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I. Sammanfattning 

ELECTRA är ett svenskt testreaktorkoncept, i utvecklingsstadiet, som använder fjärde 
generationens kärnreaktorteknik och drivs på flytande bly som kylmedium. Vid inspektion av 
kärnbränslet i ELECTRA måste reaktorn stängas av och kylmediet dräneras. Det resulterar i 
att restvärme utvecklas i bränslestavarna, vilket kan leda till härdsmälta. Genom att beräkna 
den producerade restvärmen i ELECTRA under avstängning och dränering av kylmedlet, 
kunde temperaturen i härden beräknas. Helium, argon och kvävgas undersöktes som 
potentiella nödkylmedel. Eftersom det kan förekomma små mängder vattenånga i gasen, 
gjordes det även en litteraturstudie på vattenångans effekt på bränslestavarnas skyddande 
legering, FeCrAl, en järn baserad legering med högt innehåll av aluminium och krom. 

Genom beräkningar i simuleringsprogrammet Serpent, fastställdes att restvärmen sjunkit till 
cirka 31 W/stav fem dagar efter avstängning och endast små minskningar kunde registreras 
under efterföljande dagar. Det utvecklade restvärmet i reaktorn beräknas inte överskrida 
600°C. Undersökningarna kring nödkylmediet pekade på att kylning med kvävgas resulterade 
i det bästa alternativet, utifrån ett termiskt och ekonomiskt perspektiv. Heliumkylning är dock 
den rekommenderade kylmetoden, beroende på dess inerta egenskaper. Angående 
förekomsten av vattenånga i gasen, fastställdes det att den höga halten krom och aluminium i 
FeCrAl erbjuder hög oxidationsresistans. Det gör legeringen till ett passande alternativ för 
användning i ELECTRA. 
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II. Abstract 

ELECTRA is a Swedish training reactor concept that will use fourth generation nuclear 
reactor technology, and is cooled by natural circulation of liquid lead. During a fuel 
inspection the reactor vessel has to be emptied on metal coolant and the power must be 
shutoff, this can lead to a meltdown. By calculating the produced residual heat in the fuel pins 
during the power shutdown and coolant drainage, the cladding temperature could be 
calculated. The potential usage of argon, helium or nitrogen gas as an emergency coolant 
during loss of lead was investigated. The gas coolant will unavoidably contain small amounts 
of water vapour which can have a negative impact on the core. This matter was examined 
with a literature study on the effect of water vapour on the cladding surface; FeCrAl, an iron-
base alloy with high aluminium and chromium content.  

The burnup simulation code Serpent was used for calculating the residual heat. The results 
indicated that just after five days of shutdown the residual heat decreased to 31 W/pin and 
continued to progressively decrease in the coming days. It was evaluated that the residual heat 
developed in the core would not exceed 600°C.  

Calculations on the emergency gas coolant showed that nitrogen gas offered the best solution 
on terms of thermal decrease and cost-effectiveness. While helium cooling was the 
recommended option due to its inertness.  

The literature study done on the oxidizing effect of water vapour on FeCrAl, shows little 
impact due to the high oxidation resistance of this alloy as a result of the high aluminium and 
chromium percentage.  
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1. Introduction 
This bachelor thesis project has been a part of the cooperation between the School of Nuclear 
Science and Engineering in Jiao Tong University in China and Reactor Physics division in 
KTH, Sweden. 

The fourth generation of nuclear reactors are going to provide a safer and a more 
environmentally friendly solution than the current generation. Most of the Generation IV 
reactors are currently under study or in testing stages. The concept reactor ELECTRA, or the 
European Lead-Cooled Training Reactor, is part of a bigger Generation IV project called 
GENIUS. The project is driven in Stockholm, Sweden with the combined work of the Royal 
Institution of Technology (KTH), Chalmers University and Uppsala University. As the name 
suggests, ELECTRA is going to be a small test reactor with a reactor tank not larger than 1.5 
x 3.0 meters and is going to support a core of 0.5 MW that run on a (Pu,Zr)N fuel. ELECTRA 
is using a liquid metal coolant and has a running operation temperature of 400-500°C. The 
fast reactor programme has been missing a training reactor. The project’s main ambition has 
been to use the lead cooled reactor for training, study and educational purposes. The cladding 
tubes are made of steel developed by the Swedish high-technology engineering group and 
world-leader in tooling, stainless steel alloys and materials technology, Sandvik AB. The 
surface of the cladding tubes has to be protected from corrosion; therefore, surface alloying 
with FeCrAl, a composition of iron, chromium and aluminium, is a method used to achieve 
this protection [1].  

The main objective of this project has been to help further develop and complete the 
ELECTRA project along its path. The different aspects of this project will together give more 
insight to the conditions created during reactor shutdown. This could help nuclear engineers 
working on ELECTRA in the future. In this report, the cladding temperature has been 
calculated during shutdown while a cooling gas circulates the reactor. The coolant gas will 
unavoidably contain small amounts of water vapour which is used to control the oxygen level 
in molten lead. The presence of humidity from steam in a hot environment could lead to 
oxidation and damage to the FeCrAl alloy. Therefore an assessment of clad corrosion 
originated by water vapour was done based on available experiments and literature. Another 
objective was to explore and calculate the development of the residual heat in the reactor core 
during a power shutdown or in an event of fuel inspection. Because liquid lead is not a clear 
substance like water, there is no good solution to examine the fuel other than draining the 
liquid lead in the reactor vessel. That means that secondary cooling may be needed to drive 
away the residual heat formed. Lastly, this report will reflect and describe the temperature 
state of the cladding during the shutdown while cooled with the circulation of a cooling gas. 
Through calculations, models and physical properties of the gases’ effectiveness of different 
coolants such as argon, helium and nitrogen were compared; with the possibility to use 
nitrogen (air) being the more interesting option, among other things due to economic reasons. 
Using figures and tables the chosen coolants were set against each other to determine the most 
effective.  
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One effective method of obtaining necessary information about the effects of water vapour on 
the chosen alloy could be to conduct a laboratory where the durability of FeCrAl is tested in a 
humid environment under target temperatures of ELECTRA in prolonged periods of time. A 
cheaper and less time consuming method of obtaining relevant information about oxidation of 
iron-based alloys containing Al and Cr, such as FeCrAl, would be to conduct a detailed 
literature study of different scientific articles and journals. 

Using existing mathematical models and simulation programs the residual heat and thereby 
the developed cladding temperature was calculated. One could also choose to conduct more 
complete tests in controlled and safe environments in order to investigate the temperatures.  

