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D K H E A T

Methodology

This manual describes the methodology used in the decay heat code DKHEAT. DKHEAT reads a collection of SIMULATE-3 summary files and extracts serial id’s and associated cycle exposures for every fuel assembly ever present in the reactor core. From this data and further information supplied by the user consisting of assembly weights, average enrichments, and shut down dates, the code is capable of estimating the heat load in the vessel and spent fuel pools over a period of time following shut down. 

This manual begins with a brief discussion on the physical processes taking place in the fuel that cause decay heat, and then continues into a description of the numerics used inside the code to estimate the heat load in the various pools. 

FISSIONING AND BREEDING

During the fission process, a fissionable nuclide – such as U235 or Pu239 – absorbs a neutron and becomes unstable, after which it breaks apart into 2 heavy elements (like Xe140 and Sr94) and 2 or 3 neutrons (plus gammas,  and neutrinos, ). This is illustrated schematically in Figure 1. 

Figure 1.
The Fission Process; (a) Absorption, (b) Excitation, (c) Fission
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At the same time, there is another reaction occurring, called breeding. In this reaction, a U238 nucleus absorbs a neutron and becomes unstable. However, rather than fissioning – like U235 – it simply emits a couple of electrons and eventually becomes stable again as Pu239. This process is illustrated schematically in Figure 2. The Pu239 is then a fissionable isotope, like U235. In this way, the reactor can take non-fissionable material and create fissionable fuel, which can then be used to generate additional energy. Materials like U238 are called fertile materials, because they can be used to create fissionable material. 

Figure 2.
The Breeding Process; (a) Absorption, (b) Decay
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When the Pu239 fissions, it produces a different set of fission fragments from those produced when U235 fissions. This is sort of a signature of the isotope fissioning. This breeding process carries on throughout the life of the fuel. So, when the fuel is brand new, it contains only U235 and U238. As the reactor operates, the U235 is consumed via fissions and becomes fission products and the U238 is consumed via neutron capture and becomes Pu239. The Pu239, in turn, is consumed via fissions and becomes different fission products from those created via U235 fissions. Pu239 also captures neutrons - like U238 does – and eventually becomes Pu241, which is another fissile material. So Pu239 is both a fissile material and a fertile material, depending on the energy of the neutron that comes in contact with it. 

So, there are two nuclear processes occurring in the reactor as the plant operates – the fissioning of U235 and Pu239 and the breeding of Pu239 from U238. As time goes on, the energy comes more and more from Pu239 and less and less from U235. 

RADIOACTIVE DECAY

The fission fragments generated by the fissioning of U235 or Pu239 are created in an excited state. Over time, these excited isotopes must decay to a more stable state. The decay can be accomplished one of several ways: 

 decay is the emission of a He4 nucleus and is the process by which very heavy nuclei decay (Plutonium decaying to Uranium, for instance). 
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 decay is the emission of an electron. This is common in some of the heavy fission fragments (Lead decaying to Bismuth, for instance). 
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 decay is the emission of a positron. This is common in very light particles (Nitrogen decaying to Carbon, for instance). 
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 decay is the emission of radiation (a photon) from the nucleus, as the nucleus drops from its excited state to a more stable state. It is similar to X-ray radiation, except an X-ray originates in the electron cloud, while a gamma ray originates in the nucleus. 

K capture is the capture of an electron by the nucleus. The captured electron comes from the electron shell closest to the nucleus, which is called the K shell, hence the name. To fill the empty spot in the K shell, an electron from a more energetic shell must drop down, emitting an X-ray (photon) in the process. The end result is the same as for  radiation, but the origin of the photon is different. This effect is illustrated in Figure 3. 

Figure 3.
K Capture
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Many fission products decay in this manner (Copper decaying to Nickel, for instance). 
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Neutron decay is capable only if a fission fragment is in an extremely energetic, unstable condition. 
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This is the source of all delayed neutrons (about 0.7% of all neutrons in the reactor). The number of delayed neutrons changes as the fuel ages. This is because fissioning of U235 produces more energetic fission fragments than those produced via fissioning of Pu239. The fraction of delayed neutrons produced by the fissioning of Pu239 is so small that it is somewhat difficult to control an entire reactor loaded with Plutonium. 

So, we have the processes taking place as illustrated in Figure 4…. 

