4.3 and through 4.3.4. For the standard curve fit
over the entire temperature curve, as observed in Fig. 6, there is some deviation regarding the slope at the relevant
time. But those curve fittings still demonstrate how the model fits overall with the calibration measurements.

To fit the curves better, a more precise model should be used, which is beyond the scope of this project.
Another approach (which may return different results) is to define a4 as nonzero, but that would have increased the
complexity of the parameter adjustment procedure, and the procedure conducted in this work fulfills its purpose.
Another set of curve fittings were conducted (Fig. 8), as previously written. They may deviate from the calibration
measurements by over half a degree, but they have the same slope as the calibration measurements at the relevant
point in time. This demonstrates again that the model used is not exact, and it is not considering everything in
the calorimeter, and there is some deviation from the calibration measurements as a result of that.

The fits to equilibrium calibration measurements (Fig. 9, and Table 8) also demonstrate that there are deviations
for long time-scales as well.

From these evaluations, it can be established that the calorimeter, as a thermodynamic system, is describable
in this approach.

The sensitivity of the solutions, i.e. the eigenvalues, to the different contributions to the heat capacity of the
calorimeter were also investigated. According to Fig. 12, and Fig. 13, the change in the heat capacity of the
water component is of higher significance to the model than change in the heat capacity Cs of the structure. This
is the result of the greater variability of the value of the heat capacity of the water. It can also be observed in
the mass correction plots that the heat capacity of the water has a greater significance than the heat capacity of
the heater/fuel assembly (Cm). This is consistent, since the water component is generally the most massive, and
water has the highest specific heat capacity of the components. This could also be concluded from the established
estimation of the mass correction.

Since the heat capacity of the water has a greater effect on the temperature curve than the heat capacity of
the fuel assembly, it is important that the volume of the fuel assembly is correctly estimated. This may be more
significant than the uncertainty in the heat capacity of the fuel assembly.

The main weakness of the thermodynamic model developed in this thesis is highlighted by the results provided
in Table 3, Table 4, and in Fig. 14, the value of Qw needs to be adjusted to lower values as Qm increases. This
corresponds to adjusting the calibration curve along the vertical axis in Fig. 14 until it agrees with the data.

This dependence may be caused by simplifications in the description of the temperature evolution of the calorime-
ter, and it may indicate an inaccuracy of the model. Though, if this would be assumed to be accurate, it would not
be unreasonable to expect there to be some uncertainty in the loffset term used to describe the calibration curve.

The value of a3 also varied slightly, which caused some uncertainty in the equilibrium temperature of the system.
It is not certain that a3is constant in one measurement, since it depends on water flows, and there is a temperature
dependence of convection heat transfer coefficient. Even with the demonstrated inaccuracies the model can be
expected to be adequate for estimating the correction between measurements of with a heater and a spent nuclear
fuel element, to perform sensitivity analysis and estimate uncertainties reliably.

5.5 Discussion on The Mass Correction

The values of the mass correction estimated from this model are close to the established mass correction estimated
by using only the total mass and only involving the total heat capacity of the calorimeter. This method, to a
high degree, validates the method already used at Clab to estimate the mass correction. The plots of the mass
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corrections according to this method are provided, along with a simpler to use polynomial approximation. But they
do not offer significantly different values than the established mass correction calculation. This is of significance in
the measurement of spent nuclear fuel assemblies. Whether the power generated in the fuel assemblies is estimated
correctly or not is important for the bentonite clay to remain stable during final repository.

From the sensitivity analysis it can be concluded that the mass correction is not particularly sensitive to any
parameters (except for the heat capacities). Not to a significant level, except for the Qw term and the heat
capacities. Without that being the case, the temperature rising method would not function (the slopes of the
temperature curves would then have been independent of the deposited power in the calorimeter).

It also provides a basis for an uncertainty estimation of the mass correction. The results from the uncertainty
analysis are provided in Table 11. That is how the value of the mass correction can deviate from its established
value if loffset is not considered. That is what this model indicates.

An uncertainty estimation was also conducted with regards to the heat capacities of the components of the
calorimeter, but the uncertainty of the mass correction based on that is very low; in the third digit. That uncer-
tainty estimation was based on the established definition of the mass correction, since this new estimation and the
established estimation estimate very similar results.

What can be concluded is that the heat capacity of the water in the calorimeter is the most significant parameter
in the system. Better estimations of the volume of the spent nuclear fuel, should decrease the uncertainty in the
mass correction. This would mainly concern how the spent fuel assembly is measured in practice, and how this
could be made more accurate.

