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Abstract 

Due to todays advanced technology and besides that, more comprehensive 

knowledge about nuclear power, best estimate analysis regarding radioactive 

release is becoming more and more common. Consequently, new methods 

are developed in order to easily preform these types of calculations. The 

objective of this work was to develop a code which could be used in order to 

simulate radioactive releases to the surrounding environment, in case of an 

incident at a nuclear power plant (NPP). Part of the work was to simulate a 

loss of coolant accident (LOCA), using a best estimate approach.  

The work was conducted at Studsvik, at the consulting unit ALARA 

Engineering. In conjunction with this master thesis, Studsvik started 

developing new methods to estimate release, therefore the work was 

conducted in close collaboration with the coworker Mattias Viertel.  

During the project two separate codes were developed. The main code was 

written to determine radioactive release. The aim was to keep the code as 

general as possible, making it susceptible for different input parameters and 

different systems.  Additionally the idea was to make it more user-friendly, 

compared to the already consisting methods at Studsvik. The second code 

was simpler and its only function was to randomly find some parameter 

values, given an interval and distribution for each parameter. 

In order to evaluate the main code, a LOCA was simulated and the obtained 

results were compared with earlier results, for the same incident at the same 

NPP. It was found that the results from the developed code were in close 

agreement with the earlier results. The absorbed dose after 30 days at 500 m 

from the NPP was estimated to be 5.9 10-7 mSv, well below the limit of 0.1 

mSv per year and person.  

In order to evaluate each parameters impact on the result, the main code 

was run for each parameters maximum and minimum value. It was found 

that the fuel damage fraction had significant higher impact than the other 

parameters. This was expected since the fuel damage fraction determines the 

amount of nuclides available in the reactor water. 



Additionally a more extensive evaluation process was conducted. This was 

achieved by using the second developed code, which generated input values 

for some chosen parameters. The random values were then used as input 

values for the developed code. This was repeated 3000 times each, for two 

different evaluation processes. The difference between the processes was 

that the fuel damage fraction was excluded in the first one, due to the 

significance of the parameter.  The average dose absorbed after 30 days, 500 

m from the plant, were 7.36 10-7 respectively 2.92 10-4 mSv with the variance 

9.03 10-15 respectively 4.96 10-8 mSv, the larger values obtained for the 

evaluation including fuel damage. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Sammanfattning 
I och med dagens avancerade teknologi och därtill mer omfattande 

kunskaper kring kärnkraft har realistiska modeller för radioaktiva utsläpp 

blivit allt mer vanliga. Som en naturlig följd av detta utvecklas nya metoder 

som enkelt kan användas för denna typ av beräkningar. Syftet var här att 

utveckla en datorkod, vilken skulle kunna användas till att simulera 

radioaktiva utsläpp till närliggande områden vid en incident på ett 

kärnkraftverk. Som en del av arbetet skulle en lycka med förlust av kylmedel, 

LOCA, simuleras med ett realistiskt tillvägagångssätt.  

Arbetet genomfördes vid Studsvik och deras konsultverksamhet ALARA 

Engineering. I samband med detta arbete påbörjade Studsvik utvecklingen av 

nya metoder för att beräkna radioaktiva utsläpp, vilket har resulterat i ett 

nära samarbete med medarbetaren Mattias Viertel under arbetets gång. 

Under arbetets gångs skrevs två datorkoder. Huvudkoden skrevs för att 

beräkna radioaktiva utsläpp. Målet var att utveckla en generell kod med 

möjlighet att ändra indata för olika parametrar och system. Utöver detta var 

ett uttalat mål att göra programmet mer användarvänligt än de befintliga 

beräkningsmetoder som finns tillgängliga vid Studsvik. Den andra koden som 

skrevs var mindre omfattande och vars enda syfte var att bestämma 

slumpade parametervärden, givet ett intervall och distribution för varje 

enskild parameter. 

För att utvärdera koden har en LOCA simulerats och resultaten har jämförts 

med tidigare kända resultat, för samma händelse. Resultatet från den 

nyutvecklade koden överensstämde väl med tidigare resultat. Den 

absorberade dosen efter 30 dagar på avståndet 500 meter från 

kärnkraftverket beräknades till 5.9 10-7 mSv, vilket ligger väl under 

gränsvärdet 0.1 mSv per år och individ. 

För att utvärdera varje parameters inverkan på resultatet kördes koden för 

respektive parameters högsta samt lägsta värde. Fraktionen av bränsleskador 

hade signifikant högre påverkan på resultatet än någon annan parameter, 

vilket var väntat. Mängden bränsleskador bestämmer följaktligen den mängd 

nukleider som släpps ut till reaktorn. 



Ytterligare en omfattande evalueringsprocess utfördes. Parametervärden 

genererades med hjälp av den andra utvecklade koden, för att sedan 

användas som inputdata till huvudkoden. Två olika evalueringar 

genomfördes, båda bestående av 3000 körningar. Skillnaden mellan 

evalueringarna var att bränsleskador exkluderades i den första, men 

inkluderades i den andra. Uppdelningen gjordes då 

bränsleskadeomfattningen har mycket större inverkan på resultatet än övriga 

parametrar. Medelvärdena för absorberad dos efter 30 dagar 500 meter från 

byggnaden för de båda körningarna var 7.36 10-7 respektive 2.92 10-4 mSv 

och variansen bestämdes till 9.03 10-15 respektive 4.96 10-8 mSv, där de båda 

högre värdena representerar evalueringen med bränsleskador. 
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1  Introduction 

1.1 Background 
How to meet the energy demand of the future is one of the most important 

questions today. Nuclear power is a part of a possible solution, due to its low 

emission of carbon dioxide and reliable power production. However, nuclear 

power is complex and it is important to analyze and prevent its risks. Real life 

experiments regarding releases of radioactive nuclides, due to nuclear power 

incidents, cannot be conducted other than in smaller tests. Therefore 

complementary, validated models are vital when conducting safety analysis 

and simulating courses of events.  

Commonly, models are used to estimate the released dose for a specific 

incident and nuclear power plant (NPP). This is done to assure public safety 

and to establish if further precautions need to be taken, therefore the 

accuracy of the conducted model is of high importance. A model with faulty 

results can, in a worst case scenario, lead to unforeseen threat to public 

safety, possibly without anyone’s knowledge. It could also lead to 

unnecessary investments at the plant, due to faulty results implicating 

unacceptable consequences.  

There are typically two kinds of models, conservative and best estimate. In 

conservative models often the worst case scenario is assumed for each 

involved parameter. Most of these assumptions are unrealistic and will result 

in exaggerated consequences. This could cause problems, as it is difficult to 

actually conclude how dangerous a specific event can be. For the NPP it is 

hard to determine which precautions need to be taken and it could also 

result in public fear, without any actual underlying threat. With today’s 

technology and knowledge it is possible to conduct best estimate models 

which are more complex and realistic. These models use more reliable 

parameter values, obtained through experimental data, empirical knowledge 

or other simulations. Consequently the results will be more accurate, 

however with a level of uncertainty. 