Figure 4.
Reactor Process; (a) Capture, (b) Excitation, (c) Fission, (d) Decay
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HALF LIVES

The decay of the fission products occur at different time intervals. For example, the half-life of Kr87 (Krypton) is 87 minutes, whereas the half-life of Xe135 (Xenon) is 9.2 hours; that of Ra223 (Radium) is 11.7 days and that of Sr90 (Strontium) is 28 years. 

Figure 5.
Decay of an Isotope


[image: image12.wmf]0

0.2

0.4

0.6

0.8

1

1.2

0

1

2

3

4

5

Half Lives

Concentration


The “half-life” is the time it takes for half of the amount of material to decay away. 
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where  is the decay constant (typically in inverse seconds), and N0 is the initial amount of the isotope. 

So, these “delayed” reactions taking place from the decay of the fission fragments occur over a period of time following the fissioning of U235, U238, Pu239 or Pu241 – whichever created the fission fragments. 

At a BWR, the reactor is shut down by inserting the control blades into the core. The blades are made of B4C powder held in stainless steel tubes and many of these tubes are encased in a stainless steel sheath which forms one of the four wings of the cruciform. 

The B10 in the B4C powder is an extremely strong absorber to thermal neutrons and the stainless steel is also a good absorber to thermal neutrons (as well as being a good scatterer of fast neutrons – good for shielding applications). Once the thermal neutrons are removed from the system, the vast majority of fission reactions will stop altogether. However, whatever fission products were created prior to shutting down the reactor will exist in their excited state and will begin to decay, based on their own decay rate. 

When the fission fragments decay, the particles they emit “bump” into other material in the reactor and, in the process, release energy in the form of heat. This heating will take place for as long as there are fission fragments decaying in the fuel (basically, forever). However, the number of decays will decrease exponentially over time, so the heat being released will also decrease over time. 

There is an ANSI standard put out that describes the accepted method for calculating decay heat rates. The method assumes that all fissions are taking place in either U235, Pu239, Pu241 or U238. This is a very good assumption in a thermal power reactor. In essence, most heavy elements (like Pb and upward) can fission if an extremely energetic neutron were to come in contact with the nucleus. In a power reactor, though, there are no neutrons energetic enough to cause such reactions (it typically requires an accelerator). So the only neutrons available to cause fission in a power reactor are the thermal neutrons, which cause fission in U235, Pu239 and Pu241, or the fast neutrons, which can cause a small fraction of fissions in the U238. This is what is being represented by the ANSI standard. 

The method also accounts for the contribution to the decay heat from neutron capture in fission products and from the decay of the short-lived actinides U239 and Np239. 

STATEMENT OF THE PROBLEM

When we shut the reactor down (for a refuelling outage, say), we need to supply the engineering department with an estimate of the amount of decay heat being generated following the shut down. This information will then be used to determine when various cooling systems can be removed from the different pieces of the plant. For instance, we need to maintain cooling of the reactor core following shut down because all the fuel within the core is still generating a lot of decay heat. As the old fuel is off-loaded from the reactor vessel, down the fuel transfer tube to the spent fuel pool in the fuel handling building, it will take with it all of its decay heat. In this way, then, as the shuffle progresses, the reactor will actually get cooler (because old, hot fuel is being removed from it) and the spent fuel pool will begin to heat up (because old, hot fuel is being placed into it). So the “Systems” people need to know how much heat is being generated and where it is being generated. 

Also, we need to make sure we have the heat removal capacity to cool the spent fuel pool if, for some reason, we have to unload the entire core and place it in the pools in the fuel handling building. 

The amount of decay heat being generated by the irradiated fuel is a function of two things – (1) the operating history of the fuel and (2) the cooling time of the fuel. 

The second item – the cooling time – is something that we will either determine ourselves or will have specified to us by some external engineering group. This might be in the form of a table, where the Systems people will ask for the decay heat being generated at the beginning of every day following shut down (24 hour increments, say). So there’s nothing too tricky about supplying the second item. 

The first item – the operating history of the fuel – is much more involved. For a very accurate estimate of the decay heat, we will need to know how many fissions have taken place over the lifetime of each assembly in the core. We will also need to know how many of those fissions occurred in the U235, how many occurred in U238, Pu239 and Pu241, because the decay heat will vary depending on which isotope is producing the fission fragments. To determine the number of fissions which have taken place over the lifetime of the fuel, we will need to know the fuel’s power history from cycle to cycle. If we know the relative power of the fuel, we can back-out an estimate of the number of fissions it has taken to produce that power (since there is a constant amount of energy released per fission). 