5.6 Discussion of Other Values of the Heat Capacities

Regarding the potential construction of a new calorimeter, one parameter which may be changed is the heat capacity
of the water. Some calculations were conducted in which the water volume was increased to a heat capacity of
approx. 2600 kJ/oC. In Fig. 12 the temperature slope is steeper for smaller masses of water than for larger masses
of water.

With a smaller volume of water, a greater precision of the slope estimations may be expected, and the mea-
surements go faster, due to the necessary temperature interval being quicker passed. According to the analytical
expression for the equilibrium temperature in the water determined in the theory section, the equilibrium temper-
ature is independent of the heat capacities of the components in the system, so the equilibrium temperature should
not be greater with less water.

Another potential possibility is to estimate how the mass correction can be made closer to unity. This would
decrease the necessity to correct the temperature slope. This is should be kept in mind if a new calorimeter is
constructed, concerning its dimensions.

5.7 Discussion on the Gamma Escape Energy Fraction

Regarding the results obtained from the SERPENT simulations in subsection 4.6, an escape probability fraction is
provided in Table 12. It is the escape probability fraction as a function of the energy of the monoenergetic photons.
This table may be useful in order to estimate the escape probability fraction in cases of complex gamma spectra.

In a addition, considering, Table 12, Fig. 22, and Table 13, indicate that a larger radius of the calorimeter (by 10
cm) may not give a significantly lesser gamma escape, and a gamma correction is still necessary. For monoenergetic
photons with energies at 2 MeV , the difference is about 5 %. (19 and 14 %). The upper plane and the lower plane
defined in the SERPENT input code do not contribute significantly to the total gamma escape. In the SERPENT
input code, the top and bottom of the calorimeter were not defined, and this validated that they probably do not
need to be considered in calculations such as these.

In Fig. 23, the fluency of the photons as a function of the azimuthal angle is provided, strongly indicating that
there is a reoccurring pattern for every 90 degrees, coinciding with the flat sides and corners of the fuel assembly.
This demonstrates that the positions of the dosimeters relative to the fuel assembly is important, and should be
kept in mind during measurements. The relation between the gamma escape and the dosimeter output was not
estimated here, but has to be estimated in the future.

6 Conclusion

What can be concluded from this project is that applying the values of the heat capacities of the components of
the calorimeter, and applying physically reasonable convection heat transfer coefficient values, the model predicts
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temperature curves as functions of time which agree relatively well with the calibration measurements of this
calorimeter. The calorimeter can thus be described by a simple thermodynamic system, increasing knowledge of it,
and estimate the mass correction. The latter was the main purpose of the model.

In this project, a3 was applied as a parameter describing the heat flow out of the system, though a2 or a4 could
also describe this flow. Due to the high value of a1, Qm and Qw could almost be applied interchangeably. Transient
effects at the beginning of a measured temperature curve could not be accurately described in this model, and long
term behaviour of the system is not completely certain either.

There are some periodic deviations of the model slope with respect to the calibration measurements which should
be kept in mind when applying this model.

Some equations were analytically derived, which describe the equilibrium temperature of the calorimeter.
Though there is some dependence on the parameter a3, which causes some variability in the equilibrium tem-
perature as time approaches infinity. In practical applications, a3 could be estimated from obtained data during an
ongoing measurement, and then the equilibrium temperature may be estimated using the above derived analytical
equation. This presumes that the value of a3 remains constant during the measurement.

The primary issue of the model is that it indicates that the value of the parameter Qw is dependent on Qm.
This may indicate an uncertainty, or error, in the value of the loffset parameter in the calibration curve. It may
also be due to simplifications in the model, and not descriptive of the physical system. If a new calorimeter is built,
with larger dimensions than the present calorimeter, more horizontal temperature curves are to be expected, and a
slightly decreased gamma escape fraction.

By estimating the mass correction by considering the slopes of the temperature curves, mass corrections were
estimated which are very close to established values of the mass correction. It can also be concluded that the
mass correction is not particularly sensitive to any parameters, except for Qw and the heat capacities. Of the
heat capacities, the most significant component is the heat capacity of the water in the calorimeter. It is therefore
important to correctly estimate the volume of the spent nuclear fuel assemblies.

From the SERPENT simulations, several simulations were run, in which the radius was made larger, but the
gamma escape did not decrease significantly. This indicates that a calorimeter with a larger structure may not have
much less gamma escape than System 251.

7 Outlook

Future work might further develop the analytical models presented in this report, e. g. additional components,
higher granularity of components could be considered. With few modifications, the same general solution as to this
system of equations is expected to give solutions of systems of equations of any size.

