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Abstract 

This work has investigated the Control Rod Worth (CRW) and Nuclear End of Life (NEOL) 
values for BWR control rods. A study of how different parameters affect NEOL was per
formed with the transport code PHOENIX4. It was found that NEOL, expressed in terms of 
,0B depletion, can be generalized beyond the conditions for which the rod is depleted, such as 
different power densities and void fractions, the corresponding variation in the NEOL will be 
about 0.2-0.4% ,0B. It was also found that NEOL results for different fuel types and different 
fuel enrichments have a variation of about 2-3% in 10B depletion. 

A comparative study on NEOL and CRW was made between PHOENIX4 and the stochastic 
Monte Carlo code MCNP. It was found that there is a significant difference, both due to differ
ences in the codes and to limitations in the geometrical modeling in PHOENIX4. Since MCNP 
is considered more physically correct, a methodology was developed to calculate the nuclear 
end of life of BWR control rods with MCNP. The advantages of the methodology are that it 
does not require other codes to perform the depletion of the absorber material, it can describe 
control rods of any design and it can deplete the control rod absorber material without burning 
the fuel. The disadvantage of the method is that is it time-consuming. 
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INTRODUCTION 

Control rods are used to control and stop the fission process in a nuclear reactor. This is 
achieved by using neutron absorbing materials. When the control rod is inserted into the reac
tor core it absorbs neutrons and prevents the fission chain reaction. As the control rods absorb 
neutrons, the neutron absorbing material in the rod is consumed and the control rods are gradu
ally losing their efficiency. 

In order to ensure safe reactor management it is important to know how the efficiency of the 
control rod decreases as it is used. When the rod no longer has the required efficiency it is not 
allowed for further operation, it has reached its nuclear end of life (NEOL). There are of 
course other factors which might limit the time a control rod can be used, such as mechanical 
properties. However, in this work only the control rod efficiency as neutron absorber has been 
considered. 

The two most common materials used as neutron absorbers in BWR control rods are boron and 
hafnium. Both these materials contain neutron absorbing isotopes, when these isotopes absorb 
a neutron they are changed to other isotopes, the amount of neutron absorbing material de
creases, this is called depletion. The control rod efficiency is measured as a function of the de
pletion of the absorber material. Westinghouse and other manufacturers use the amount of ab
sorber material as a guarantee limit, stating that as long as the amount of absorber is above a 
certain value, the control rod is efficient enough for operation. Often the nuclear end of life is 
given as a limit in 10B depletion, the most used absorbing isotope 

However, depending on the surroundings of the control rod and the conditions under which the 
control rod has been operated, this value may change. The purpose of this work is to investi
gate how different factors affect this value. The choice of fuel surrounding the control rod, the 
conditions for which the control rod is depleted, the code for which the calculations are made, 
all may have an effect. 

In this work, both the uncertainty in the limit as well as different methods to calculate it has 
been considered. This was performed in three main parts, first a study with the code PHOE-
NIX4, on how different parameters affect the results. The second part is a comparative study 
between the two codes PHOENDC4 and MCNP. Finally a methodology has been developed to 
calculate the depletion of absorber material and nuclear end of life with MCNP. MCNP can 
unlike PHOENX4 model any geometry and is considered more physically correct. 



Chalmers Westingtiouse 
Report 
CTH-NT-213 
Page 2 of 47 

2 BWR CONTROL RODS 

The control rods of boiling water reactors (BWR) are used not only for shutdown of the reac
tor, but also to control the core reactivity and power distribution of the reactor. This is 
achieved by partially inserting control rods during reactor operation. Reactor shutdown is 
achieved by full insertion of all the control rods, some control rods are used solely for mis pur
pose. Depending on whether a rod is used both for core control and shutdown, or only shut
down, it is classified into two different groups, the control group or the shutdown group. 

The BWR control rods consist of four blades mounted in a cruciform shape, they are inserted 
between the fuel assemblies (Figure 1). Generally the control rods have a frame of steel which 
gives mechanical strength to the rod. This frame then contains neutron absorbing materials, for 
example in drilled holes in steel plates. 
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Figure 1: The cruciform control rod, inserted between four fuel assemblies. 