We can get most of this information from SIMULATE-3 cases which have been run to mock the operating history of the plant. 

DECAY HEAT METHODOLOGY

The ANSI/ANS-5.1-1994 standard [1] models the decay heat rate of fission products produced via four separate fissile isotopes – U235, Pu239, U238 and Pu241. The method also accounts for the contribution to the decay heat from neutron capture in fission products and from the decay of the short-lived actinides U239 and Np239. This section describes the key points of the method, as applied in DKHEAT.

The total decay heat load produced by a fuel bundle (i.e., assembly) is obtained by summing the contribution to the decay heat load from each of the four primary fissile isotopes,
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where t is the cooling time (in seconds), T is the period of operation (in seconds), P’di(t,T) is the decay heat from fission products produced by fissile isotope i without taking into consideration the contribution from neutron absorption in the fission products, and PdHE(t,T) is the decay heat generated by the decay of U239 and Np239. In the above equation G(t) is a correction factor representing the heat generated by fission product absorption. Values for G(t) as a function of cooling time (in seconds) are obtained by linear interpolation of Table 13 in the 1994 ANSI standard.

The decay heat per isotope is calculated using the following expression
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where N represents the number of power histograms used to portray operation, Q is the energy per fission (in MeV/fission), pin is the bundle power per fissile isotope during histogram n (in MW or MBtu/hr, say) and F is the decay heat per fission (in [MeV/s]/[fission/s]) for the isotope under consideration. 

The use of histograms to represent the operating history of a fuel batch is illustrated schematically in Figure 6. Within the DKHEAT implementation, the history for each fuel assembly is represented by a different histogram for each cycle of operation. Operational times for each cycle are calculated from the cycle average exposure accumulated using average bundle exposures. The operating time in days is then calculated using the following expression, 
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where BUi is the assembly burnup in MWd/MT accumulated over the cycle in question, Wti is the initial bundle loading of heavy metal in MT, the summation is performed over all bundles in the core, Z, and CTP is the rated thermal power of the reactor in MW during the cycle in question. Values for average bundle exposures and core thermal power are obtained from the SIMULATE-3 [2] summary file and the assembly loading per fuel type is obtained from user input. 

Figure 6.
Example of a Power Histogram



Using the cycle specific, bundle-by-bundle exposures from SIMULATE-3, the bundle power per isotope, for a given histogram, is expressed in MBtu/hr as
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where fi(T) is the fission fraction for isotope i at the end of the cycle and all other parameters have the same meaning as before.  

The fission fraction in equation (4) for each of the four primary fissile isotopes may be expressed in terms of exposure (in MWd/MT) as in NEDE-24810-Volume 1, “Station Nuclear Engineering,” Figure 2-6 [3],
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These relationships are illustrated in Figure 1. 

Figure 7.
Fission Fraction vs Exposure
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Energy per fission for the four primary fissile isotopes are obtained from Appendix C of the ANSI standard,

QU235 = 201.7 MeV 

QPu239 = 210.6 MeV 

QU238 = 203.0 MeV 

QPu241 = 212.0 MeV

The decay heat per fission is calculated using the equations on pages 22-25 from the 1994 standard,
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where  and  are coefficients, given for each of the four primary isotopes in Tables 9 through 12 of the 1994 standard.

Contribution to the decay heat from the short-lived actinides U239 and Np239 is calculated from Eqs. (14) through (16) of the ANSI standard,
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where the decay constants are given as U=4.91x10-4 sec-1 and Np=3.41x10-6 sec-1, Qeff is the average energy per fission of the four isotopes explicitly modelled, and the energy constants are given as EU=0.474 MeV and ENp=0.419 MeV. The breeding ratio of U239 atoms per fission, R(e,T), is a function of exposure, T (in MWd/kg), and initial enrichment, e (in w/o U235), and is obtained via linear interpolation on a two-dimensional table. Data in the table, which have been obtained from the HEATUP code [4], are listed below and have been obtained from single assembly calculations using the lattice-physics code CPM-2 which is very similar in function to CASMO-4,

Table 1.  R(e,T) – Number of U239 Atoms Created per Fission

Enrichment
Exposure (MWd/kg)