In an early stage the group chose to resort to literature found in the libraries and combined 
databases of both universities. Weekly meetings were held in order to discuss solutions to 
eventual problems occurred along the process with master students in nuclear science and 
supervisors. This solution method, combined with the directions and documentations provided 
by supervisors in KTH and SJTU, helped direct the approach. 

As a first step in the project, the group chose to limit the work to only investigate FeCrAl’s 
behaviour in an oxidizing atmosphere, similar to what ELECTRA would be subjected to. The 
behaviour of Al and Cr in this alloy, where these two elements have the most important role 
in providing the protection against corrosion, was reviewed. The program that was used for 
calculating the residual heat was the burnup calculation code called Serpent [16]. A decision 
was made early on, that investigating a period of 30 days after shutdown was enough. A total 
of three coolants were chosen in order to compare the cooling rates omitted on the cladding.  
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2. Electra design 
ELECTRA is a small training concept reactor that runs at 0.5 MW power and is cooled by 
natural circulation of lead. The reactor core is not larger than 30 x 30 centimetres and uses a 
mixture of plutonium, zirconium and nitride as fuel. The (Pu,Zr)N fuel makes the design of a 
core with small volume and small fuel column height possible. The natural convection of lead 
in the primary circuit may completely remove the thermal power of 0.5 MW, which makes it 
possible for such a system to work without the presence of pumps. Lead-cooled fast reactors 
are very safe comparing to today’s used reactors since no electricity is needed for the cooling 
in case of a power shutdown. [1] If the reactor is emptied a secondary coolant is needed to 
prevent meltdown. 

3. Literature study on oxidation of iron-based alloys containing Al and 
Cr 
The protection of alloys against oxidation is provided by the formation of protective oxide 
layers. Aluminium oxide, Al2O3, also called alumina and chromium oxide, Cr2O3, also called 
chromia; are such protective oxide layers that are formed in many industrial alloys and 
coatings at high temperature levels [2]. FeCrAl is an alloy that when exposed to high 
temperatures form dense and continuous aluminium, chromium and iron oxide layers. It also 
provides a high-temperature oxidation resistance, which can protect the alloy against 
degradation [3]. Al2O3 scale remains protective at very high temperatures (up to 1350°C) and 
in strongly high oxidizing atmospheres. This has a slow growth rate, is stable, and forms a 
barrier to prevent other alloying elements from volatilization, such as iron and chromium [4]. 
The oxide growth process requires transport of ions through the growing oxide layer and is 
controlled by the diffusion laws. Metal ions diffuse outwards from the oxide/metal interface 
towards the oxide/gas interface while oxygen ions diffuse inwards in the opposite direction 
[3].  

As a rule, the heat resistance of an alloy depends on the chromium and aluminium contents, 
and the most reliable method to increase the resistance to high-temperature oxidation is to 
increase aluminium (Al) and chromium (Cr) contents in these alloys [5]. Prolonged exposure 
of FeCrAl alloys at high temperatures cause the oxide layers to grow and will result in the 
reduction of Al and Cr concentration in the alloy. The protective character of this oxide layer 
can be influenced by the high temperature and this can lead to crack formation of the layer. 
This crack formation can accelerate the consumption of Al until finally breakaway oxidation 
occurs [3]. Breakaway oxidation starts when the protective character of the scale is lost as a 
result of compressive growth stresses in the scale, which ultimately leads to crack 
formation.[30] For this reason, addition of reactive elements can significantly improve the 
oxidation resistance of high-temperature alloys [6] (see section 3.4). 

3.1 Stability of protective surface oxide scales 

3.1.1 Oxidation in steam 
The exposure of an alloy to oxidizing gas results in the formation of oxide layers. The basic 
equation for such a reaction is (see equation 1): 
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𝑥𝑀(𝑠) + 𝑦
2
𝑂2(𝑔) → 𝑀𝑥𝑂𝑦(𝑠)

  EQ 1 
Where M(s) is an element and MxOy(s) is the oxide layer. Oxides are likely to be formed when 
the oxygen partial pressure in the gas is higher than the dissociation oxygen partial pressure of 
the oxide. The scales produced can be formed into layers with the most stable oxide next to 
the alloy surface. The most stable oxide layers are those with the lowest dissociation oxygen 
partial pressure. The layers should be solid, crack-free, dense, and continuously formed in 
order to be protective. [7] 

Iron oxides FeO, Fe2O3, and Fe3O4 which are also called wüstite, haematite, and magnetite 
respectively, are considered to be stable in steam and protective at temperatures below 525°C. 
The growth rate of iron oxides become very fast above 525°C and cannot be considered as 
protective. While the growth rates of iron oxides are very fast above 525°C, Cr2O3 and Al2O3 
have a very slow growth rate at high temperatures. Commercially-used high-temperature 
alloys usually contain sufficient amount of Cr in order to form the protective scale Cr2O3. 
Figure 1 shows the stability of the oxides in steam/water vapour as a function of oxygen 
partial pressure. [7]  

 
Fig.1. Stability of the oxide of interest as a function of oxygen partial pressure [7]. 
 
The service life of the Cr-alloys can be reduced through Cr volatilization in steam which leads 
to loss of scale protectiveness and increase in oxidation rate. This reaction leads to the 
formation of volatile chromium oxy-hydroxide as stated in equation 2 where this occurs at 
relatively high oxygen partial pressures [7][8]. 

 
 1
2
𝐶𝑟2𝑂3(𝑠) + 𝐻2𝑂 + 3

4
𝑂2 → 𝐶𝑟𝑂2(𝑂𝐻)2(𝑔) [7]  EQ2 

 

3.1.2 Effect of Chromium 
Cr content plays a very important role on the oxidation rate of ferritic and austenitic steels. 
The effect of Cr content in the alloy oxidizing in steam can be shown according to figure 2. 
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Fig.2. Dependence of the oxidation kinetics of ferritic steels on Cr [7]. 
 
The first group (Group I) corresponds to the steels that contain 9-10 % Cr and form thick 
oxide scales consisting mainly of magnetite. The second group (Group II) contains 10-12 % 
Cr and demonstrate an oxidation behaviour that is variable depending on the test duration, 
temperature, minor alloying additions and surface treatment.  The last group (Group III) 
contains higher than 12.5 % Cr and exhibit excellent oxidation resistance in steam and form 
protective scales that consist of Cr2O3, (Cr,Fe)2O3, or Cr-rich (Cr,Mn,Fe)3O4 with an outermost 
layer of Fe2O3. Figure 3 shows the case where a continuous Cr2O3 layer is formed in steam due 
to the sufficiently high content of Cr at the oxide/alloy interface. This layer reduces the rate of 
iron diffusion and faster conversion of magnetite to haematite occurs. [7] 

 

 
Fig.3. Morphology of high Cr ferritic alloys [7]. 