Chalmers Westinghouse 
Report 
CTH-NT-213 
Page 3 of 47 

2.1 CR99 

The control rod CR 99 is Westinghouse's latest designed control rod for the control group. CR 
99 is the control rod which has been in focus in this work. The absorber material used by CR 
99 is boron carbide pins, B4C, which has been manufactured by hot isostatic pressure in order 
to achieve as high density as possible. Previously B4C powder and hafnium have been used as 
absorber materials. The B4C powder is usually vibration compacted, to a density about 70% of 
the theoretical density, whereas the hot isostatic pressed B4C has a density very close to the 
theoretical. When B4C is depleted, the volume of the B4C expands. This swelling behavior of 
the high density pins are much easier modeled than the swelling of the B4C powder. The ab
sorbing isotope in the B4C is 10B. 

CR 99 consists of four blades (wings) welded together to a cruciform shape as seen in Figure 
1. The high density B4C is formed as cylinders (pins) and placed in horizontal holes slightly 
larger than the boron carbide cylinders. The holes are drilled inwards from the edge of the 
wings and sealed by a weld. In order to solve the problem of volume expansion of the absorber 
material and avoid hard contact, the end of the boron carbide pins where depletion and volume 
expansion are expected to be largest, are tapered (Figure 2). If the absorber material has ex
panded so much that it fills the hole and has hard contact with the stainless steel walls of the 
hole, intergranular stress corrosion cracking may appear in the wall. 

~3CI3 Edge 

Figure 2: The hole with boron pins, the wing edge is to the right. 
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3 GENERAL REACTOR PHYSICS 

Throughout this work some general definitions and terms from reactor physics are used. 

3.1 CROSS SECTIONS 

The most fundamental part of a nuclear reactor is neutrons interacting with nuclei. For exam
ple the fission reaction, that generates energy and more neutrons to continue the fission chain 
reaction. 

The different kinds of reactions are often denoted (n,x), where n is the incoming neutron and x 
is replaced with the symbol of whatever comes out of the reaction. 

The (n,n') reaction, where a neutron enters and a neutron with changed energy and direction 
comes out, is called inelastic scattering. 

There are three neutron absorbing reactions which are of special importance in this work. The 
(n,a,) reaction, where a neutron is absorbed and one a-particle {^He ) is sent out. The (n,y) re
action, where a neutron is absorbed and a y-ray is sent out. The fission reaction where one neu
tron is absorbed and more than one neutron are released. 

The probabilities of the interactions are called cross sections and denoted o. The definition of 
cross section is, 

a = interaction rate per nuclei per unit intensity of incoming neutrons. (1) 

Since unit intensity has the dimension area/time and interaction rate the dimension time"1, the 
dimension of cross sections is area. Cross sections are usually measured in barns (b), where 1 
barn = 10"24 cm2. The cross sections are usually dependent on the energy of the incoming neu
trons. The probability both for fission reaction in the fuel and for neutron absorption in haf
nium and boron are largest for low energy neutrons. If the atom density N is known we can de
fine the macroscopic cross section 2 according to Eq. 2. The macroscopic cross section E, can 
be interpreted as the probability per unit length of the reaction i. 

E=N-c (2) 

3.2 MULTIPLICATION FACTOR AND REACTIVITY 

A stable and self-sustained fission chain reaction requires that the neutrons produced in one 
fission event, in average creates only one new fission event, in this case the reactor is called 
critical. If in average more then one fission event takes place in the next generation, the num
ber of neutrons and fission events will increase over time and the chain reaction will diverge, 
the reactor is called supercritical. If on the other hand, less than one new fission event takes 
place, the reactor is called sub critical and the chain reaction will die out. 
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This is expressed by the multiplication factor k, which is defined as the number of neutrons of 
any generation divided by the number of neutrons in the preceding generation. Hence, for a 
critical reactor the value is one. In the case of the modeling of an infinite system, the multipli
cation factor is named k-infinite and denoted k-inf o r ^ .When considering control rods, one 
often choose to model fuel and a rod in the center in the reactor and assumes reflective bound
ary conditions. The k-inf might in this case be much larger then one. 

Changes in k values are often given in reactivity, defined as; 

P = ̂ Z 1 (3) 

The control rods must always have sufficient efficiency to ensure that the reactor can be made 
sub critical, even if the control rod with highest reactivity should fail and be impossible to in
sert., this requirement is called shutdown margin. 