The Swedish NPPs need to present deterministic safety analysis (DSA) to the 

Swedish regulatory body (Strålsäkerhetsmyndigheten, SSM), to prove that 
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they fulfill the regulations. DSA includes several postulated incidents that 

could possibly occur at the plant, for example loss of coolant accident (LOCA) 

or external events, such as earthquakes and flooding. In the analysis these 

malfunctions or initial events are evaluated through models, to determine 

whether or not the plant will behave as expected and accepted. [1] If the 

behavior is accepted, the essential parameter values in the system are not 

exceeded and the released dose to the public is under an acceptance value of 

0.1 mSv per year and person, set by the regulator [2]. 

During earlier years the DSA have been conducted using conservative models 

and parameters. These parameter values have been obtained from the US 

Nuclear Regulatory Commission (NRC) Nuclear Regulatory Guide 1.183. 

Today the plants are obligated to provide two DSA, one conducted using best 

estimate methods and one using conservative. To fulfill the new 

requirements and to have a consensus between all Swedish NPP, the 

Methodology Handbook for Realistic Analysis of Radiological Consequences, 

was written by the NPPs. The handbook provides realistic values which could 

be used in order to conduct best estimate analysis. It also contains upper 

limit values for the parameters to use when conducting an uncertainty 

evaluation of the obtained result. [3] 
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1.2 Aim of project 
The work was conducted at Studsvik, at the consulting division ALARA 

Engineering which mainly works with radiation protection. The division has 

several years of experience regarding release models after nuclear incidents. 

During the spring 2015, ALARA Engineering started the undertaking of 

rewriting their models, in order to optimize them. As a part of the work, this 

master thesis was conducted. 

In this project a code was elaborated which could be used when estimating 

releases after nuclear incidents. The idea was to create a code that was as 

general as possible, making it useful for different type of incidents, boundary 

conditions, parameter data and NPPs. Due to the extensive possibility to 

change input data, the code could be used for both conservative and best 

estimate methods. 

Using the developed code, a LOCA was postulated, using a best estimate 

approach. The aim was to estimate the release, after the accident. This was 

compared to the results from Studsviks former calculations. As a part of the 

best estimate method, an evaluation process of the result was also 

conducted. In order to realize this, another code was developed in C++, in 

which Latin hypercube sampling was implemented.  
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2 Theory 
In this chapter the theoretical background of the master thesis is presented.  

2.1 LOCA – loss of coolant accident 
In this report a LOCA is postulated. A LOCA is defined as a design basic 

accident; this means that the safety systems at the nuclear power plant are 

designed to withstand such an accident, without risking the safety of the 

public. The severity of a LOCA mainly depends on the magnitude of the 

break, where it is located and whether or not all safety systems are available. 

In this report a large LOCA is studied, with event classification H4. H4 

accidents are postulated to be very improbable and have a frequency of 10-5 

to 10-3 per reactor year. [1] 

2.1.1 Course of events in reactor vessel 
The course of events in the reactor vessel is not modeled or analyzed in detail 

in this thesis. However, it is important to have knowledge of the preceding 

events to the one studied. 

A postulated large LOCA is caused by a guillotine break on a recirculation line. 

The control rods will immediately be inserted to the reactor core due to 

either breakage indication in the containment or low water level in the 

reactor vessel.  Subsequent to the accident it is assumed that no external 

power is available, power is instead supplied by the emergency power 

source.  

Directly after the accident there will be a reverse coolant flow, dryout in the 

core is assumed after approximately two seconds. The cladding temperature 

will start to rise as a result of the insufficient heat removal.  A temporary 

rewet of the fuel will take place, caused by a downward flow of a mixture of 

steam and water, originating from the intensive boiling of the water in the 

gaps between the coolant channels.  

Due to the break, the pressure starts to drop rapidly. After 15 seconds the 

downcomer has emptied and at this time the steam escapes both through 

the break via the downcomer and through the lower plenum to the break. 
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After approximately 30 seconds the pressure in the reactor vessel and 

containment has equalized and the flow through the core has stagnated.  

Due to a low water level in the reactor, the emergency core cooling system is 

activated. Water is sprayed over the core, the fuel channels and the cladding 

walls are gradually wetted. The clad temperature reaches its maximum a few 

minutes after the accident. This temperature must not rise above 1204  , 

set as a requirement by the regulatory authorities to prevent a reaction 

between the water and the metal in the fuel cladding. The sprinkling will, 

during time, lower the cladding temperature from its peak and after 30 

minutes the temperature will have decreased extensively. After this type of 

accident it is necessary to flood the entire containment with water, this 

action is not taken into consideration in this model. [1] [4] 

 

2.1.2 Escape of nuclides 
In Figure 1 an illustration of a NPP is presented. In this thesis the buildings 

and containments are of most interest, since these are the barriers which 

nuclides have to escape.  

 

 

Figure 1: Generic illustration of a NPP with a boiling water reactor. Figure 
obtained from [5]  



7 
 

Due to the breakage in the recirculation line there will be a large leakage of 

cooling water to the containment. The containment itself is divided into two 

parts, one wet well and one dry well. The cooling water will end up in the wet 

well while the nuclides present in the cooling water will be found in both the 

dry and wet well, depending on the properties of the specific nuclide. During 

time the nuclides might change well, some of them will be removed from the 

dry to the wet well as the containment is sprayed with water, while others 

might rise from the wet well to the dry well since these nuclides establish 

equilibrium between the wet and dry phase. It is vital to know what nuclides 

are present in each well, since it is the nuclides present in the dry well that 

can escape from the containment, assuming the wet well is intact.  

The nuclides that escape the containment, located in the reactor building, 

will migrate to the reactor building or the turbine building. This might take 

place through valves or small leakages. From these buildings the nuclides 

have two postulated escape routes, through the stack connected to both 

buildings, or by diffusion through the building walls. 

A simplified illustration of the escape route is illustrated in Figure 2. In this 

thesis the main releases are postulated to take place through the stack and 

are assumed to take place at 100 m above ground, while small releases 

through diffusion originate at 20 m. In this thesis it is assumed that the 

nuclides escaping the reactor building through the stack will pass a filter. This 

will result in absorption of some radioactive nuclides, reducing the release. 

[3] 
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Figure 2:  Illustration of escape route for the nuclides 

 

2.2 Source terms  

2.2.1 Nuclides and groups of interest 
There are several factors to consider regarding the choice of nuclides. 

Nuclides that are in gaseous or volatile form are important, since they are 

more likely to escape to the environment. The radiotoxicity of the nuclides is 

of high significance as these will contribute to the absorbed dose. The most 

dangerous nuclides have high fission yield and a medium half-life. If the half-

life is to short the nuclides will decay more rapidly and will therefore be less 

active sooner, while a long half-life results in small rates of decays. [3] 

Based on these arguments there are especially four groups of nuclides that 

should be paid extra interest to when estimating a release, these are 

- Radioactive noble gases 

- Radioactive reactive gases 

- Radionuclides as particles 

- Organic iodine gas 



9 
 

Below the origin and types of nuclides will be discussed.  