Another possibility is to increase the accuracy of the measurements of the volumes of the spent nuclear fuel
assemblies measured in the calorimeter. How that could be made more accurate could be worked on in the future,
and how the procedure could be improved.

Since the simulations were conducted without having any dosimeter defined in the input file, the detector
response still needs to be done in the future. A possible approach for a future project could be to simulate the
calorimeter with more detailed and accurate gamma detectors. They should correspond to the physical detectors
present at Clab. The output from the virtual detectors can thereafter be tabulated, similarly to Table 12 with
monoenergetic photons. Thus the relationship between the detector output and the photons originating in the
fuel may be more accurately estimated. By this approach, the gamma escape fraction may be more accurately
estimated, also for complex gamma spectra.
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[16] Str̊alsäkerhetsmyndigheterna - Kärnbränsle. url: https://www.stralsakerhetsmyndigheten.se/omraden/
karnkraft/sa-fungerar-ett-karnkraftverk/karnbransle/. (accessed: 07.10.2021).
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8 Appendix

In appendix A, some of the MATLAB scripts used to estimate the temperature evolution in the calorimeter are
provided. In appendix B, a table is provided of the pool temperature and initial temperatures of the curve fittings
listed in Table 3, 4, and 5.

8.1 Appendix A: MATLAB Implementation

8.1.1 Raw Data, and How It Is Read

The raw data resulting from calibration measurements were documented as tables in xlsx files. One file of raw data
contained the results from one calibration measurement, according to the temperature rising method.

The columns in the table were arranged according to which thermo couple in the calorimeter the temperature
was measured with. The rows were arranged and sorted according to the number of seconds passed since the start
of the calibration measurement. The number of seconds passed since start was indicated in a separate column.

Some cells in the tables were empty, and the decimals in all the data were indicated with commas. In order to
convert the raw data into a format MATLAB can use, the raw data was read into MATLAB from one data file, as
a table. The time vector was converted into an array of doubles. The columns containing data from the sensors
were then first converted into chars, and then to strings. The strings were split in two, according to the ”,”-sign,
and then those two strings were concatenated with a ”.”-sign in between. Thus the commas were replaced by dots,
and thus readable in MATLAB.

The ”data” from the empty cells in the table were discarded according to whether the string element was split
into two objects. If not, the ”data” was from an empty cell. Due to this, the temperatures provided as integers
were lost, but since the data provided in the tables generally have three decimals, temperatures were only seldom
lost, and should not affect the results severely. In dire cases, the mean values of the water temperatures in the
calorimeter given in the excel files could be used. And the temperatures lost may be determined by calculating the
round-off of the closest element in the temperature vector. In order to obtain the correct time vector, the elements
in the time vector corresponding to the deleted data cells were deleted. Vectors from each sensor in a raw data file
were obtained according to that general procedure.

The average of the temperature in the water in the calorimeter was then estimated according to the average of
the temperatures measured by the eight sensors in the water in the calorimeter. The average of those eight sensors
were determined for each point in time at which data was recorded.

The time vector was printed into a txt-file as a vector, and the vector describing the average of the temperature in
the calorimeter was printed as a vector in a txt-file. Those two txt-files were then read in another MATLAB-script,
and used as two vectors: one vector of the average of the temperature of the water in the calorimeter, and another
vector of the time. When plotting the data, the former was used as y-coordinates, and the latter as x-coordinates.
Any error estimation of the temperature recorded is not done in this report.

8.1.2 Raw Data Fitting Procedure

In order to fit the model to the data from the measurements, the general solution presented above, in the theory
section, was implemented in a MATLAB-function. The code used for the implementation can be viewed below. As
input variables, the function has all the parameters that the model is dependent on. It also has a time array as an
input variable, and it returns an array of the temperatures of the water in the calorimeter at those times given in
the time array.

The MATLAB-script code below could be written in the report as follows by using a mcode.sty latex-script
written by Florian Knorn.