3.3 NEUTRON FLUX 

The neutron scalar flux is defined as; 

<D(?,£) = «(?,£)v(£) (4) 

Where n(r,E) is the space and energy dependent density of neutrons and v(E) is their speed. 
Since the cross-sections are energy dependent, it is important to know the energy spectrum of 
the neutrons as well as their spatial distribution. In the reactor, water is used to slow down the 
neutrons, so that the probability of fission increases, this is called moderation. Removal of wa
ter (moderator) is an important part of the change in reactivity when inserting a control rod. 

1 dO 
DV2-I.a0 + s = -^- (5) 

v at 

In equation 5, the diffusion coefficient D is assumed to be a constant, Za=Ndensity'oabsorption and 
s is the neutron source. In a fission material the source will be a function of the neutron flux it
self. 

Diffusion theory has the advantage of being easy to solve both analytically and numerically. It 
has the disadvantages of using many approximations (these approximations are needed to 
apply Fick's law in the derivation of the diffusion equation). Due to these approximations the 
result is non reliable close to interfaces and sources and in a strongly non uniform media. Fur
thermore isotropic scattering of the neutrons is assumed by Fick's law. This might not be a 
valid approximation. 
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Instead transport theory can be used. Transport theory has the advantages of being physically 
correct and the disadvantages of being hard to solve. In practice, approximations have to be 
made. The transport theory is based on neutron balance. "Time rate of change (in number of 
neutrons)" = "scattered in" - "scattered out" + "neutrons created (source)" -"neutrons ab
sorbed" -"net neutron leakage", this can be expressed in the following equation for the flux. 

- K ' ' ' J+QV<E(r>£,fl,0 + I r(r,£)O(r,£,f l , / )-
v dt (6) 
\l,(?,n',E'-* n,£)<D(r,£,fi,/yn ,dE ,-j = 0 

In equation 6, the flux is given in not only the energy and spatial dependence, but also in time 
(t) and directional (ft) dependence. The first term is the time rate of change, the second term is 
the net leakage, the third term represents all reactions at (r,E,£2,t), both absorption and scatter
ing, the fourth term is the in scattering and the fifth and final term is the source, which in a fis
sionable material also is a function of the flux. In practical applications, the neutrons are often 
divided into a finite number of energy groups and simplifications are made in the scattering. 
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CRW AND NEOL 

The control rod worth, CRW, is defined according to equation 7. It can be regarded as the effi
ciency of the control rod. 

k -k 
CRW — in{'w'lhou,CR inf.widiCft 

(7) 

The nuclear end of life, NEOL, is defined as the level of 10B depletion at which CRW of the 
control rod has decreased to 90% of the initial CRW value of the original control rod (OCR), 
according to equation 8. In Nordic type reactors, the original rod is CR 70. It can be regarded 
as the point where the efficiency of the control rod has decreased so much that it is no longer 
safe to operate it. 

CRWCR{fiNEOL) = OSxCRW^tf = 0) (8) 

Alternatively, the NEOL limit can be defined relative to the initial CRW value of the control 
rod itself, as shown below. 

CRWCR<J3NE0L) = 0.9xCRWCRtf = 0) (9) 

Here, the boron depletion, p, is defined as 

N.,lf-0) 

The reason for defining NEOL relative to the original control rod and not relative to the con
trol rod itself is due to licensing regulations. If the difference in initial CRW between the 
original rod and the new control rod is less then 5% and the NEOL criteria is taken relative to 
the original rod (equation 8), safety and feedback calculations such as dropped free falling con
trol rod etc. do not have to be redone. 

However, such regulations may vary and some customers are more interested in defining 
NEOL relative to the initial CRW of the new control rod itself. For example the licensing re
quirements in USA define NEOL according to equation 8 while they in Japan are defined ac
cording to equation 9. 
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It is also possible to define the CRW as a function of accumulated energy per unit mass, 
AEUM, produced by fuel adjacent to the control rod. The definitions of the NEOL limits are 
then changed according to equation 11 and 12 given below. That is, when the control rod is 
depleted, the CRW can be expressed in terms of accumulated energy per unit mass, produced 
by the adjacent fuel assemblies. This can be obtained by calculating the burnup of the fuel, in 
which the control rod is depleted. 

The CRW has previously been computed relative to fuel burnup and through conversion fac
tors converted into the SNVT unit [1]. In order to find out what a certain level of ,0B depletion 
actually corresponds to in fuel cycles and fuel burnup, both the exact configuration of the fuel 
and the cycle operation have to be known. In this case, codes such as POLCA7 can be used to 
track the 10B depletion. 