2.2.1.1 Fission products 
In this section essential nuclides originating from the fission reaction in the 

fuel will be presented.  

NOBLE GASES  

During irradiation in the reactor core, noble gases can be released from the 

ceramic oxide and the fuel matrix. The noble gases will stay within the fuel 

rod during normal operation, however in the case of an accident and failure 

of the fuel cladding, the noble gases might escape to the containment. The 

noble gases are chemically inert and gaseous, they are therefore difficult to 

contain. On the other hand they do not interact with tissue. In case of a 

nuclear incident the dose that could be absorbed comes from airborne 

activity. [1] [3] 

HALOGENS  

Halogens are very reactive, they combine with metallic fission products, such 

as cesium and zirconium. During a LOCA the reactor coolant tends to have a 

reducing atmosphere and this causes halogens to form halides which are 

retained in the water phase.  

The most important element among the halogens is iodine. Iodine is studied 

in great detail due to its chemical and biological properties, its isotopes emits 

both gamma and beta radiation. Iodine is airborne and can in this way 

contribute to dose. However, it is most likely that the radioactive iodine falls 

to the ground and is later ingested by humans, through plants or meat. This 

could contribute to a large dose in the thyroid gland where the iodine 

accumulates. The most dangerous isotope is iodine-131, due to its medium 

long half-life of eight days. 

Halogens, such as iodine, are also likely to react with cesium. This reaction 

changes the way iodine can be absorbed by the human body as cesium can 

be absorbed in muscular tissue. [1] [3] 

ALKALI METALS  

In case of fuel failure, alkali metals are likely to combine with other materials, 

especially to form compounds with low volatility. Cesium will mostly combine 
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with iodine or form cesium-hydroxide. Cesium is one of the most abundant 

elements in the fuel inventory. The two isotopes that are of most importance 

are Cs-134 and Cs-137. They both emit beta and gamma radiation and have 

half-lives of 2.1 respectively 30.1 years. These isotopes will especially 

contribute to the ground dose and will do so during a long period of time, 

due to their longer half-lives. [1] [3]   

ALKALINE EARTHS  

Both barium and strontium are present in the fuel and will in case of fuel 

failure be released as oxides. It is possible for both nuclides to react with the 

cooling system´s steam and form hydroxides, which are soluble in water.  [1] 

[3]  

TELLURIUM  

Tellurium is an important nuclide as it is an iodine precursor. The isotope Te-

132 emits both gamma and beta radiation and is volatile. If tellurium is 

released from the fuel, it is released in elemental form and will later react 

with structural materials. [1] [3] 

OTHER FISSION PRODUCTS  

Other fission products that can be present are noble metals, rare earths and 

refractory oxides. These are all chemically inactive. [1] [3] 

2.2.1.2 Tramp Uranium 
Larger fuel damages can lead to fuel losses, these losses are called tramp 

uranium. The tramp uranium is deposited on the surfaces of the primary 

system in the reactor. Tramp uranium can be present even though there are 

no fuel damage due to uranium contamination of the core construction 

materials and the claddings surfaces. This will result in an addition of fission 

products in the reactor coolant. [3] 

2.2.1.3 Activated corrosion products 
During operation of a nuclear power plant, corrosion products will be formed 

and are present in the reactor coolant. When the coolant passes through the 

core the corrosion products might absorb neutrons and become activated. 

The properties of these products depend on which elements they consist of. 

However, they often have some properties in common, they are light 

elements, do not decay into radioactive daughters and are often less 
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radioactive than fission products. The corrosion products settle on the 

surfaces of the primary system, making it contaminated. The coolant is 

constantly filtered, removing some of its corrosion products. The two 

isotopes that are of most concern are cobalt-60 and carbon-14. Co-60 emits 

high-energy gamma rays and is problematic due to its long half-life, 5.26 

years. [1] [3] 

It is not only corrosion products that may become activated, but also the 

water itself. One example of this is nitrogen-16. However, its half-life is 7.2 

seconds and therefore it decays rapidly when the fuel rods are fully inserted 

to the core and does not contribute to the released dose. [1] [3] 

2.2.2 Estimation of activity 
Some nuclides will during normal plant operation migrate from the fuel pellet 

to the gap between the pellet and the cladding. It is assumed that a fraction 

of the inventory of the fuel will be found in the gap [3]. In order to estimate 

which nuclides are present in the reactor and the amount of them, three 

sources need to be taken into account 

- Leakage from the fuel during normal operation, including tramp 

uranium 

- Activated corrosion and erosion products 

- Eventual leakage from damaged fuel, caused by an accident 

The actual inventory that needs to be considered when modeling the LOCA 

and the following release is the sum of all three factors, however in the case 

of fuel damage this term will dominate. 

2.2.2.1 Leakage from fuel during normal operation 
During normal operation, there might be leakage from the fuel. This is caused 

by small defects on the fuel elements, called pinholes, which are not 

detected during inspection. Through these pinholes some of the gap 

inventory can be released to the coolant. [3] 

2.2.2.2 Transient releases 
In the case of a LOCA, some of the gap inventory will migrate to the reactor 

tank. This release occurs through the small pinhole defects in the fuel 

cladding, resulting in a transient release even in the cases where there is no 



12 
 

additional fuel damage. The release is caused by the pressure difference, 

which arises due to the pressure drop caused by the LOCA. The pressure in 

the fuel rods will therefore be higher than the pressure in the reactor tank, 

causing the release. [3] 

2.2.2.3 Gap releases  
In case of rupture in the cladding, the gap inventory will be released, 

especially nuclides such as noble gases, cesium and iodine. The fuel rods that 

are subjected to the highest amount of heat before the LOCA are the ones 

that will rupture first. These rods, in general, have a larger gap inventory, as 

the number of fission products that escape the pellets increases with 

temperature. [3] 

 

2.3 Important parameters 
In this section the most essential parameters used in the model will be 

discussed and their values and effects will be motivated. The parameters are 

chosen for their large impact on the result; the released dose. For most 

parameters both a best estimate value (BE) and an upper limit (UL) will be 

suggested. The upper limit value is a more conservative value, which should 

be interpreted as the maximum value for the parameter in an evaluation 

process. The best estimate value is the value which should be used when 

simulating the studied case.  

2.3.1 Fuel damage 
This parameter is essential when modeling an accident in an NPP as the 

amount of nuclides that possibly could escape, mostly depends upon the fuel 

damage fraction. It can be assumed that there will be a large difference in 

absorbed dose, based on which fraction is used.  