 
Figure 4 shows the influence of Cr content on the oxidation rate of Fe-Cr alloys exposed up to 
350 hours to argon-water vapour mixtures and temperatures between 600-700°C. The high 
content of Cr didn’t influence the oxidation rate at temperature of 600°C. However, at higher 
temperatures, here 700°C, oxidation rates decreased as Cr levels increased. [7] This shows 
that Cr content in the alloy plays an important role in the oxidation rate performance, where 
Cr2O3 starts to be protective at temperatures higher than 600°C in this case. 
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Fig.4. Effect of Cr content on the oxidation rate of Fe(0-12)Cr alloys exposed up to 350 h at 600- 700°C [7]. 
 
3.2 Effect of aluminium on the oxidation rate 

FeCrAl alloys show very good oxidation resistance at high temperatures. The high aluminium 
content allows the formation of a protective alumina, Al2O3, layer that protects the scale 
against rapid corrosive attack [6][10]. Hence, the oxidation rate of the alloys can be 
influenced by the content of aluminium in these alloys. Figure 5 is a graph that shows the 
oxidation rate measured by specific weight gain versus aluminium content in weight-
percentage at three high temperatures (950, 1000 and 1050°C). A minimum value of 
oxidation rate is achieved with alloys having highest Al levels under all the temperatures 
mentioned above. Figure 6 shows the oxidation kinetics of the alloy at a temperature of 950°C 
where the contents of the aluminium can also be distinguished [6].  

 

 

 
Figures 7-10 show the effect of temperature on the oxidation rate of FeCrAl alloys with 
different composition of aluminium, where the oxidation rate is increased as the temperature 
increased. The graphs show specific weight gain versus time. Alloys with low Al levels show 
a complete oxidization [6].  

Fig.5. Effect of Al content and temperature 
upon specific weight gain [6]. 

Fig.6. Influence of aluminum content on the 
oxidationkinetics of Fe–10Cr alloys (2–8%Al) at 
950°C [6]. 



7 
 

  
  
Fig.7. Effect of temperature on Fe-10Cr-2Al [6]. Fig.8. Effect of temperature on Fe-10Cr-4Al [6].
   
 

   
Fig.9. Effect of temperature on Fe-10Cr-6Al [6]. Fig.10. Effect of temperature on Fe-10Cr-8Al [6]. 
 

 

3.2.1 Aluminium oxide layer types  
There are different types of Al2O3 formed according to the oxidation process. α-Al2O3 is the 
stable layer and form at high temperatures, whereas metastable γ-Al2O3, and ϴ-Al2O3, also 
known as transient aluminas, form at lower temperatures and have relatively poorer protective 
properties [11][12]. The most important factor for the formation of the stable α-Al2O3 is the 
temperature which should be high enough in order to promote this formation. Another crucial 
factor is the Al content which should be sufficiently high to develop and maintain alumina 
layer and prevent breakaway oxidation. Cr is found out to act as a stabilizer for α-Al2O3 by 
preventing internal oxidation of Al [11]. In FeCrAls and at 700°C, the formation of α-Al2O3 is 
attributed to the presence of Cr2O3 in the initial oxide [12]. Additionally, Cr reduces the 
percentage of Al needed to develop a protective continuous scale which leads to improvement 
of FeCrAl’s ductility [11]. On the other hand, alumina scales are regarded as protective 
coatings against vaporization of Cr at high temperatures [13]. Transition aluminas can be 
produced as intermediates. γ-Al2O3 tends to exist on the Fe-based alumina-forming alloys in 
the initial oxidation stages at temperature ranges between 700-900°C before converting to α-
Al2O3. ϴ-Al2O3 forms on FeCrAl alloys at temperature of 1000°C and change to stable α-
Al2O3 at temperature of 1200°C [11]. 
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3.2.2 Formation of aluminium oxide layers in the presence of water vapour 
Figure 11 represents an illustration of the formation of alumina on FeCrAl in the presence of 
water vapour at 900°C. The process is divided into four stages. The first stage is called “the 
initial oxidation” where γ-Al2O3 and poorly protective mixed oxide form. A Cr-rich band is 
observed within the alumina scale. The second stage features fast outward growth of γ-Al2O3 
and is known as “rapid oxide growth”. This stage results in a rapid mass gain where 
nucleation of α-Al2O3 occurs and grows slowly inwards. In this phase, formation of pores in 
the γ-Al2O3 layer take place close to the interface of the inner oxide. The third stage aspects a 
slower oxidation rate due to the formation of continuous inner α-Al2O3 layer where no growth 
of the outer γ-Al2O3 layer can be noticed. The last stage features the continuality of the slow 
oxidation rate, where no transformation of the outer γ-Al2O3 occurs because γ-Al2O3 is 
stabilized by presence of H2O, forming a hydroxylated surface. [14] 

 

 
Fig.11. Formation of alumina scale on FeCrAl in O2/H2O at 900°C [14]. 
 

3.2.3 Water vapour effect on alumina-forming alloy 
Water vapour seems to have a limited effect on the alumina-forming alloys according to many 
tests done. In the case of FeCrAl alloys, tests have shown that the oxidation rate was slightly 
reduced at 1000°C compared to the behaviour of the oxidation rate in dry oxygen. Water 
vapour encourages the formation of scales similar to α-Al2O3. For instance the growth rate of 
PM 2000, (Ni20.0%Cr5.5%Al0.5%TiY2O3), which is another aluminium-chromium based 
alloy, is slightly increased in the presence of water vapour at 1300°C; but the time until 
breakaway oxidation occurs was significantly shorter. The breakaway is attributed to the Al-
depletion as a consequence of faster alumina growth. Iron rich nodules covered 20 % of the 



9 
 

space of Fe%5Al alloy in wet atmosphere at 800°C, compared to only 1 % in dry oxygen 
atmosphere. A test on a number of Ni-base alumina-forming alloys showed that at 
temperatures higher than 900°C in atmospheres containing up to 30 % water vapour, 
oxidation rate was slightly influenced but scale adhesion was reduced; whereas at 700°C 
water vapour inhibited selective oxidation of alumina and promoted internal oxidation. 
FeCrAl alloys with 4.4 % Al form α-Al2O3 at high temperatures above 900°C, formation of α-
Al2O3 is promoted by the presence of water vapour. When α-Al2O3 is continuously 
established, the presence of water vapour has no significant influence on the oxidation 
behaviour. [8] 

At 500°C, FeCrAl alloys with 14-19 % Al and 2-5 % Cr form γ-Al2O3. Only the alloy with 
low content (14 % Al and 2 % Cr) was influenced by the water vapour through the increase of 
oxidation. [8] 

3.2.4 Oxidation of iron-based alloys in water vapour 
Generally, iron-based alloys containing Al and/or Cr in water vapour are represented in three 
oxidation stages. The first stage is slow oxidation which produces a thin outer Fe3O4 and 
Fe2O3 layer over a thin protective intermediate layer as Al2O3 or Cr2O3. The duration of this 
layers lifetime depends on gas composition, temperature and alloying elements. The second 
stage is “rapid oxidation”, where a thick scale forms with an outer Fe2O3, Fe3O4, and FeO 
layer and an inner layer containing FeO. The inner layer is porous, containing small voids, 
while larger voids can be found in the outer layer and tend to array along the oxide grain 
boundaries. The third stage is once again a slow oxidation.  

