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Abstract 

 

 

Keeping test materials safe in a nuclear reactor 

 

Tyson Williams 

 

Department of Physics 

 

Bachelor of Science 

 

Nuclear reactors are the upcoming source of energy for the world.  They take very little 

energy and do not create harmful waste.  The INL has an Advanced Test Reactor which 

is used to test materials that will be irradiated to see how they will hold up over many 

years.  This particular reactor is used for research to help make commercial reactors 

better.  By modeling the safety factors of heat flux and temperature, we can safely keep 

the materials being tested from burning up.



Tyson Williams 

Senior Thesis 

Introduction 

 Nuclear reactors are designed to produce neutrons by the process of fission. The 

purpose of producing these neutrons is typically for one of two reasons depending on the 

type of reactor.  There is a power reactor and research reactor.  According to the website 

European Nuclear Society: Largest Nuclear Society for Science and Industry, power 

reactors are dedicated to generating heat mainly for electricity production, whether this is 

large in production or small enough to power a small ship.  Research reactors, on the 

other hand, generate neutrons to produce radiopharmaceuticals, test materials, and 

conduct basic research.   

Nuclear fission is the process of 

splitting apart an atom, typically 

uranium, to create more neutrons.  

What happens is a thermal neutron    

will come in and hit a uranium 

atom and cause it to split into a  

variety of daughter nuclides.  

Figure 1 gives us a typical idea of how this process works and a possibility of what 

daughter nuclides could be created.  In the example shown, the thermal neutron comes in 

and hits the Uranium atom and causes it to separate and release 3 more thermal neutrons 

as well as release two daughter nuclides Barium and Krypton.  As stated before, there are 

many things that can be done with these neutrons.  Figure 2 helps us have an idea of how 

Figure 1 The process of splitting a uranium atom 

(Nuclear Fission and Nuclear Fusion) 



allowing this fission reaction can create electric energy.  The fission reactions in the 

reactor cause the temperature of the water to increase to extremely high temperatures.  As 

the hot water travels to the heat exchanger area, the secondary side of the heat exchangers 

absorbs the heat, but with the water on the 

secondary side being at a much lower 

pressure, the water on that side would boil 

causing the steam to turn the turbine 

creating electricity.  The steam is then run 

through a condenser changing the steam 

back into water and the cycle starts again.   

  

In a research reactor the purpose is not to create as much energy as possible.  At 

the Idaho National Laboratory (INL) the Advanced Test Reactor is a research reactor that 

was originally designed to study the effects of intense radiation on reactor material 

samples, especially fuels.  The results that have come from the INL’s Advance Test 

Reactor have been very significant, like showing how plastics can disintegrate and metals 

can become brittle.  Even the fuel has been seen to eventually swell, distort, or rupture 

(Capabilities).   

 

 The INL has been quite the historic landmark when talking about the use of 

nuclear power.  In 1951 there was a reactor that the INL called the “Experimental 

Breeder Reactor I” which was the first reactor to use nuclear fission to produce 

electricity.  Later the INL had another reactor called the “Boiling Water Reactor 

Figure 2 Nuclear reactor creating electricity 

(European) 



Experiment III” or BORAX.  This was the 

first reactor in the world to light a city, 

Arco, Idaho in 1955.   “The Advanced 

Test Reactor is the world’s premier test 

reactor, offering high thermal neutron flux 

and large test volumes for performing 

irradiation services” (Capabilities). 

 The actual arrangement of the 

Advanced Test Reactors core is unique in the sense 

that the fuel is arranged in a serpentine shape that allows the different test loops to be 

closer than in a conventional rectangular shaped grid.  Figure 3 shows a top view of the 

reactor.  The grey serpentine portion in the middle shaped similar to a four leaf clover is 

the actual fuel in the reactor.  This is important because putting tests into the reactor is the 

main purpose of the reactor and the idea is to get the best information as possible.  

 My research is to calculate the safety factors to ensure that the materials that go 

into the reactor are safe.  I will do this by making sure that there is enough flow of water 

to take out the excess heat and making sure that the heat flux does not get high enough to 

damage the test.  At a nuclear power plant, there have been enough accidents or problems 

in the past that the American people have come to fear the word “nuclear.”  Chernobyl is 

a famous example of how nuclear accidents can have detrimental consequences.   

 When the whole body, or a major part of it, is exposed to a large acute dose of 

penetrating radiation (gamma rays, x-rays, or neutrons) a pattern of disease develops 

known as the acute radiation syndrome.  Those who suffered 4
th

 degree radiation sickness 

Figure 3 Cross section of the 

Advanced Test Reactor (Capabilities) 



at Chernobyl were showing primary radiation reactions after 15-30 minutes.  Then from 

around 7-9 days they were experiencing vomiting and damage to the digestive tract.  