In the case of a LOCA, there will be a drop in the coolant pressure. If the 

pressure drops below the gas pressure in the fuel rod, it will cause the fuel 

cladding to swell and in worst case rupture. In order to determine whether or 

not the fuel cladding will fail, several parameters are taken into account, such 

as hoop stress, heating rate, deformation at the rupture location and 

assembly flow blockage, which is caused by the swelling of the fuel cladding 

[6]. The two most important parameters when estimating fuel rupture is the 
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cladding temperature, as the hottest rod will fail first, and the internal 

pressure in the rod. The fuel damage in a BWR is thus less severe as 

compared to a PWR, due to the difference in operating pressure [7]. 

In a comprehensive study, conducted by the European Commission, fuel 

damage fraction in the case of a LOCA was evaluated. The aim was to 

determine to which fraction the fuel was most likely to fail, both for a best 

estimate and conservative approach. In the study several criteria and models 

where used and their results compared. For the realistic approach the fuel 

damage fraction was estimate to 3.2 % for one case, however a conservative 

assumption regarding high linear power distribution was made which 

contributed to the result. In the other seven cases for the best estimate 

approach no fuel damage was found. In the conservative approach, the fuel 

fraction damage was estimated to be in the interval of 0 to 16.6 %, with a 

mean value of 4.47% [7]. Based on the results found in the European study, 

the Swedish plants recommended to assume 0 % fail damage in a best 

estimate analyze and 3 % as an upper limit [3].  

2.3.2 Iodine 
When conducting a release model iodine is one of the nuclides of special 

interest, based on its properties mentioned in section 2.2.1.1. Iodine can be 

found in three different forms, which will have influence on its behavior. It 

will also affect whether the iodine will be found in the wet or dry well. 

 ORGANIC IODINE  

The iodine is bound to an organic material. The organic iodine will be 

present in the dry well after a LOCA, due to its gaseous form.  

 ELEMENTAL, MOLECULAR, IODINE  

Compound that only consist of iodine, I2. It is formed in the wet well 

by radiolysis. The elemental iodine is found in equilibrium between 

the dry and wet well. The distribution between the wells depends 

upon temperature and pressure.  

 AEROSOL IODINE 

The iodine is bound to some other nuclide or nuclides. After a LOCA 

this form of iodine is initially found in the dry well. [7] 
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Because of these different properties of the iodine types, it is necessary to 

know how much iodine is present in each form in order to estimate the final 

release. Substantially it is the compounds present in the dry well that is 

available to escape the containment and thereby contribute to dose. It is 

therefore relevant to know the fraction of iodine initially released to the dry 

respectively the wet well. In the recommendations for best estimate 

approaches written by the Swedish plants 10 % of the iodine is initially 

released to the dry well [3]. 

2.3.2.1 Organic iodine 
In a release model it is necessary to estimate the fraction of organic iodine. 

The organic iodine is conservatively not assumed to be susceptible to the 

spray removal in the containment. Consequently it will not be possible to 

remove the organic iodine present in the dry well and it might escape the 

containment. [3] 

Three methods have been used in earlier studies to estimate the amount of 

organic iodine present after a LOCA.  The first approach that was used was 

the WASH-1400 recommendation, conducted 1972- 1975 [8]. This approach 

gave the result that 0.4 % (with uncertainty + 1.1 %, - 0.3 %) of the total 

amount of iodine should be assumed to be organic. This was the best 

approach known at the time it was conducted, however the result is today 

found to be conservative. Secondly empirical measurements were conducted 

a while after the Three Mile Island Accident. These results suggested that 

0.16 % of the iodine was of the organic type. The last approach that has been 

used to estimate the organic iodine fraction is laboratory experiments. In the 

experiments the formation rate of organic iodine on different surfaces were 

studied. A spread in formation was found between 0.3 – 11 % of the surface 

inventory. Based on the three methods the organic iodine fraction 

recommended to be used in best estimate models is 0.2 %. Even though the 

value is to be used, it is recognized as conservative, the difficulties lies in 

estimating a better value. [9] 

2.3.2.2 Inorganic iodine 
Regarding the inorganic iodine, both the aerosol and elemental form is 

susceptible to the spray removal in the containment, consequently amounts 

of it will be moved from the dry to the wet well [3]. 
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As mentioned before, the elemental iodine will establish equilibrium 

between the wells, resulting in that some iodine will transfer from the wet to 

the dry well. In this thesis it will be assumed to be 9 %, based on that it is the 

value recognized by the NPPs in Sweden. The number was originally 

determined using the equilibrium between the wells in a PWR as an upper 

limit. The result was then scaled down to match a BWR, due to its smaller 

amount of free gas in the containment. [3] 

2.3.3 Spray removal 
After a LOCA the containment will be sprayed with water. In addition to 

cooling, airborne aerosols will condense on the surface of the water and be 

removed from the dry to the wet well. Due to this, the spray removal rate 

depends on the size of the spray drops. Smaller drops will, as a sum, have 

larger surface than fewer larger spray drops. [3]  

The rate in which the activity is reduced is given by equation (1).  

 
      

  
         [       

     

  
] 

 

 
(1) 

Where 

      – is the inventory of a nuclide   at the time   after the spray removal 

was initiated [Bq] 

      – is the inventory of nuclide   when the spray removal is initiated [Bq] 

       – is the spray removal coefficient, specific for different nuclides and 

types [s-1] 

   – is the decontamination factor, specific for different nuclides and types 

[unitless] 
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To calculate the amount of reduction,        and    needs to be determined 

for the different nuclides of interest, these are: 

 Noble gases 

 Iodine 

- Elemental 

- Aerosol 

- Organic 

 Other aerosols  

In this thesis the recommended standard values for        and    for the 

different nuclides will be used. This is somewhat deceptive, as the spray 

removal rate depends on the spray drop size and thereby the spray removal 

system at the specific plant. Effective spray removal systems spray alkaline 

water with small drops, to increase the surface to which the particles could 

condense. [3] 

As discussed earlier, there will be no spray removal effect on the organic 

iodine. Neither will there be any effect on the noble gases [3]. For the 

inorganic iodine a merged value for the spray removal coefficient will be 

used, however the separated typical values are presented in Table 2.1. 

Table 2.1 Typical spray removal coefficient for iodine [3] 

  

Spray removal iodine [elemental 
form] 

10-20 h-1 

Spray removal iodine [aerosol form] 0.46 h-1 

Spray removal iodine [organic form] 0 h-1 

 

In Table 2.2 the values of the spray removal coefficients for the noble gases, 

aerosols and iodine is presented. It can be seen that both a best estimate 

value, which will be used in the case modeled, and an upper limit value is 

presented. The upper limit value will be used in the evaluation process.  
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Table 2.2 Spray removal coefficients for iodine, aerosols and noble gases [3] 

Nuclide Best Estimate Upper Limit 

Inorganic iodine,  
acid spray water 

0.2 h-1 0.2 h-1 

Inorganic iodine  
alkaline spray water 

2.7 h-1 0.2 h-1 

Organic iodine 0 h-1 0 h-1 

Noble gases 0 h-1 0 h-1 

Aerosols  
if 0.6 h > t 

1.6 h-1 1.3 h-1 

Aerosols  
if 0.6 h < t 

0.65 h-1 0.5 h-1 

 

The total activity retained,   , in the dry well could be determined using 

equation (2). [10] 

     (  
 

  
) 

(2) 

 

If    equals one, no activity will be retained. This is the case for noble gases, 

due to their low solubility. Aerosols are retained, consequently    will 

become large and approach infinity. [3] All values used for    is presented in 

Table 2.3. 