CRWCR (AEUMNEOL) = 0.9 x CRWo^ {AEUM = 0) (11) 

CRWCR (AEUMNEOL) = 0.9 x CRWCR (AEUM = 0) (12) 
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CODES 

In this work two different programs have been used, PHOENIX4 which is a deterministic code 
based on transport theory, and MCNP which is a stochastic Monte Carlo code. 

5.1 PHOENDC4 

PHOENIX4 is a two dimensional code which is built on the integral transport equation. It de
scribes one fuel assembly with a corresponding quarter of the control rod (Figure 3). Either re
flective or periodic boundary conditions can be used. PHOENIX4 uses multi group theory and 
assumes isotropic scattering. The system is described in a two dimensional mesh. Every point 
in the mesh has a set of material depending cross sections for each energy group. Since iso
tropic scattering is assumed, these points only contain the probability of collision and not any 
directional distribution of the scattered neutron. 
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Figure 3: The 2D geometry which PHOENIX4 uses. 

PHOENIX4 can compute k-inf values, fuel burnup, control rod absorber material depletion, 
flux and several other properties. When depleting absorber material and fuel, PHOENEX4 uses 
a Predictor-Corrector method. It first computes reaction rates and uses these to deplete the ma
terial from A to B, in state B new reaction rates are computed, these are then used to correct 
the reaction rates obtained at A. The materials are then depleted from A to C with the corrected 
reaction rates. 
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When modeling control rods, PHOENDC4 uses the Monte Carlo based code XYBDRY to gen
erate effective cross sections and self-shielding of the neutron absorbers. However, PHOE-
NIX4 and XYBDRY both assume that the absorber material is cylindrically shaped. Figure 4 
shows the 2D geometry for which XYBDRY generates the effective cross sections. Aside from 
this assumption PHOENIX4 also has the disadvantage that it is at a 2D code which cannot give 
good representations of all 3D geometries. This is elaborated further in section 7.1. 

O 0 O O 
Figure 4: The geometry for which XYBDRY calculates effective cross sections. 

5.2 MCNP 

MCNP is a Monte Carlo particle transport code. MCNP can calculate transport of neutrons, 
electrons, photons, and coupling between different particle types. It is time-dependent and it 
can describe generalized geometries, it also uses a continuous energy spectrum. In this work 
MCNP version 5 was used with cross section libraries from ENDF/B-6.8. 

The basic principle of MCNP is to sequentially follow particles (called particle tracks) from 
their creation in a source, to their termination (absorption, escape, etc). In each event in the life 
of a particle, probabilistic distributions (cross section libraries) are randomly sampled in order 
to determine the result of the event. If enough particles tracks are sampled, the statistical aver
age behavior of the system can be obtained. The uncertainty of the average result generally de
creases as one over the square root of the number of particle tracks. 

In Figure 5, the history of one neutron is followed from creation to termination. The entire 
number of neutrons created (through fission) is also followed until their termination. The cal
culations are initiated by putting in any number of neutrons in one or more arbitrary points in 
the system, these neutrons can start with any velocity. When the system has been initiated it is 
run a while until it stabilizes before the tallying of the statistical results starts. 
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Event Loa 

1. Neutron scattering 
2. Fission 
3. Neutron capture 
4. Neutron leakage 
5. Neutron scattering 
6. Neutron leakage 

Incident 
Neutron 

Void 

3 

V AX* V \ 
' i j , tr* 

Fissionable material 

Figure 5: The event log of a neutron history. 

MCNP performs its random sampling of possible events in the following way. The probability 
p of a collision for a particle between 1 and dl+1 is given by 

p(l)dl = e^Idl. 

If we define the random number C, on [0,1) according to 

£= \e-x*Zds = \-e1', 

we can obtain the following expression for the length of flight 1, 

/ = - l ln( l -#) . 

However, since l-£ has the same distribution as (,, we can rewrite the expression as 

(13) 

When a neutron with energy E enters a material with atom density N and cross section o(E), 
the length of flight before the first collision is determined from equation 13. 