For iron-chromium alloys, oxidation rate increases in the presence of water vapour as shown 
in Figure 12. Higher rates of oxidation was observed with 9%Cr steels in the presence of 
water vapour, where volatile Fe(OH)2 forms in the inner layer of the scale and is then 
converted into haematite or magnetite in the outer layer. Separation of the chromia scale from 
the Fe15%Cr alloy occurred at temperatures between 800-1000°C and formed haematite at 
the metal/oxide interface. The rapid growth of haematite interrupts the chromia scale and 
breakaway starts. The water vapour encourages this breakaway oxidation since chromia 
would have continued to act as a protective scale in the absence of water vapour. Formation of 
chromite (FeCr2O4) due to the reaction of Cr with haematite at 900- 1000°C was observed on 
iron-chromium alloys with 15-20 % Cr. Scale cracking permits the access of water vapour to 
the surface of the alloy. This results in a failure of formation of chromia scale. The reaction 
here shows how chromite is formed (see equation 3)  

𝐹𝑒2𝑂3 + 4𝐶𝑟 + 5𝐻2𝑂 → 2𝐹𝑒𝐶𝑟2𝑂4 + 5𝐻2 EQ3 
 
Protective oxidation layer was observed on alloys with Cr contents greater than 20 %, at high 
temperatures (700- 1100°C) and in the presence of water vapour. There is no volatilization of 
chromia in alloys with 25 % Cr at 950°C and after 4000 hours exposure time. [8]   
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Fig.12. Oxidation kinetic of FeCr alloys at 900°C in water vapour [8]. 
  

3.2.5 Effect of water vapour on passive layer stability  
The presence of water vapour decreases the resistance of corrosion protecting alloys. As 
mentioned before, iron-aluminium-base alloys show excellent corrosion resistance in different 
oxidizing atmospheres. This is due to formation of Al2O3 layer which acts as a passive layer 
between the aggressive atmosphere and the metal. Corrosion occurs when this passive layer 
can no longer maintain its protective characteristic and begin to break down. Therefore, the 
effect of water vapour on the passive layer must first be understood in order to comprehend 
the corrosion behaviour of iron-base alloys and the reason for the formation of unwanted 
corrosion nodules. [9] 

The nodule growth on the surface area of the alloy upon addition of 6 % water vapour can be 
seen in figure 13. For instance, 80 % of the surface of Fe14.5%Al2%Cr alloy exposed to wet 
oxidizing atmosphere was covered by nodules, compared to 11 % when exposed to dry 
oxidizing gas. Alloy’s surface was covered by less than 1 % nodules when exposed to dry 
atmosphere compared to 60 % upon addition of 2 % water vapour. Figure 14 shows the 
nodules formed in dry and wet oxidizing atmospheres which by Energy-dispersive X-ray 
Spectroscopy, or EDS for short, show that these nodules were iron oxide compounds. [9] 

 

 
Fig.13. Nodules area fraction for alloys exposed to the wet and dry oxidizing atmospheres [9]. 
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Fig.14. Fe14.5%Al5%Cr exposed to dry and wet oxidizing gas shows the nodules formed. EDS results show 
that the nodules are iron oxides [9]. 
 
Water vapour has no effect on the morphology of the nodules formed but has a significant 
effect on the stability of the passive layer. The alloy content needed to prevent nodule growth 
and passive layer breakdown is greater in the presence of water vapour as can be seen in 
figure 15. The passive layer, in the presence of water vapour, can be influenced and cannot 
remain protective. The composition and the structure of the layer can also be affected when it 
originally forms, which result in a passive layer that is less stable. This results in a change in 
the protective layer structure and can lead to more diffusion pathways.  

 

 
Fig.15. Content required to prevent nodule growth after exposure at 500°C [9]. 
 

3.3 Breakaway oxidation 

After long time exposure, alumina scale in the iron-based alloys becomes target to crack 
formation, which leads gradually to breakaway oxidation. The time until breakaway oxidation 
of alumina layers depend on temperature, component thickness and Al content in the alloy. 
Upon longer exposure at high temperature (1100°C and higher) the life time of the 
components in FeCrAl alloy can be limited by oxidation. Al in the alloy matrix will be 
consumed due to the formation and re-healing of the alumina scale after repeated cracking. 
Once the Al content (C0) is decreased below the critical minimum Al content (CB), the alloy 
can no longer re-form the protective scale. This results in a catastrophic breakaway oxidation 
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where rapidly growing iron oxides form. The time to breakaway can be extended by 
increasing the alloy’s thickness and Al content. Increasing the Al content by 2 % can increase 
the lifetime of the alloy as shown in Figure 16, where the time to breakaway oxidation 
changed as the Al content in the alloy increased from 4.5 to 6.5 %.  Figure 17 shows another 
important factor, the temperature. In this figure the dramatic effect of the temperature, 
influences the growth rate of the PM 2000 alloy and consequently the time to breakaway 
oxidation. The time to breakaway oxidation increases as the temperature decreases. Therefore, 
the growth rate of FeCrAl alloys can be minimized through the addition of reactive elements 
(RE), which will be discussed in chapter 3.4, where the oxide adherence of this alloy is 
strongly dependent on the presence of such RE. FeCrAl’s composition and CB value of the 
alumina are dependent on each other. Figure 18 shows how the weight change measured until 
the occurrence of the breakaway differ in the alloys that have different Al and Cr contents. 
[10]  

 

  
Fig.16. Oxidation diagram for alloys with different %Al at 1200°C [10].        Fig.17. Effect of temperature on oxidation rate of PM2000[10). 

 
  
Fig.18. Oxidation of ODS alloys with variations of Cr and Al  Fig.19. Effect of yttria on lifetime of ODS alloys [10]. 
alloys content at 1200°C [10]. 