 

Table 2.3 Decontamination factors for iodine, noble gases and aerosols [3] 

Nuclide Best Estimate Upper Limit 

Inorganic iodine 10 000 10 000 

Organic iodine 1 1 

Noble gases 1 1 

Aerosols        
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2.3.4 Release from containment 
Often it is assumed that a fraction of the inventory is released each day to 

the reactor and turbine buildings. The release from the containment is plant 

specific and will therefore not be discussed further in this thesis. 

2.3.5 Releases from the reactor and turbine buildings 
From the dry well nuclides will escape both to the reactor and turbine 

building, as illustrated in Figure 2. It is assumed that all nuclides present in 

one of the buildings will migrate further and be released to the environment. 

The parameters are important since one must estimate the amount of 

leakage through the building itself, through small paths in the wall or valves 

and how much that will be released through the stack. It is a possibility that 

the nuclides released through the stack will pass a filter, if that is installed at 

the simulated NPP. Whether the releases to the environment takes place 

through diffusion or the stack is essential to know, since the two different 

releases take place at different heights. Releases near ground will have large 

impact on the near environment, however the distribution of it will be 

limited. In the case where the releases take place through the stack, the 

nuclides will be distributed over a larger area even though there might result 

in smaller doses at a specific place.  

 

2.4 Latin hypercube sampling 

2.4.1 Determining values of parameters 
When conducting a best estimate model, the uncertainty of its results needs 

to be dealt with. A common way to achieve this, is to perform a Monte Carlo 

(MC) simulation. In this type of simulation a probable interval for a 

parameter of interest is set. Then a random value from the interval is 

determined by a computer code. In simple MC simulations no further 

restrictions are set, therefore there is no guarantee that the obtained values 

will be evenly spread over the distribution of the parameter. In order to 

obtain a final result a large number of MC simulations needs to be conducted 

[11]. To deal with the large number of simulations and the spread of 

randomly chosen values, Latin hypercube sampling (LHS) can be used [12]. 
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The theory of the method is to identify the   parameters of interest, as in the 

Monte Carlo simulation. These parameters are the ones that have most 

impact on the output result of the code. For each parameter   values are 

obtained. This is done by dividing the probability density function (PDF) for 

the parameter, into   parts where each range corresponding to the same 

probability, given by equation (3) [12]. An illustration of this can be seen in 

Figure 3 and its belonging cumulative distribution function (CDF) is illustrated 

in Figure 4. 

 

Figure 3: The probability density function for a triangular distribution, the PDF 
is divided into five equal probable intervals.  

Each interval has the same area, i.e. the same probability. 
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Figure 4: The cumulative distribution for the same triangular distribution found 
in Figure 3. 

 

     
 

 
 

 

(3) 

One value in each range is then randomly chosen. This could be done in the 

following manner. Firstly one value,   , between 0 and 1 is randomly chosen, 

then the value is translated to the interval   , see equation  

(4) [12]. 

 

      

 

 
 

     

 
                      

 

 
(4) 

 

In order to obtain the value of the actual parameter of interest, the inverse 

cumulative distribution function (CDF) is used in combination with the 

obtained value of  . [12] Some inverse CDFs are listed in Table 2.4, where   

is the maximum value,   is the minimum value and   is the most probable 

value. [13] 
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Table 2.4 Table of the inverse CDF for different distributions 

Inverse Cumulative Distribution Functions 
Uniform, rectangle, distribution 

 
                 

 

Triangular distribution 

 

       {
√                    

   

   
 

 √                        
   

   
 
 

 

 

2.4.2 Pair values 
In order to use the result of the LHS method, the   obtained values for all   

paremters are combined in a     matrix, creating   input sets of data. The 

obtained values for the parameters are combined, one value for each 

parameter is chosen, resulting in one set of input data. It is important that a 

random value for a parameter is used only once. [12] 

 

   (

       

   
       

)  

 

(5) 

Each column in the matrix contains all random values from the same 

parameter, consequently each row in the matrix correspond to an input set. 

The matrix could be fabricated in two different manners. One is to combine 

the values randomly, meaning that the order in which the values for each 

parameter is set in the column is randomly conducted. The other manner is 

to set the values in a way that the correlation between the columns is as 

small as possible. [12] 
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2.4.3 Evaluation of result 
The   input sets of parameter values are then used to rerun the developed 

code, giving   output values. The average of the output,  , is then calculated 

together with the variance of  , see equation (6) and (7), where    is the row 

vector of input data. [14] [15] 

 

  
 

 
 ∑  

 

   

 

 

(6) 

      
 

 
∑            

 

 

 

(7) 

The LHS method will result in   values for all   parameters. In the case where 

    the result,  , will have smaller variance when using LHS compared with 

random Monte Carlo sampling. [16] 

Additionally the 95 % confidence interval could be determined using 

equation (8). [17] 

           
√    

√ 
 

 

(8) 
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3  Development of code and model 

3.1 Code basics 
The new code was developed in C++ and was the first step to simplifying the 

methods already used. Since Studsvik has an elaborated procedure regarding 

release models, the developed code was inspired by the already consisting 

work. In order to make the program useful for a range of NPPs and incidents, 

the code structure was kept general and susceptible for variations in the 

input data. The code was developed to rest upon two types of objects, 

volumes and flow paths. 

VOLUMES  

The volumes correspond to the volumes which could be found at a NPP, such 

as parts of or entire buildings. Also the surrounding environment could be 

modeled with the help of volumes. Some parameters could be set for the 

volumes, such as area and height. However, these parameter values had no 

significance for the event simulated. 

FLOW PATHS  

Flow paths were used to model leakages of nuclides between the volumes. 

For the flow paths, several parameters could be set, for example the flow 

amount which could change during time.  In addition flow paths were used to 

model reduction of nuclide escape due to spray removal and filtration. Spray 

removal was modeled by a specific flow path, consisting of values for the 

decontamination factor and spray removal coefficient for different nuclides.  

When modeling a filter and filtration, a filter function could be added to the 

flow path, resulting in removal of specified nuclides.  