0
5
10
20
30
40
50
60
100

0
1.0615
0.9242
0.9209
0.9772
0.9986
1.0200
1.0400
1.0500
1.0500

0.711
1.0615
0.9242
0.9209
0.9772
0.9986
1.0200
1.0400
1.0500
1.0500

1.760
0.6001
0.6020
0.6516
0.7690
0.8686
0.9329
0.9800
1.0000
1.0000

2.190
0.5516
0.5586
0.5870
0.6929
0.7962
0.8776
0.9400
0.9600
0.9600

3.060
0.4870
0.4840
0.4850
0.5830
0.6740
0.7840
0.8210
0.8400
0.8400

4.000
0.4689
0.4245
0.4192
0.5318
0.5798
0.7117
0.6364
0.6529
0.6529

10.000
0.4689
0.4245
0.4192
0.5318
0.5798
0.7117
0.6364
0.6529
0.6529

The shaded rows and column have been added to bound the interpolated results from running off the table. 

The uncertainty in the estimate of decay heat is isotopic-dependent. That is, there is a separate uncertainty for the decay heat associated with each isotope and the total uncertainty in the decay heat value is the sum of all the isotopic uncertainties. Uncertainties as a function of isotope, i, and of cooling time, t, are obtained from Tables 5 through 8 on pages 14 through 21 of the ANSI standard. The contribution of each isotopic uncertainty to the total uncertainty is then calculated using equation 9 from the ANSI standard, 
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where Qi is the uncertainty in the energy per fission for isotope i, Fij is the uncertainty in the decay heat power taken from the tables in the ANSI standard for isotope i, from the operational history of cycle j, Pij is the decay heat power for isotope i, from the operational history of cycle j before being corrected for neutron capture in the fission products, and Qi is the energy per fission released for isotope i. P’di is the total decay heat generated by isotope i. 

The total uncertainty is then the sum of all isotopic uncertainties, 


[image: image28.wmf]å

=

÷

÷

ø

ö

ç

ç

è

æ

¢

¢

D

=

¢

¢

D

4

1

i

di

di

d

d

P

P

P

P


(11)

where the summation is over the four fissile isotopes represented by the ANSI standard. Note that the uncertainty does not take into account the contribution to the total decay heat from neutron absorption in fission products nor does it account for the contribution from the decay of the higher actinides U239 and Np239. Also note that, for applications in DKHEAT, the uncertainty in the energy per fission values – the Qi values in equation (10) - have been assumed to be zero, since we have no data available to us to account for this. 

This gives the 1 uncertainty as a percentage of the decay heat generated at time t seconds after shut down. To get the uncertainty in MBtu/hr we multiply by the decay heat and divide by 100, to wit, 
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P’d is the decay heat from equation (2) prior to being corrected for neutron absorption in fission products. The overall uncertainty in the calculation is typically between 3% and 4%. The isotopic uncertainties in decay heat for the first 1000 seconds following shut down are illustrated in Figure 8. For typical LWR applications, U235 and Pu239 account for 80% to 90% of all fissions so their uncertainties will drive the overall behaviour of the total uncertainty in the solution. 

Figure 8.
% Uncertainty in Decay Heat for Short Cooling Times
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		30.0		0.2565		0.5323		0.0750		0.1362

		35.0		0.2072		0.5589		0.0750		0.1589

		40.0		0.1673		0.5761		0.0750		0.1816

		45.0		0.1351		0.5856		0.0750		0.2043

		50.0		0.1091		0.5889		0.0750		0.2270

		55.0		0.0881		0.5872		0.0750		0.2497

		60.0		0.0712		0.5814		0.0750		0.2724
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		1		2.8		9		4.5		5.4

		1.5		2.5		8.5		4.2		4.9

		2		2.4		8.1		4		4.7

		4		2.2		7		3.8		4.6

		6		2.1		6.3		3.7		4.5

		8		2		6		3.7		4.4

		10		2		5.7		3.6		4.6

		15		1.9		5.5		3.6		4.7

		20		1.9		5.4		3.6		4.7

		40		1.8		5.3		3.6		4.9
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		80		1.8		5.2		3.6		5.1
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		200		1.8		5.1		3.6		5.5
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		600		1.8		5		3.7		6
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		1000		1.8		5		3.7		6.4
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