1 function [T] = ThreeCompSol2(a 1, a 2, a 3, a 4, a c, m m, m w, m s, Q m, Q w, T p, T c, T 0, t)
2 %This function returns a matrix of double values,
3 %which represent the temperatures of the three
4 %components in the system described by the three
5 %component model of the calorimeter. Each row
6 %corresponds to a component, and each column
7 %corresponds to a particular time in seconds,
8 %given in the input parameter t. This way,
9 %the temperatures in each component can be

10 %plotted as a function of time.
11 %As input parameters, the parameters in
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12 %matrix A are used, as well as the temperature
13 %of the surrounding pool T p, the temperature
14 %of the "cooling object", and the initial temperatures
15 %T 0 of the three components (an array with
16 %length three), and then there is the time array t.
17

18 %The parameters in A are put into a matrix A:
19 A = [-a 1/m m, a 1/m m, 0; a 1/m w, (-a 1-a 2-a 3+a c)/m w, a 2/m w;...
20 0, a 2/m s, (-a 2-a 4)/m s];
21

22 %The nonlinear components in the matrix equation
23 %are put in an array:
24 nonlin = [Q m/m m; (a 3*T p/m w) + (Q w/m w) - (a c*T c/m w); (a 4*T p/m s)];
25

26 b = A\nonlin; %array b is determined.
27 [V, D] = eig(A); %Eigenvalues and eigenvectors are determined.
28 %disp(D);
29 %Coefficients for the exponential functions are determined:
30 C = V\(T 0 + b);
31 %This is the initial conditions for the U solution:
32 C 0 = [C(1), 0, 0; 0, C(2), 0; 0, 0, C(3)];
33

34

35 %step = 0.01; %end t = 10;
36 %t = 0:step:end t;
37 %A temperature vector T is generated,
38 %and the temperatures are determined
39 T = zeros(3, length(t));
40 for i = 1:length(t)
41 U = [exp(D(1,1)*t(i)); exp(D(2,2)*t(i)); exp(D(3,3)*t(i))];
42 T(:, i) = V*(C 0*U) - b;
43 end
44 end

Basic MATLAB methods were used in the code above. Eig(A) to calculate eigenvalues and eigenvectors, back-
slash for solving matrix equations, and so on. The parameters were set to values estimated in previous sections
of the report, and the resulting temperature curve was then compared to the temperature curve according to the
average of the temperature curve obtained from the raw data sheet.

A for-loop was used, changing some of the parameters slightly for each loop, and keeping the value at which the
value of R2 was closest to one.

8.1.3 Determining the Derivative of the Solution

The derivative of the solution above was determined and implemented in a MATLAB script. In the script below,
the left hand side of Eq. 15 was determined in order to calculate the derivative of the solution at a particular point
in time.

A rough estimation of the slope of the temperature curve was also estimated by, at some time t, determining
the temperature at the point t + ∆t, and t −∆t, and calculate the average slope, but that script is not provided
here.

The time at which the derivatives of the temperature curves were used was at Tw = Tp. In order to determine
that point in time, the matrix equation T = Tlin−b = P ·U−b was used, though just the second row, which describes
the temperature of the water in the calorimeter. The temperature Tw was set to Tpool. The other parameters were
known, and then the time t was found by using an equation solver function in MATLAB. In MATLAB, the Symbolic
Math Toolbox is necessary to run it.

1 function [ts] = SearchT(a 1, a 2, a 3, a 4, a c, m m, m w, m s, Q m, Q w, T p, T c, T 0, Ts)
2 %This function searches for a certain water temperature Ts, and
3 %then returns the time at which it occurs.
4

5 A = [-a 1/m m, a 1/m m, 0; a 1/m w, (-a 1-a 2-a 3+a c)/m w, a 2/m w;...
6 0, a 2/m s, (-a 2-a 4)/m s]; %The general matrix of the problem
7

8 nonlin = [Q m/m m; (a 3*T p/m w) + (Q w/m w) - (a c*T c/m w); (a 4*T p/m s)]; %Nonlinear terms
9

10 b = A\nonlin; %The b term is determined
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11 [V, D] = eig(A); %eigenvector matrix and eigenvalues are determined
12 C = V\(T 0 + b); %Initial values are determined
13 %C 0 = [C(1), 0, 0; 0, C(2), 0; 0, 0, C(3)]; %This is the initial conditions
14 %for the U solution
15

16 syms t %Symbolic variable t
17 eqnLeft = Ts + b(2); %Left side of the equation for water temperature
18 eqnRight = V(2,1)*C(1)*exp(D(1,1)*t) + V(2,2)*C(2)*exp(D(2,2)*t) + ...
19 V(2,3)*C(3)*exp(D(3,3)*t); %Right side for the equation of water temperature
20

21 %fplot([eqnLeft eqnRight]); grid on; %A plot for testing
22 ts=1;
23 while ts < 2
24 ts = vpasolve(eqnLeft == eqnRight, t, rand()*10ˆ5); %Finding the right time searched for.
25 %disp(double(ts));
26 end
27

28 end

The mass correction is the relation between the slope of the temperature curve with having just the heater in the
calorimeter, and with having a spent nuclear fuel assembly in the calorimeter. The slope with the heat capacities of
the components with having an electric heater are estimated, and then the slopes are estimated with other values
of the heat capacities, by which the original slope is divided by.