There were nineteen deaths between fourteen and ninety-one days.  Seven more deaths 

came from the group that was in the 3
rd

 degree in the 14-91 days after exposure.  The 

survivors of the 1
st
 – 3

rd
 degree cases had some symptoms that never disappeared 

including chronic tiredness (Mould 5, 6).  The accident was initiated by the power station 

management and specialists that sought to conduct an overnight experiment to test the 

ability of the turbine generator to power certain cooling pumps.  The purpose of the 

experiment was to see if the power requirement could be sustained for a short time during 

a power failure.  It has been admitted that these tests were not properly planned and had 

not received the required approval and that the written rules on safety measures just 

stated that if there was an emergency follow plant emergency instructions.  The safety in 

that particular experiment had not received the necessary attention and they were not 

aware of the dangers (Mould 32).   

 Today, safety in reactors must be first and foremost when looking into doing any 

experiments involving the reactor in case there are any accidents that could cause any sort 

of damage or injury to any one at the plant or the reactor itself.  My research will show 

how the safety measures are calculated and how damage from heat flux and temperature 

during the test can be predicted without actually placing the experiment in the reactor to 

see if the safety factors will hold.   

Research 

 For my research, a specific tube for experiments was picked to determine what 

size of experiments could fit into that particular tube and still meet the safety factors.  In 
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Figure 4 Outboard A position water flow diagram 

order for an experiment to be allowed into a test position at the Advanced Test Reactor, 

the experiment must be analyzed to make sure that it can in no way disrupt the safe 

operation of the nuclear reactor.  The design of the experiment capsule must meet the 

engineered safety requirements that will enable it to be irradiated safely.  Nothing is 

allowed into the reactor without first meeting engineered safety requirements.  The 

Critical Heat Flux (CHF) safety factor limits the capsule heat flux while the Flow 

Instability (FI) safety factor limits the total capsule heating.  The CHF safety requirement 

is designed to prevent Burnout, where a vapor film blankets the capsule surface and heat 

transfer to the primary coolant diminishes which causes the capsule to overheat.  The 

ratio of the burnout heat flux to the capsule heat flux must be greater than or equal to two, 

allowing us to get the capsules heat flux up to half of the burnout heat 

flux.  In this way we can get close, but not so close that an accident would result if it were 

to get a little more heat flux than planned.  The FI safety requirement is designed to 

prevent bulk boiling from occurring in the reactor.  For this, we had to figure out at what 

temperature the water would 

saturate and subtract the inlet 

temperature from that value.  We 

would then divide that value by the 

change in temperature from the 

outlet temperature to the inlet 

temperature and that value must be 

greater than two,  (Murray).  When an experiment is to be placed in that 

particular position, the capsule is placed in a basket that fits the position.  That basket 
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Figure 5 Outboard A position on core cross section 

then slides into the housing allowing room between the housing and the basket for water 

flow to remove excess heat.  The basket also holds the capsule in such a way that there is 

also flow between the capsule and the basket allowing more cooling to take place as 

shown in figure 4.   

 The capsule experiment is to be placed in the outboard A position as shown in 

figure 5.  From this position we had to go about getting some information about that 

particular position.  We had to know the Housing Outer Diameter (0.875 in), Housing 

Inner Diameter (0.625 in), Outer Basket Diameter (0.565 in), inner Basket Diameter 

(0.495 in), and Capsule Diameter (Varies).  As we can see, as the capsule size increases, 

the inner water channel will decrease in size, but the outer water channel will always be 

constant. (Capabilities)  

 As for the calculations, the first thing that we needed to do was to calculate         

the Reynolds number for the outer 

water channel where ρ is the density 

of water (0.0354 lb/in
3
), Vguess is just 

a guess at what the flow might be in 

gallons per minute, D is the 

hydraulic diameter (0.06 in), and µ 

    is the viscosity of water (0.124 

lb/hr*in).  Using this value of the Reynolds number, we can solve for the friction factor 

using the equation                                                           where e is the surface roughness 

(.0457 mm for commercial steel, 1 mm for smoothed steel).  Using this friction factor, we 



Figure 4 Example of head loss coefficient in contraction and 

expansion 

were able to find the velocity head loss coefficient for the piping given as 
D
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where L is the length of the piping (48 in).  We also know that for contractions K=0.5 and 

for infinite expansions K=1 as the water enters and exits the area where the experiment is 

going to be as shown in figure 6.  We then would use the following equation,  
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 , where ΔP =75 psi and V is the actual 

flow velocity through the channel.  Solving for V we can see how far off our Vguess was.  

Changing our new Vguess, we 

repeat the process until our 

Vguess=V and that is when we 

know that we have the right 

flow through the water 

channel.  This process is done once for the outer channel and repeated for all the different 

capsule sizes for the inner water channel 

(Murray).   