 
3.4 Effect of reactive elements 

Scale adhesion can be improved through the addition of reactive elements (RE). Oxidation 
rate can also be decreased due to the effect of RE. An example of such RE is yttrium (Y). 
Scales grown in the presence of Y are different in microstructure than scales without the 
addition of this type of RE. They promote finer-grain size, enhance smoother alloy/oxide 
interface and form morphology with less convolutions [11]. The convolutions are the result of 
compressive stresses and thermal cycling [6]. Moreover, the creep behaviour and plasticity of 
Al2O3 can be changed by the addition of Y, where plasticity can be changed through affecting 
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the number of vacancies in α- Al2O3. Increased vacancy concentrations favour stress relief by 
creep and show excellent high temperature creep strength [10][11]. RE have shown to act as 
“site blocking” at grain boundaries, also to segregate to oxide grain boundaries and to prevent 
outward Al diffusion [15]. Small amounts of Y, about 0.07 %, seems to retard the oxygen 
diffusion and increase cation diffusion, while high amounts, more than 0.5 %, favour an 
increased component of oxygen transport [11].  Figure 19 shows an example of the addition 
of yttria where oxidation rate decreased with decreased yttria content in the alloy. The life 
time of the low-yttria alloy is higher than that with 0.5 % yttria as shown in figure 19 [10]. 
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4. Calculation of the residual heat in ELECTRA 
4.1 Serpent 

The residual heat calculation procedure in this study was heavily based on using Monte Carlo 
simulations with Serpent version 1.1.17, using JEFF31 nuclear data library [16]. Serpent is a 
continuous-energy Monte Carlo reactor physics burnup calculation code. The code was 
specialized in three-dimensional lattice physics calculations and is used for fuel cycle studies 
involving detailed assembly-level burnup calculations among other uses. Serpent was 
developed at VTT Technical Research Centre of Finland since 2004. [16] The program 
simulates radioactive decay and fission through different input files. These input files are 
written separately using Serpents own language. Using Serpents manual offered greater 
understanding of the programming structure. In turn to calculate the burnup and residual heat, 
existing simulation codes was extended with our design parameters and a combination of data 
from experiments and calculations. The details of the code are not presented in this report. 

4.1.1 Setting up the burnup strategy 
The input file builds on existing codes obtained from Professor Janne Wallenius [17]. After 
providing serpent with the needed input about the fuel pins, defining different materials, 
setting up the geometry and defining needed surfaces, a simple burnup calculation could be 
ran. Before simulating the power shutdown of the reactor, a burnup of 5 % fission in 
plutonium should be reached. The 5 % plutonium fission was the limit when the control 
drums could not compensate for reactivity loss by rotation [18]. In order to achieve this, a 
burnup of 50 MWd/kg was estimated to roughly 5 % fission in plutonium [18]. By using the 
input line "daystep" followed by the number of days, you could determine the number of days 
the simulation should continue its burnup calculation. The average linear power of the reactor 
during normal operation was set to 40 W/cm per pin, which gave a total fission power of 0.48 
MW. After some test runs, a conclusion could be made that with a “set power” of 40 W/cm it 
took 7440 days to reach fission of 5 % plutonium. Looking further in the output generated by 
Serpent, after setting the “daystep” to 7440, one could control the fission by calculating the 
atomic density of plutonium-238 and estimating the amount left after the burnup.  

The burnup calculation was performed using a strategy where the reactor power was turned 
off as soon as 5 % fission of plutonium was reached. After the power shutdown, the 
development of the residual heat during a period of 30 days was calculated. This was the main 
period that an inspection of the core took place. In order to simulate a shutdown, the power 
was set to zero. When the power source was cut off, the time intervals was set for calculation 
of the radioactive decay using the command line "decstep", followed by the time intervals in 
days. In our case, an interval of five days and a total period of 30 days were used, as 
mentioned before. 

4.2 Running the simulation 

When the input file was done and the design parameters were set, it was time to determine the 
size of the simulation. This was done with the input line "set pop" followed by three separate 
numbers e.g. "set pop 5000 2000 20”. The number “5000” represents the amount of neutrons 
born per cycle. The second number stands for the quantity of active cycles and the third 
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number defines that the 20 first cycles are inactive and will not be accounted for in the results, 
due to inaccuracy. In order to achieve results with low margin errors, the number of neutrons 
and cycles are increased. This could result in very time consuming test runs. 

4.2.1 Effective neutron multiplication factor 
While describing the neutron lifecycle in a nuclear reactor, it was essential to account for the 
leaking neutrons. That was precisely what the effective neutron multiplication factor, keff, did. 
It takes neutron leakage into account and is defined as the ratio between neutrons produced by 
fission and the number of neutrons lost due to leakage and absorption. [19] 

4.2.2 Periodic boundary condition 
The simulation started from the birth of a neutron, until it was absorbed. When calculating the 
residual heat in ELECTRA, Serpent did not simulate the whole system. Instead it 
approximates and calculates on one single cell, based on given boundary conditions. This was 
due to the similar environment of the cells in the real concept design. When a neutron exits 
the cell, Serpent reconstructs it on the opposite side, simulating a new entry; thus saving a lot 
of time and computer power. 

4.2.3 Plotting the ELECTRA fuel pin 
For the sake of being able to see and visualize the fuel pin, "mesh plot" was used to plot the 
pin, se figure 20. 

 
Fig.20. Mesh plot of the fuel pin 

 
The inner circle represents the (Pu,Zr)N fuel, coated with a thin layer of helium gas. The 
yellow circle represents the cladding, surrounded by the coolant. The design parameters and 
the arrangement of the pins in the reactor can be seen in table 3. 

4.3 Results 

4.3.1 Burnup calculation 
Serpent generates some output files after completing all cycles. The results of the calculation 
can be followed in the generated output. In figure 21 below, we can follow the burnup 
calculated using Monte Carlo simulations with Serpent. 
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Fig.21. Burnup calculation using Serpent 

 
After 7440 days we can observe from the figure that the burnup was around 50 MWd/kg. The 
target for fission had been reached and the power was set to zero simulating a shutdown, 
hence the constant value after 7440 days.  

4.3.2 Calculation of keff 

The keff value gives the average number of neutrons emitted from one fission reaction that is 
likely to cause another fission reaction [20]. Every time there is fission in the material, there 
will also be “k” fissions after the next generation time. That results in an exponential increase 
of the number of fission reactions. [19] By investigating table 1 below, we can see that the keff 

value for our simulation. The reason for such a high value will be discussed in chapter 6. 

Days keff 

0 2.162 ± 0.00025 
7440 1.974 ± 0.00029 
7445 1.973 ± 0.00027 
7450 1.973 ± 0.00027 
7455 1.972 ± 0.00029 
7460 1.973 ± 0.00026 
7465 1.973 ± 0.00025 
7470 1.973 ± 0.00028 

Table 1 Keff during burnup and residual heat calculation. 