In this work MCNP has mainly been used to compute k-inf values and reaction rates of neu
tron absorbing materials. MCNP can compute k-inf by simply tallying the number of new neu
trons each neutron creates and compute the statistical average. The reaction rate can be ob
tained when the following quantities are known; the average flux (<t>v(E) in an arbitrary vol
ume V), the microscopic cross-section of the reaction, o(E), and the number density of ab-



Chalmers (IMiWestinghouse 
Report 
CTH-NT-213 
Page 12 of 47 

sorber material integrated over all energies. The cross-sections are known (from ENDF/B-6.8) 
as well as the number density. What is left for MCNP to compute is the flux. 

MCNP can calculate the average flux Ov(E), in a given volume V, by summing over track 
lengths according to, XWTi/V, where W is the particle weight (the statistical importance of the 
particle), T| is the track length of a particle with energy E, and V is the volume. This is possible 
because we can rewrite the average flux in a volume V according: 

Ov (E) = - \dt \dV \dn<!>(r,Cl,E,t) 

= - \dV jcKl jdt vn(r, Q, E, t) 

= y\dVJdtvN(7iE,t) 

Where N(r,E,t) = XdQ, n(r,Q,E,t) is the density of particles regardless of their directions. If 

we define a differential track length ds=rvdt we can write; 

Ov(E) = - \dV\ds N{r,E,t) 

Here N(r,E,t)ds can be thought of as a track length density. It is hence possible to obtain the 
average flux by summing track lengths. The more tracks mere are in the cell compared to the 
number of collisions, the more reliable the result is [2]. 
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6 PARAMETER STUDY IN PHOENIX4 

When calculating the NEOL, it is important to know which parameters in the input model will 
affect the result. The results may depend not only on the fuel composition but also on the core 
configuration and how the depletion of the control rod is performed. The aim of the parameter 
studies presented in this report was to identify which parameters have a large impact on 
NEOL. Such parameter studies have been performed previously ([5]), but not for NEOL ex
pressed in terms of 10B depletion. The different parameters that have been studied are void 
fraction, k-inf calculation temperature, fuel composition, power density, axial zone (of the 
fuel), fuel type (8x8 or Optima2), CR wing modeling, different ways of depleting the CR and 
modeling with expanding boron carbide pins. 

6.1 SYSTEM MODELING 

6.1.1 THE PHOENIX MODEL 

In PHOENIX4, one fuel bundle and one quarter of the control rod are modeled. The whole 
control rod and the four fuel elements are then created through reflective boundary conditions. 
In the reference case in this work, the fuel assembly has been modeled as a SVEA-96 Optima2 
fuel for Olkilouto 2 [3], The modeled control rod was a CR 99 [3]. Figure 6 shows the three 
axial zones, each zone corresponding to an axial section of the fuel where the number of part-
length rods is different. Zone 1 is the axial bottom part of the fuel, where the lattice of fuel 
rods is full, Zone 2 is the middle part where one fuel rod has been removed in each quarter 
segment (of the fuel bundle) and Zone 3 the top part of the fuel assembly where there are three 
fuel rods removed in each quarter segment. In this work, the standard configuration was that of 
Zone 1 (the bottom). 

Zonel 

©000© 
©0000 
©000© 
©000© 
k 

Zone 2 Zone 3 

0000 
©000© 
©©000 
00000 

I0000 
©0000 
|000©0 

0000 
©00 

Figure 6: The three axial zones of the fuel. In each axial segment of the fuel, the configu
ration of the fuel rods is as shown. To the left; bottom zone. In the middle; mid
dle zone. To the right; top zone. 

The tapering of the boron carbide pins were modeled as cylinders with equivalent volume, as 
is shown in Figure 7. In the PHOENIX4 model, each boron carbide cylinder in the control rod 
wing is divided into segments, the segments are treated as separated objects with individual 
,0B depletion. 
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Figure 7: Vertical view of one absorber hole in the control rod. The object numbers of the 
six different cylinders are shown above (the difference in radius is exaggerated). 
Left corresponds to the inward part of the wing. 