The script used in order to calcuate the derivative of the general solution of the three component system of
equations, the analytically derived expression for the derivative of the general solution was implemented as below.
The left hand side of Eq. 15 was used.

T is the three-rowed matrix of the temperatures of the three components as functions of the time array. The
right hand side and the left hand side tend to agree to about the eighth or ninth digit of value, and it can be
conclude that the MATLAB scripts solve the system of equations.

1 function [T] = TDerivativeAtTZero(a 1, a 2, a 3, a 4, a c, m m, m w, m s, Q m, Q w, T p, T c, ...
T 0, t sym)

2 %This code determines the slope of the temperature curve
3 %given by the model, at a time t sym
4

5 t=double(t sym); %Line to make the time not symbolic
6

7 A = [-a 1/m m, a 1/m m, 0; a 1/m w, (-a 1-a 2-a 3+a c)/m w, a 2/m w;...
8 0, a 2/m s, (-a 2-a 4)/m s];
9

10 nonlin = [Q m/m m; (a 3*T p/m w) + (Q w/m w) - (a c*T c/m w); (a 4*T p/m s)];
11

12 b = A\nonlin;
13 [V, D] = eig(A);
14 %disp(D);
15 C = V\(T 0 + b);
16 C 0 = [C(1), 0, 0; 0, C(2), 0; 0, 0, C(3)]; %This is the initial conditions
17 %for the U solution
18

19 U prim = [D(1,1)*exp(D(1,1)*t); D(2,2)*exp(D(2,2)*t); D(3,3)*exp(D(3,3)*t)];
20 %U prim2 = [D(1,1)*exp(D(1,1)*t2); D(2,2)*exp(D(2,2)*t2); D(3,3)*exp(D(3,3)*t2)];
21 %U prim=0.5.*(U prim1 + U prim2);
22

23 T = V*(C 0*U prim); %The term -b disappears in the derivative, since it is constant w. r. t. time.
24 %T2 = V*(C 0*U prim2);
25

26 end

For-loops were used, which vary the values of the heat capacities of the components, and then generated plots
with the mass corrections as functions of the heat capacities.

8.2 Appendix B: A Table of Pool- and Initial Temperatures from Calibration Mea-
surements

Table 14 indicates the date, pool temperature, and initial temperature. This is data which was used during curve
fittings documented in Table 3, 4, and 5.
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Date Pool Temp [oC] Initial Temp [oC] Date Pool Temp [oC] Initial Temp [oC]
2018-10-17 19.5217(74) 18.26 2018-12-10 19.4856(74) 16.73
2017-11-16 18.8164(39) 16.34 2017-11-21 18.7981(29) 15.59
2017-12-06 19.1296(41) 14.72 2017-11-30 19.0214(196) 16.47
2018-11-26 19.1405(92) 16.33 2018-12-13 19.5467(50) 15.20
2018-11-12 19.4424(56) 17.18 2018-12-06 19.4023(72) 15.60
2017-11-17 18.8367(32) 15.40 2017-04-13 18.4780(452) 9.30
2017-12-05 19.1257(59) 14.65 2018-11-14 19.4946(43) 17.30
2018-12-03 19.3226(73) 16.41 2018-12-12 19.5348(72) 13.90
2018-11-08 19.3886(83) 17.30 2018-12-05 19.3777(75) 15.10
2018-11-15 19.5342(55) 17.20 2017-04-18 16.6695(185) 0.30
2018-11-19 19.6272(41) 16.82 2017-10-03 20.2215(114) 12.40
2018-11-20 19.6369(47) 16.70 2017-11-22 18.8102(30) 15.10
2018-11-21 19.6550(94) 16.70 2017-11-23 18.8230(25) 14.65
2018-11-22 19.6249(424) 16.65 2019-03-18 19.5025(36) 16.15
2017-11-20 18.8251(24) 16.50 2019-03-15 19.4752(34) 16.90
2017-12-04 19.1537(63) 16.20 2019-03-14 19.4652(21) 14.20
2018-12-11 19.5232(85) 15.22 2019-02-13 19.4561(31) 15.78
2018-11-13 19.4680(78) 16.68 2019-03-12 19.4471(21) 16.80
2017-05-03 16.9355(96) 14.60

Table 14: Pool temperatures and initial temperatures of the fitting parameters for the thermodynamic model on
raw data from calorimetric measurements done from 2017 to 2019.
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