The developed program was structured to determine the fractions of the 

nuclide inventory for each specified volume. In order to achieve this, a 

differential equation system is constructed using the defined flow paths and 

volumes set by the user. In equation (9) a simplification of the differential 

system is presented. The parameter values for the flow paths, such as flow 

amount, is used to construct the matrix   and the vector  . In which manner 

this is conducted will not be discussed in more detail. 
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(9) 
 

 

The equation is then solved, giving the nuclide inventory fraction for all 

volumes. In those cases where parameters for the flow paths changes with 

time, such as the rate of the leakage, a new system is set and calculated, with 

the earlier result used as boundary condition. 

To determine the actual amount of a nuclide in a specific volume, the 

behavior of the nuclides must be included in the analysis. This was done by 

using an additional program, Fispact, which manages the nuclides and their 

decay. Knowing the fractions from the developed code combined with the 

result obtained from Fispact, the amount of nuclides in each volume at a 

given time can be estimated, using equation (10). 

                     
 

(10) 

 
Where 

       is the activity for nuclide,  ,  in a specific volume 

      is the fraction of which the nuclide,  ,   is present in a specific volume 

 , the solution of the differential equation 

      is the total activity of the nuclide, ,  ,  in the whole system 

 

3.2 Release model and evaluation 
 

3.2.1 Reference case 
A part of the master thesis project was to simulate the releases after a LOCA. 

This was conducted in order to validate the code against already existing 

results. Due to the comparison the source terms were not recalculated nor 

evaluated, instead the same initial activity used in earlier calculations was 

used. The system set to simulate the releases after the postulated LOCA is 
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illustrated in Figure 5. Additionally the parameter values used are presented 

in Table 3.1. 

 

Figure 5: An illustration of the modeled system. The boxes represent the 
volumes, while the black errors represent the flow paths. The blue arrow 

represents the spray removal from the dry well to the wet well.  

3.2.2 Evaluation with maximum and minimum values 
In order to study the impact of all parameters individually, the code was 

rerun keeping all but one parameter value the same as in the reference case. 

The parameter evaluated, was set to both its largest and smallest value, see 

Table 3.1, and the LOCA was simulated for each input data set. Doing this it 

could be found whether or not the parameter studied had large impact on 

the result.  

3.2.3 Evaluation of result with Latin hypercube sampling 
A more extensive evaluation process was also conducted, using LHS. This was 

done by developing an additional code in C++, using the theory discussed in 

the section Latin hypercube sampling. The   parameters of interest was 

defined and used as input to the LHS program, see Table 3.1. The number of 

intervals,  , and thereby number of output values for each parameter was 

set to 3000. The parameter values were then randomly combined, giving 
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3000 sets of data. These data sets were then used as input data to the 

developed code, resulting in 3000 runs of the developed code. The process is 

illustrated in Figure 6 

 

Figure 6: Illustration of evaluation procedure. The LHS program is run one time 
with all parameter information. For all parameters n values are generated, the 

values are then randomly combined into data sets which are used for the 
developed code. For each data set of parameter values the LOCA is simulated 

using the developed. 

 

Not all parameters studied in the maximum and minimum evaluation were 

included in the LHS evaluation, due to the insufficient knowledge of how to 

set an upper and lower limit for that parameter. Often a normal distribution 

is used when a distribution is unknown. However, the implementation of a 

normal distribution can be difficult if the expected value and standard 

derivation is unknown. An alternative is to use a triangular distribution, which 

has mainly the same form. Using a triangular distribution only the maximum, 

minimum and most probable value needs to be known. Due to this, a 

triangular distribution was assumed for all parameters evaluated in this work.  

 

 



27 
 

3.2.4 Parameter values 
FUEL DAMAGE FRACTION  
In the evaluation process the fuel damage fraction was assumed to have a 
triangular distribution in the range between 0 and 3 % [3], with a maximum 
in 0 %, based on the earlier discussion. Since this term mainly determines the 
amount of nuclides available to escape, it could be assumed to have large 
impact on the result. 
 

RELEASES TO THE DRY WELL  
In the reference case 10 % of the iodine and aerosols were estimated to be 

released to the dry well [3]. Since the recommended upper limit and best 

estimate value is the same, no variation for the parameter value was set in 

the LHS evaluation. In order to evaluate the parameter impact, a maximum 

and minimum value was set, to 9 % respectively 11 %.  

RELEASE FROM REACTOR BUILDING AND TURBINE 

BUILDING 

Releases from the reactor building and the turbine building takes place via 

the stack or through diffusion. The parameter values for the percentage of 

releases via the stack were set to the percentage normally used at Studsvik, 

95 % for the turbine building and 99 % for the reactor building. These values 

are based on earlier recommended values, since there no longer is any 

official recommendation. When assuming that 95 % of the releases from the 

turbine building are via the stack, it should be considered that 5 % of the 

release will be through diffusion.  Due to this the upper limit for the reactor 

building releases were set to 99 % and the lowest value to 90 %, resulting in 

10 % releases through diffusion. Regarding the turbine building, 90 % was 

assumed as a lower limit and 98 % as the upper. 

TIME OF SPRAY REMOVAL  

Spray removal will be assumed to start after 60 seconds, since this was 

assumed in the process to which the results will be compared. However, the 

impact of the spray removal was evaluated through the first process, by 

studying the impact of the parameter individually, even though it was not 

included in the LHS evaluation.  
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DECONTAMINATION FACT OR  

The impact of the decontamination factor for iodine was evaluated using the 

upper and lower limit. Regarding the LHS evaluation process it was not 

included. The decision was based on the fact that the recommended value to 

use, was the same for both an upper limit and best estimate approach, 

therefore it could be considered to be constant.  

SPRAY REMOVAL COEFFICIENT  

Noble gases and organic iodine will, as discussed, not be susceptible to spray 

removal. Spray removal was assumed for aerosols and inorganic iodine, 

where for the later a merged value of elemental and particular iodine was 

used. Regarding the spray removal coefficients the recommended best 

estimate and upper limit values were used to determine the intervals, where 

the best estimate value was set to be the most probable. [3]  

ORGANIC IODINE  

0.2 % of all iodine was assumed to be organic in the reference case simulated 

and the upper limit value was set to be 1.5 % [3]. To justify a higher fraction 

of organic iodine is difficult, since the best estimate value of 0.2 % is found 

conservative. The smallest value that will be used was the fraction found in 

the measurements after the TMI- accident, 0.16 % [3]. This gives the interval 

0.16 – 1.5 % of organic iodine with a 0.2 % as the most probable value.  

INORGANIC IODINE  

9 % of the iodine in the wet well is assumed to rise to the dry well in order to 

establish equilibrium in the initial simulated case. As 9 % is the recommended 

upper limit [3], the interval in the evaluation process will not exceed this 

percentage. Due to the fact that the best estimate approach and the upper 

limit is the same value, it could be assumed to be conservative. Therefore the 

possibility of a lower value should be included in the evaluation process. 