 We now switch over to the Heat Transfer 

calculations.  The capsule heated by radiation is 

equal to 8 W/gm (Perry).  The capsule itself is 

made of stainless steel which has a density of 8 

gm/cm
3
.  We can find what the actual heat 

transferred to the capsule is by the equation   2)
2

(88)(
D

LWQ    where D is the 

capsule diameter and L is the length of the capsule (48 in).  The unique thing here is that 

the length of the core is not radiated evenly.  To counter this, the capsule’s length is 

Figure 7 cos(0.057*Z) 



radiated according to the function cos(0.057*Z) where Z is the axial distance from the 

core mid-plane (see fig 7).   In this way we can see how the center of the capsule is 

radiated more than the ends of the capsule.  Once we know what Q is, as well as the 

specific heat of water and water density (found by interpolating) we are able to solve for 

the change in temperature from the equation TatSpecificHetyWaterDensiQ  .   

We now have all the information that we need in order to find the outlet 

temperature.  Using                           we have the information needed to figure out our 

safety measure for the temperature.  Interpolating for the temperature at which water 

saturates (Perry), we find that for the Advanced Test Reactor water saturates at 484.6 K 

or 412.6 degrees F.  If we remember from before, the safety requirement for temperature 

was found by using the equation                      .  From this we see that the inlet 

temperature and the saturation temperature are both constants.  This means that the 

maximum value of the outlet temperature that can be met and still meet the safety 

requirement is 268.8 degrees F.  Using a program called Abaqus we were able to model 

what was happening to the capsule 

temperature wise.  In order for 

Abaqus to be accurate, we had to 

change for each capsule size the 

flow rate, conductivity, and 

capsule heat flux for each case.  We found the flow rate by taking the flow of water 

multiplied by the water density and dividing the whole thing by the inner flow area 

(
IFA

WDWF 
).  To get the conductivity we had to take the nussel number 

2)
2

(88)(
D

LWQ  

2
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Figure 8 Water temperature of the Outboard A position 
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(0.023*Reynolds
0.8

*4.07
0.33

) multiplied by the conductivity constant (0.0304 

BTU/hr*in*F) and divide the whole thing by the hydraulic diameter (
HD

tyconductiviNu 
).  

Once these things were in Abaqus, we would play around with the heat flux of the 

capsule until the temperature maxed out at around 268 degrees F.  Figure 8 shows the 

program for a capsule diameter of 0.405 in and we can see that the temp (max NT value 

in figure 8) is still under the 268 degrees F which meets the safety factor.   

 Now heading back to the heat flux, we remember that the safety factor for this 

section is given by                        .  In order to figure out the burnout we need the inner 

flow velocity, outlet temperature, hydraulic diameter and capsule diameter.  The equation  

 

            is how the burnout heat flux is calculated.  To get q we 

must have Q, capsule diameter and length of the capsule as given by                        .  In 

the program Abaqus, when we guessed the heat flux to determine the temperature, we 

were then able to see what the 

maximum heat flux (HFL in 

figure 8) on the same size 

capsule would be in the program.  

Figure 9 gives us an idea of 

what the max heat flux is and shows how the max is in the middle and the outsides get 

less flux than the rest of the capsule.  In our specific case shown in figure 9, the Qburnout 

is 5.351*10
6
 and q is 7652 both units are in BTU/ft

2
*hr.  Looking at this safety factor we 

see that 699>2.  We also learned from this and many other capsule sizes that the Flow 

2
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Figure 9 Heat flux on the material in the Outboard A position 



Figure 10 Hydraulic Diameter vs Max 

heat flux 

Figure 11 Hydraulic diameter vs capsule 

heating 

Figure 12 Hydraulic diameter vs mass 

flow rate 

Instability safety factor is always met before the Critical Heat Flux safety factor.  

Because of this, the heat flux was not necessarily something to look into anymore.   

Conclusion 

Figures 10-12 show the values that were 

determined during the research.  For the 

different capsule sizes, we found the maximum 

heat flux allowed in the capsule to meet the FI 

safety Factor (figure 10).  Figure 11 gives us 

the details about the maximum capsule heating 

allowed to meet the FI safety factors using the different capsule sizes.  Figure 12 tells us 

the mass flow rate along the inner water 

channel for the various capsule diameters.  As 

you can see in all 3 tables, it refers to the 

hydraulic diameter which changes with the 

different capsule sizes.  Finding these values 

made it possible for us to see and understand 

how the safety factors can be met.  This research was done in an attempt to more fully 

understand how the safety in a nuclear reactor 

is a very important part of its operation.  

Keeping the experiment from being damaged 

is only part of the safety in a nuclear reactor.  

This experiment helps us understand what 

must go into keeping a nuclear plant running.   
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