4.3.3 Calculation of residual heat 
Presented in table 2 below, calculation of residual heat right after the burnup of 5 % fission in 
plutonium can be found. As soon as this condition was met, the residual heat decreased 
rapidly. These values were used for calculation of the cladding temperature. 
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(Days after 
shutdown) 

Decay 
heat 

[W/pin] 

5 31.2 
10 29.3 
15 28.2 
20 27.4 
25 26.8 
30 26.3 

Table 2 The decay heat generated by the fuel during 30 days after the shutdown. 
 
After five days the residual heat was around 31 W/pin and only minor decreasing could be 
registered during the time period of 30 days. 
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5. Calculating the cladding temperature in Electra 
5.1 Thermal hydraulics 

Appropriate literature studies were done on calculating the cladding and coolant temperature 
in liquid cooled reactors. The calculations are dependent on several parameters such as the 
density of the coolants, geometry and arrangement of the pins in the reactor and the decay 
heat of the fuel as mentioned previously. These parameters can be found in tables 3 and 4.  

5.2 Cladding temperature 

The cladding transfers the heat produced inside of the fuel pin to the coolant. This heat flux 
can be calculated through the difference between the temperature of the coolant and the clad 
surface (∆T). As mentioned before there was a few different parameters that determine the 
clad temperature after the shutdown, most are physical design parameters adjusted for the lead 
coolant in the reactor. One of these parameters is the hydraulic diameter. Due to the increased 
risk of the erosion of protective iron oxide film on steel cladding surface, the upper limit of 
the lead velocity was rather low (1.8-1.9 m/s). This aspect, from a design perspective, leads to 
a larger flow area, which increases the hydraulic diameter (see fig 22 and 23). [21] This 
parameter was dependent on the geometry of the pin bundle flow; in the case of ELECTRA, a 
hexagonal pin bundle flow is chosen. 

To calculate the hydraulic diameter, Dh, values are taken from table 3. This table describes the 
design parameters of the reactor. These include the pitch, the cladding diameter and the fuel 
height. The next important part was the fluid data for the coolants. The Peclet number was 
used as a part of the temperature equations. This number was simply the product of the 
Reynolds and Prandtl numbers and uses the fluid data. The values of the three cooling gases 

Fig.23. Explanation of the parameters in hexagonal geometry. The Area is the same as the flow 
channel area describe above. 

Fig.22. The hydraulic diameter. A tube with the same ratio between flow channel area and wetted 
parameter. 
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can be seen below in table 4. The reactor was assumed to be isobar at 100 kPa. The table 
shows values greater than at 400°C which was the inlet temperature of the coolants.  

Clading Ø:  (𝑚) 0,00630 
clad area:  (𝑚2) 0,00003 
Pitch:  (𝑚) 0,00699 
p/2:  0,00350 
Fuel column height:  (𝑚) 30,0000 
P/D:  1,11000 
Dh:  (𝑚) 0,00849 
Pwet (wetted perimeter):  0,00990 

Gas Velocity:  (𝑚
𝑠

) 20,0–30,0 

Coolant Area:  (𝑚2) 0,00001 
Table 3 Design parameters 

 

Temp Ar He N 
T  

(°C) 
ρ  

(mol/m^3) 
Cp 

(J/mol*K) 
K 

(W/m*K) 
ρ 

(mol/m^3) 
Cp 

(J/mol*K) 
K 

(W/m*K) 
ρ 

(mol/m^3) 
Cp 

(J/mol*K) 
K 

(W/m*K) 
400 17,862 20,793 0,033 17,864 20,786 0,273 17,860 30,582 0,048 
405 17,731 20,793 0,033 17,733 20,786 0,275 17,728 30,615 0,048 
410 17,601 20,793 0,033 17,603 20,786 0,276 17,598 30,648 0,049 
415 17,473 20,793 0,034 17,475 20,786 0,278 17,470 30,682 0,049 
420 17,347 20,793 0,034 17,349 20,786 0,279 17,344 30,715 0,049 
425 17,223 20,793 0,034 17,225 20,786 0,281 17,220 30,749 0,050 
430 n/a n/a n/a 17,102 20,786 0,282 17,098 30,782 0,050 
435 n/a n/a n/a 16,981 20,786 0,283 16,977 30,816 0,050 
440 n/a n/a n/a 16,862 20,786 0,285 16,858 30,850 0,050 
445 n/a n/a n/a 16,745 20,786 0,286 16,741 30,883 0,051 
450 n/a n/a n/a 16,629 20,786 0,288 16,625 30,917 0,051 

Table 4 Fluid data. All data shown at 100kPa. [22] 
 
Peclets number was calculated through equation below (EQ. 4) where ρthe density of the 
coolant, Cp is the heat capacity and K is the thermal conductivity. Figures 24 and 25 portray 
the heat capacity and thermal conductivity of the coolant, the difference in density of gases at 
equivalent temperature is very little and insignificant 

𝑃𝑒 = 𝜌𝐶𝑝𝑣𝐷ℎ
𝐾

 EQ. 4 [28] 
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Equation 4 is dependent of the gas velocity, 𝑣. In order to achieve a notable cooling rate that 
was on par with liquid lead, the cooling gas must flow at moderately high velocities [23][24]. 
Here, the flow calculations are done for gas flow velocities of 20m/s and 30m/s. The 
calculated Peclet number was used for calculating Nusselts number, which is the ratio 
between convection and conduction heat [25]. Based on the experimental heat transfer data in 
liquid metals, the correlation described below (EQ 5) was used in the calculation of the 
Nusselts number. [21] Examinations and tests showed that calculation through equation 5 
shows very little deviation for circulation of gases for hexagonal pin lattices which means the 
values obtained is valid for this matter. Figures 26 and 27 portray the dependence of the 
Nusselts number on the temperature.  

𝑁𝑢 = 0.047�1 − 𝑒−3.8(𝑃 𝐷⁄ −1)�(𝑃𝑒0.77 + 250) EQ. 5 [29] 

Valid for 30 < Pe < 50 000 and 1.10 < P/D < 1.95 
 

 
Fig.26. and 27. The dependence of the Nusselts number of the temperature for representative values of flow 
velocity and P/D. 
 
The larger the Nusselts number & the larger coolant’s thermal conductivity is, the smaller will 
the temperature drop between the clad and bulk coolant be (due to 𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑖𝑛 in equation 7). 
[26] Note the difference between the helium coolant and the other two gases.  

Equations 6 and 7 describe the next two steps to calculate cladding temperature. In the first 
equation the heat flux was premeditated, that was used in the next equation. The linear power 
density or the linear rating, χ(z), is the power (the decay heat in this case) evenly distributed 
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across the pin (see figure 28). To be able to use the heat flux equation (eq. 7), first the value 
for the coolant temperature and its difference between the inlet and the clad was needed. Then 
the surface temperature could be calculated across the pin. 