Based on the insufficient knowledge to set a better interval, the smallest 

fraction is set to 8 %. This makes it possible for the parameter to take values 

under 9 %, however in close range. 
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Table 3.1: Input data for some of the parameters  

Parameter Ref. 
case 
value 

Distribution Interval Most 
probable 
value 

Reference 

Fuel damage fraction 0 % Triangular 0 – 3 % 0 % [3] 

Aerosols released to the 

dry well  

10 % Not evaluated 

with LHS 

9 – 11 %*  [3]*Assumed 

Iodine released to the 

dry well 

10 % Not evaluated 

with LHS 

9 – 11 %*  [3]*Assumed 

Releases from reactor 

building to stack 

99 % Not evaluated 

with LHS 

90 – 99 %*  Studsvik 

*Assumed  

Releases from turbine 

building to stack 

95 % Not evaluated 

with LHS 

90 – 98 %*  Studsvik 

*Assumed 

Time at which spray 

removal was started [s] 

60  Not evaluated 

with LHS 

50 – 70 s*  *Assumed 

Decontamination factor  

Inorganic iodine 

10 000 Not evaluated 

with LHS 

9 000 - 

11 000* 

 [3]*Assumed 

Spray removal 

coefficient  

Inorganic iodine [h
-1

] 

2.7 Triangular  0.2 – 2.7 2.7 [3] 

Spray removal 

coefficient  

Organic iodine [h
-1

] 

0  Not evaluated 

further 

  [3] 

Spray removal 

coefficient  

Aerosols [h
-1

] t < 0.6 h 

1.6 Triangular 1.3 – 1.6 1.6 [3] 

Spray removal 

coefficient  

Aerosols [h
-1

] t > 0.6 h 

0.65 Triangular 0.5 – 0.65 0.65 [3] 

Organic iodine 0.2 % Triangular 0.16 - 1.5% 0.2 %  [3] 

Iodine from wet well to 

dry well 

9 % Not evaluated 

with LHS 

8 – 9 %* 9 % [3]*Assumed 
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4  Results 
The developed code was run with the parameter values presented in Table 

3.1. The releases were calculated after 30 days to the accident. The 

accumulated activity was used to estimate the absorbed dose. Accumulated 

activity means that all activity ever passing a place is included when the dose 

is determined. In other words, the dose found is the dose that would be 

absorbed if one would stand at that point for all 30 days, which is quite 

unrealistic close to the plant. However the assumption is more realistic at 

larger distances from the plant, where there might be living areas for both 

humans and animals.    

4.1 Reference case 
In order to evaluate the code, the results were compared to the ones 

obtained from earlier calculations. In general the nuclides evaluated can be 

divided into four categories; aerosols, inorganic iodine, organic iodine and 

noble gases. The group’s different properties are presented in Table 4.1. 

Table 4.1: Division of nuclides into groups during evaluation process of code 

 Spray removal Filtration Nuclide 
studied from 
group 

Inorganic iodine Yes Yes I-131 

Organic iodine No Yes I-131 

Aerosols Yes No Cs-137 

Noble gases  No No Xe-133 

 

From each category a nuclide was chosen. Regarding iodine, I-131 was 

studied for both the organic and inorganic type. The isotope was chosen 

since it is the one of most concern regarding radiation, due to its half-life. For 

the aerosols, Cs-137 was studied, due to its emission of radiation and 

chemical properties making it possible to be absorbed in tissue. Regarding 

the noble gases, all of which are radioactive will contribute to large dose, 

since they are most likely to escape the dry well. Based on the accumulated 

activity Xe-133 was chosen, as this was the nuclide and isotope which had 

most impact on the dose for the noble gases. 
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For the chosen nuclides and isotopes the activity in the dry well during the 30 

days are presented in Figure 7 to Figure 10. 

 

 

Figure 7: The activity of inorganic I-131 in the dry well changing with time 
during 30 days. Comparison between earlier results and the one obtained with 

the developed code. 



33 
 

 

Figure 8: The activity of organic I-131 in the dry well, changing with time during 
30 days. Comparison between earlier results and the one obtained with the 

developed code. 
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Figure 9: The activity of Cs-137 in the dry well, changing with time during 30 
days. Comparison between earlier results and the one obtained with the 

developed code.  
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Figure 10: The activity of Xe-133 in the dry well, changing with time during 30 
days. Comparison between earlier results and the one obtained with the 

developed code. 

 

In Table 4.2: Accumulated activity by ground releases after 30 days, results 

from developed code and earlier calculations. Table 4.2 and Table 4.3 the 

accumulated activities after 30 days are presented, for both the developed 

code and earlier calculations. Also a percentage difference between the two 

results is presented, using equation (8).  

           
                 

       
     

 

 (8) 
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Table 4.2: Accumulated activity by ground releases after 30 days, results from 
developed code and earlier calculations. 

 Ground releases  
Developed code 
[Bq] 

Ground release 
Earlier result 
[Bq] 

Difference 
 

Inorganic I-131                              

Organic I-131                             

Cs-137                             

Xe-133                             

 

 

Table 4.3: Accumulated activity by air releases after 30 days, results from 
developed code and earlier calculations. 

 Air releases  
Developed code 
[Bq] 

Air release 
Earlier result 
[Bq] 

Difference 
 

Inorganic I-131                             

Organic I-131                             

Cs-137                             

Xe-133                               

 

Since the developed program provides the accumulated activity for the 

surrounding environment an additional program at Studsvik was used to 

convert the accumulated activity into dose. This was done due to the 

difficulties to evaluate the accumulated activity. In Table 4.4 the absorbed 

doses at 500 m from the plant is presented for both the developed code an 

earlier results. 
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Table 4.4: Released doses at 500 m from the NPP, comparison between earlier 
results and developed code.  

 Developed code 
[mSv] 

Earlier results 
[mSv] 

Difference 

Air releases                               

Ground releases                               

Total                               

 

 

The dose was estimated for 12 distances from the plant, the result is 

presented in Figure 11 together with earlier results. 

 

Figure 11: Absorbed doses obtained after 30 days for distances between 500 m 
and 30 000 m to the plant. 
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4.2 Evaluation with maximum and minimum 
values 

To evaluate the impact of each parameter, one parameter value at a time 

was changed and the code was then rerun. The parameter was set to its 

maximum respectively its minimum value. The absorbed dose obtained at 

500 m was compared to the values found for the reference case. The 

obtained results are presented in Figure 12. 
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4.3 Evaluation of result with Latin hypercube 
sampling 

Two LHS evaluations were conducted. For each evaluation 3000 values for 

each parameter was generated, forming 3000 input data sets to the 

developed code. In the first evaluation the fuel damage fraction was 

excluded, because this parameter´s large impact on the result. A few runs, 

approximately 3 %, gave false results. The problem arises when the program 

solves the differential equation for very small values.  The problem lays in 

whether values, such as eigenvalues, should be treated as the same number 

or different. In order to solve this problem the program settings was change 

and the input data for the false results was rerun. The results from the LHS 

evaluations are presented in Figure 13 and Figure 14. 

 

 

 

Figure 13: Doses at 500 m from NPP for 3000 generated input data sets. Fuel 
damage fraction excluded 
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Figure 14: Doses at 500 m from NPP for 3000 generated input data sets. Fuel 
damage fraction included. 

 

For the case where fuel damage fraction was excluded the mean value was 

determined to 7.36 10-7 mSv and the variance to 9.03 10-15 mSv. The 95 % 

confidence interval was found to be 7.36 10-7  3.40 10-9 mSv for the 

evaluation process with no fuel damage, giving the upper limit           

mSv. 

For the second case, with fuel damage, the mean value was found to be 

2.92 10-4 mSv. The 95 % confidence interval was determined to be  

2.92  10-4  7.98 10-6 mSv and the upper limit 3.00 10-4 mSv. 
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5 Discussion 

5.1 Reference case 
The reference case was both conducted in order to simulate the releases 

after a LOCA and to validate the results. Comparing the obtained data with 

earlier calculations it could be found that the methods are in close 

agreement.  

In Figure 7 the activity of inorganic I-131 during the 30 days following the 

accident can be seen. The first deep slope is due to the spray removal in the 

containment combined with the decay of iodine. It can be seen that the first 

slope stagnates. This is due to the fact that not all iodine is removed by the 

spray removal, a small amount will be contained as discussed in the Spray 

removal section.  The second, not as steep, slope is caused by the leakage 

from the containment and the decay of iodine. During all 30 days simulated, 

the iodine has leaked from the containment, however as long as the spray 

removal had effect, the leakage amount was negligible in comparison.  

Regarding the activity of organic I-131 and Xe-133 only the leakages from the 

dry well in combination with the decay chains has effect on the result 

presented in Figure 8 and Figure 10. It can be seen that the behavior of Cs-

137 in Figure 9 is in closer agreement with the organic iodine and noble gas, 

even though it is sprayed. This is because the decontamination factor for 

aerosols is infinity. Consequently the slope does not stagnate as in the case 

for inorganic iodine, since the aerosols are not contained.  

 Regarding the accumulated activities for the chosen nuclides and the total 

released activity it can be found that there are a small difference between 

the new developed code and the methods used today. Since the two 

methods use two different numerical solution principles, a small difference 

should be expected. The advantage of the new developed code is that it is 

independent on the number of time steps studied. It is possible to only 

calculate the result for the time of interest, in this case 30 days.  On the other 

hand, it is also simple to use several time steps, since this does not requires 

more work for the user than to type in the times in the input file.  
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Regarding the released doses after the accident the largest dose, at 500 m 

from the NPP, was found to be 5.9 10-7 mSv. As can be seen in Figure 11 the 

doses decreases with distance. The dose of 5.9 10-7 mSv can be compared to 

the average yearly absorbed dose for a Swedish citizen, 3 mSv [18]. The 

Swedish Regulator has determined that persons living near a NPP should be 

subject to maximum 0.1 mSv per year [2]. It could therefore be concluded 

that the absorbed dose found is much lower than the acceptance value set.   

5.2 Evaluation with maximum and minimum 
values 

In Figure 12 the results for variation in the input is presented. It seems trivial 

that the fuel damage fraction has high impact on the result, since this is the 

term that determines the amount of nuclides available to escape the plant. 

The maximum value set here was 3 %, resulting in approximately 103 mSv 

higher doses. Therefore it is no surprise that conservative models foresees 

much higher absorbed doses, as in many countries 100 % of the fuel are 

assumed to be damaged [7]. Additionally it could be concluded that the spray 

removal coefficient for iodine is important. This since a larger number mean 

that more iodine is removed from the dry well to the wet well, resulting in 

smaller leakage to the turbine and reactor buildings and thereby smaller 

releases to the environment.  

Whether the releases from the reactor building, and the turbine building, 

takes place through diffusion or via the stack has more impact on the 

absorbed dose than most of the other parameters. It should be kept in mind 

that the doses presented in Figure 12 are the ones obtained 500 m from the 

plant. Therefore this impact can be assumed to decrease with distance.  

A higher fraction of organic iodine results in a small increase in absorbed 

dose. This is because the organic iodine is not susceptible to spray removal, 

as is the case for the inorganic type. Additionally a smaller increase appears 

in the case where the leakage from the dry well is assumed to be slightly 

larger.  

Due to shifting values for the other parameters, only small variations could 

be seen. It could therefore be assumed that these parameters, based on the 

intervals set, only have a small impact on the released dose.  
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5.3 Evaluation of result with Latin hypercube 
sampling 

For the first LHS evaluation, with excluded fuel damage fraction, a variation 

of released dose at 500 m could be seen, however small. A normal 

distribution fit was added to the data, using the variance and mean value 

determined. As discussed in the earlier section, changing the parameter 

values for other than the fuel damage fraction, only results in small 

differences to the absorbed dose.  

The distribution found in the second evaluation process depends on the 

triangular distribution assumed for the fuel damage fraction. As already 

concluded this is the parameter with absolute highest impact on the result, 

therefore this term will control the amount of release. The LHS code divided 

the triangular distribution into 3000 equally probable interval. Most values 

for the fuel damage fraction would be close to zero while few values would 

have high fuel damage fraction, resulting in high doses, consequently the 

appearance of Figure 14.  

 

 

 

 

 

 

 

 

 

 

 

 



46 
 

 

  



47 
 

6  Conclusion 
The aim of this work was to develop a general code, useful for release 

estimations due to nuclear incidents. In order to validate the code, a LOCA 

was simulated and the obtained results were compared to results from 

already preformed calculations, in which Studsvik´s current method was 

used. It was found that the two compared results were in close agreement. 

The developed code has the advantage of being independent regarding the 

used number of time steps.  

The released dose found modeling the LOCA was 5.9 10-7 mSv, which is lower 

than the acceptance value of 0.1 mSv. 

An evaluation of some chosen parameters values was conducted. It was 

found that the fuel damage fraction has large-scale impact on the releases. 

Regarding the other parameters the spray removal coefficient for iodine and 

the escape routes from the reactor building had highest impact, while the 

other parameters resulted in smaller variations.  

Additionally two evaluation processes was run, one with fuel damage fraction 

excluded, with generated input data using LHS. Once again it could be found 

that the fuel damage fraction had high impact on the result. In the 

evaluation, in which the parameter was excluded, a normal distribution could 

be found. The mean value for the distribution was found to be 7.36 10-7 mSv 

with the variance 9.03 10-15 mSv.  For the evaluation process with fuel 

damage included the mean value was found to be 8.53 10-8 mSv. 

In the further work with developing the code, new functions could be added. 

One process that would be of interest is the possibility to fill the whole 

containment with water, which would be the procedure in the case of a 

LOCA. Additionally it might be wise to study the way the differential equation 

is solved, in order to further minimize false results.  
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