 

 

The coolant temperature was calculated through equation 8; where L is the column height and 
L0 is the zero flux extrapolation length; that can be approximated with the assumption that 
mass flow ( ) is constant. [26] By integration from the bottom to the top of the active zone, 
the average linear power, χave, was found. Here, this value was obtained from the results of the 
serpent simulation. 

ℎ = 𝑁𝑢∗𝐾
𝐷ℎ

 EQ. 6 [28] 

ℎ�𝑇𝑠𝑢𝑟𝑓 − 𝑇𝑖𝑛� = χ(z)
πD

 EQ. 7 [28] 

𝑇(𝑧) = 𝑇𝑖𝑛 + 1
�̇� ∫

χ(z)
2Cp(z)𝑑𝑧

𝑧
−𝐿2

→  𝑇(𝑧) ≈ 𝑇𝑖𝑛 + 𝐿χave
4𝜌𝑣𝑖𝑛𝐴𝐶𝑝𝑇𝑖𝑛

�1 +
sin𝜋𝑧𝐿0
sin 𝜋𝐿

2𝐿0

�  EQ. 8 [28] 

The temperature across the plenums is different due to the distribution of the power across the 
pins height. This temperature difference means that the coolant gas will have a changed 
temperature from the inlet towards the outlet which may affect the cooling rate of the gas. 
Table 5 is a composition of the calculated temperatures for argon, helium and nitrogen across 
a column; shown for flows of 20 m/s and 30 m/s. The results reflect temperatures for 5 and 30 
days after initial reactor shutdown. 
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Fig.28. The linear rating profile for the gas coolant argon. The fuel column height is 0.3m.  
*Note that during calculations SI units are used! 
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Ar He N 

Column 
hight (m) 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

5 days after shutdown 
    0,00 400,0 400,0 400,0 400,0 400,0 400,0 

0,05 418,8 412,5 418,8 412,5 412,8 408,5 
0,10 437,6 425,1 437,6 425,1 425,6 417,0 
0,15 456,4 437,6 456,4 437,6 438,4 425,6 
0,20 475,2 450,1 475,2 450,1 451,1 434,1 
0,25 494,0 462,7 494,0 462,7 463,9 442,6 
0,30 512,8 475,2 512,8 475,2 476,7 451,1 

30 days after shutdown 
    0,00 400,0 400,0 400,0 400,0 400,0 400,0 

0,05 415,8 410,5 415,8 410,5 410,8 407,2 
0,10 431,6 421,1 431,6 421,1 421,5 414,3 
0,15 447,5 431,6 447,5 431,6 432,3 421,5 
0,20 463,3 442,2 463,3 442,2 443,0 428,7 
0,25 479,1 452,7 479,1 452,7 453,8 435,9 
0,30 494,9 463,3 494,9 463,3 464,5 443,0 

Table 5 Coolant Temperature.  The calculated temperatures for coolants across the pins for velocities of 20 
m/s and 30 m/s are shown.  Obtained though the heat balance equation 
 
Put in equation 7 the cladding temperature can finally be calculated. The figures presented 
below (figures 29 and 30) show the cladding temperature as cooled by the three different 
gases. For the complete table see table 6 in the appendix (see page 30).  

 

Fig.29. & 30. Resulting cladding temperatures. Shown for 5 days after shutdown. 
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6. Discussion 
In industry, FeCrAl is used at very high temperatures, and in extremely high oxidizing 
atmosphere to protect against oxidation. In ELECTRA, the temperature in the reactor does not 
exceed 600°C and the amount of the oxidizing atmosphere present in the reactor, in this case 
water vapour, is very low comparing to what FeCrAl can normally withstand. The literature 
study showed that FeCrAl is a good material to be used in ELECTRA in order to protect 
against corrosion. The factors previously mentioned such as low temperature and oxidizing 
atmosphere can influence the oxidation process. Moreover, the special composition of FeCrAl 
(Fe15%Cr12%Al) in ELECTRA, lead to longer lifetime and better corrosion protection 
despite the loss of alumina and chromia during the oxidation process. 

Provided by the output from the burnup calculation, we can also read that the starting atomic 
density for plutonium-238 was 7.130x10-3 atoms/(barn*cm). After 7440 days, the atomic 
density had decreased to 6.757x10-3 atoms/(barn*cm), resulting in fission of 5.2 % and thus 
reinforcing the previous assumption that 50 MWd/kg corresponds to roughly 5 % fission in 
plutonium. 

The high keff value in the simulation was due to the infinitely large lattice and pressure in the 
system. This led to a greater leakage of neutrons from the fissions, which were then absorbed 
by the control drums. When simulating the real reactor, the condition will be critical with a 
keff value of exactly one. On the other hand, when simulating an infinitely large lattice, as in 
our case, the neutron flux was equally big in all parts of the reactor and gave the average 
residual heat of the pins. However, in the real system the temperature of the pins would be 
higher in the middle and cooler in the outer parts. The difference in temperature for the hottest 
pins would be about 40 %. This leads to a 40 % higher residual heat for the hottest pins. 
Nevertheless, this did not have a big impact on the average residual heat. [1] 

During normal operation the average linear power of the reactor was set to 40 W/cm per fuel 
pin, which gave a total fission power of 0.48 MW. With a total power of 0.48 MW and a total 
number of 379 fuel pins, a pin power of 1266 W/pin during normal operation was obtained. 
The residual heat should be around 5 % of 1266 W/pin during normal operation, which gave 
an estimated number of 63 W/pin for the residual heat. Based on the calculations of Serpent, 
the residual heat drops drastically the first days. After five days the drastic dropping stopped 
and the residual heat was 31 W/pin, and it continued to decrease and ultimately reached 26 
W/pin after 30 days. 

The calculation of the surface temperature was highly dependent on the decay heat from the 
fuel and the coolant temperature. The heat developed in the core must be transported from the 
centre to the vessel wall or the heat exchanger. This is not a problem for liquid metal cooled 
reactors where the natural circulation of the liquid metal, such as lead or sodium, could move 
large quantities of decay heat from the hottest fuel to the vessel wall. However, during 
accidental conditions when the tank is depressurized and emptied of the metal coolant, the 
inefficient natural circulation of the cooling gas limits the heat removal capacity. [27] 

There are two main components in the equations for calculation of the coolant and cladding 
temperature, the conductivity of the coolant and the total amount of heat that is driven away 
by the flow of the gas, or the heat capacity of the coolant. Looking at table 4, it is apparent 
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that argon and helium have similar heat capacities while nitrogen has a higher heat capacity 
value. Therefore, the coolant temperature of nitrogen was expected to be lower. The 
temperature of the cladding was not uniformly distributed across the pins; as a result, the 
coolant temperature from the inlet towards the outlet increases. By calculating coolant 
temperature escalation across the core plane (z), the surface temperature was also calculated. 
According to each coolants property, the cooling rate would be different. The figure below 
indicates that because of the similar heat capacities of argon and helium, both rise in 
temperature in a similar fashion while the higher heat capacity of nitrogen leads to the lower 
overall temperature of nitrogen coolant (see figure 31).  But looking at the results of the 
cladding temperature in figures 29-30, one can clearly see that helium is removing more heat 
towards the beginning of the pin due to an approximately 5-6 times larger thermal 
conductivity than the other two coolants. As a result, temperature difference (ΔT) between the 
cladding and the film is qualitatively expected to be lower for helium followed by nitrogen 
and argon. (see table 7 in appendix) 

 

Fig.31. Coolant temperature set against the column height. The values are for shutdown after 5 days and at a 
flow of 30 m/s. 
 
The interesting question would be to know if the use of nitrogen instead of helium or argon 
would in fact be more advantageous. The problem with nitrogen gas is its reactive nature at 
higher temperatures while for example helium is a chemically inert gas. Nitrogen could be 
used to cool the core but at the same time one would risk nitridating the cladding as 
temperature rises (usually around 800°C) [18]. Similar aspects should be taken into 
consideration and set against the positive aspects such as cost effectiveness when choosing the 
coolant.  
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7. Conclusion 
High Cr and Al contents in iron-based alloys enhance the development of alumina and 
chromia layers that form at different temperatures, which as a result can provide excellent 
oxidation resistance. Formation of alumina requires that Al content in the alloy should be 
above a certain critical value. As a result, FeCrAl is a good candidate alloy for lead-cooled 
reactors due to the possibility of providing the corrosion resistance needed even in aggressive 
environments and at high-temperature levels. The fact that ELECTRA’s temperature does not 
exceed 600°C is another factor that makes FeCrAl a proper candidate. Moreover, the unique 
composition of FeCrAl is another reason that makes the continuous formation of Al2O3 and 
Cr2O3 possible. Furthermore, the oxidation rate declines according to Al contents in the alloy 
reaching a minimum value with higher Al. On the other hand, the presence of water vapour 
shows little effect on FeCrAls and especially on the alumina kinetics, but a high effect on the 
scale adhesion. After long time exposure, the life time of the alloy can be reduced and Al can 
be consumed which can lead to crack formation and breakaway oxidation. Nevertheless, the 
amount of crack formation decreases with increasing Al content. Therefore, addition of small 
amounts of Y can reduce the growth rate and increase the alloys life time. Hence, FeCrAlY is 
a potential variant coating that can increase the oxidation resistance behaviour of such alloys. 

With the presented results of the residual heat for a low-power, lead-cooled fast neutron 
reactor with (Pu,Zr)N fuel, the conclusion can be drawn that the developed residual heat after 
fission of 5 % plutonium will decrease to 26 W/pin 30 days after shutdown. During a power 
shutdown, when the reactor is not depressurized, the ELECTRA design should have no 
problem cooling the generated residual heat with natural convection of lead [1]. When 
inspecting the fuel, the coolant is drained from the vessel, and based on the results shown in 
chapter 5.3, the generated heat could be cooled by natural circulation of nitrogen with an inlet 
temperature of 400 °C. 

An article published by KTH Division of Reactor Physics, states the benefits of ELECTRA as 
being its simple design, exceptional safety margins, stable natural convection flow and a 20 
year full power life. With the extended results of our paper could help make ELECTRA 
suitable for educational and training purposes in the future. For example, a possible use of the 
reactor would be regular laboratory exercises. This test reactor would be valuable for the 
education and training of nuclear energy engineering students. The usage may also expand in 
training and preparing operators and staff of heavy liquid-metal-cooled reactors in the future. 
[1] 

Finally, according to the results, nitrogen gas (air) could be a valid option, from a thermal 
perspective, for cooling ELECTRA reactor during shutdown or a power loss. There are both 
pros and cons for using nitrogen gas as a coolant. Nitrogen is both cheap and abundant and 
considering the relatively low temperatures reached in ELECTRA, nitrogen cooling is a 
considerable option. The goal is to ultimately use natural circulation of gas coolant to cool the 
core. The calculations shows that a flow rate of at least 20 m/s is recommended in order to 
achieve sufficient cooling rates. 
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8. Future work 
The studies done and the results shown in this report are limited to restrictions made in the 
beginning of the project in favour of time and convenience. Future studies and tests could 
provide a new approach and more accurate results to further the development. 

As part of a future work the occurring water vapour amount can be decided. In order to 
further improve upon the results in this project, a laboratory experiment based on the residual 
heat could be carried out. Using more detailed and longer runs with more data in the 
simulation code would also be beneficial to the results. 

A calculation of cooling using the natural circulation of the gas would be a logical suggestion 
for further research. 
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198 239 206  
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Appendix – Tables for cladding temperatures 

 
Ar He N 

Column hight 
(m) 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

Temp (°C) 
v=20 

Temp (°C) 
v=30 

5 days after shutdown 
    0,00 443,7 436,2 409,7 409,1 430,2 425,1 

0,05 462,5 448,7 428,5 421,6 443,0 433,6 
0,10 481,3 461,2 447,4 434,1 455,8 442,1 
0,15 500,1 473,8 466,2 446,7 468,6 450,6 
0,20 518,9 486,3 485,0 459,2 481,4 459,1 
0,25 537,7 498,8 503,8 471,8 494,2 467,7 
0,30 556,5 511,4 522,6 484,3 506,9 476,2 

30 days after shutdown 
    0,00 436,8 430,4 408,2 407,6 425,4 421,1 

0,05 452,6 441,0 424,0 418,2 436,2 428,3 
0,10 468,4 451,5 439,8 428,7 447,0 435,4 
0,15 484,2 462,1 455,7 439,3 457,8 442,6 
0,20 500,0 472,6 471,5 449,8 468,5 449,8 
0,25 515,8 483,2 487,3 460,4 479,2 456,9 
0,30 531,7 493,7 503,1 470,9 490,0 464,1 

Table 6 The complete results for the claddin temperature using different coolants. 
 

 
Delta T 

     Days 
after 

shutdown 
Ar He N 

20m/s 30m/s 20m/s 30m/s 20m/s 30m/s 
43,7 36,2 9,7 9,1 30,2 25,1 5 days 

       36,8 30,4 8,2 7,6 25,4 21,1 30 days 
Table 7 Temperature difference between the coolant film and cladding. Ar has ~2x lager delta T than N, while 
helium is ~2x smaller than nitrogen. 
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