6.1.2 REFERENCE MODEL AND STUDIED PARAMETERS 

6.1.2.1 SUMMARY OF PARAMETERS 

In order to find out how the different parameters - void fraction, k-inf calculation temperature, 
fuel composition, power density, axial fuel zone, fuel type (8x8 or Optima2), CR wing model
ing, CR depletion and pin expansion - affect NEOL, a reference model was used and for each 
case only one parameter at a time was changed. In this way, a quantitative estimation on how 
the different parameters affect NEOL could be obtained. The depletion calculations were per
formed under warm conditions for all the different parameters, whereas the calculation of the 
actual k-inf was always performed under cold conditions, at room temperature with zero void 
(except for the k-inf calculation temperature study). The depletion of the control rod was for 
the reference case performed with the control rod inserted into a fuel, which was burned from 
0 to 50000 MWd/MTU together with the control rod. For the k-inf calculations, the depleted 
control rod was inserted into a new fresh fuel. The other ways of depleting the control rod are 
explained below in section 6.1.2.2. 

The values of the different parameters for both the reference model and the modified input data 
are shown in Table 1. For each parameter study, the value of that specific parameter was 
changed from the reference value to the chosen modified value, while all the other parameters 
remained unchanged. Two different axial zones of the fuel were simulated, by having different 
numbers of empty spaces in the fuel rod lattice (1 and 3 in each quarter, 4 and 12 in total), ac
cording to Figure 6. The study of the different fuel type (8x8), also used different fuel enrich
ment (3.0449 wt% 235U). In the reference input, the expansion of the boron carbide pins when 
depleted was not modeled. The NEOL was also computed for a CR-wing modeled with 11 ob
jects instead of the standard 6 (Figure 8). By doing this, an estimate on how the resolution of 
the 10B depletion in the boron carbide pins affects the NEOL could be obtained. The NEOL 
was also calculated with volume expansion of the boron carbide pins, in order to confirm the 
known fact this has a large positive effect on the NEOL. The reason for not doing this in all 
calculations was to limit the time of the calculations. 
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Figure 8: The boron carbide pins in the CR-wing are modeled with a greater resolution. 

Table 1 The studied input model parameters. The temperatures are given for the fuel, the 
water inside the box and for the water outside the box. If the parameter has been 
studied for more than one value, all the changed values are given. 

Parameter 
Void fraction [%] 
K-inf cal. temperature [K] 
Fuel Composition [wt% 235U] 

Power density [W/g] 
Axial position (of fuel) 
Fuel type 
CR-wing [objects] 
CR-depletion1 [MWd/MTU] 

Pin expansion 

Reference Value 
39.6 
(293,293,293) 
3.5718 

27.31 
Bottom 
Optima 2 
6 
0-50000 

No pin expansion 

Modified value 
0,80 
(779,559,559) 
3.5250,4.7724 

21.01 
Middle, Top 
8x8 
11 
(0-10000)x5 
(0-5000)xl0 
(10000-20000)x5, (two cases) 
(0-1000)x50 
A linear expansion of 7/55 per % 
10B depletion. 

6.1.2.2 CALCULATION OF THE CR DEPLETION 

In the parametric study of different ways of depleting the control rod, four different cases of 
depletion were considered in addition to the reference case. In each case, different assembly 
burnup intervals were used. The depletions were carried out by inserting the control rod into a 
fuel (in the PHOENIX4 model), and then having PHOENIX4 burn the fuel together with the 
rod. The depletion of the control rod could then be expressed in terms of accumulated energy 
per unit mass produced by the fuel assemblies adjacent to the control rod segment, expressed 
in the unit MWd/MTU. 

In the reference depletion case, the fuel (with the inserted control rod) was burned continu
ously from 0 to 50000 MWd/MTU, without withdrawing the control rod or changing to a new 
fresh fuel. In the other studied cases, the depletion was performed stepwise, with shorter as-

See 6.2.10 
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sembly burnup intervals and repeating the intervals a number of steps until a total accumulated 
energy per unit mass of 50000 MWd/MTU had been reached. The length of these assembly 
burnup intervals were varied, as well as the number of steps. The depletion was always per
formed under warm conditions and the k-inf calculations under cold conditions, in a fresh fuel, 
except for Case 3-2, where the fuel assembly was burned to 10000 MWd/MTU before the k-
inf value was computed. However, the k-inf calculation was still performed under cold condi
tions. 

Table 2 shows the different depletion cases, the burnup intervals, and the number of times 
(steps) they were performed. All the cases were performed for three void fractions, 0,39.6% 
and 80%. The difference in NEOL between the Reference case and Case 4 is interesting be
cause it gives the difference between using fresh or burnt fuel for the CR depletion. The differ
ence between Case 3-1 and Case 3-2 is interesting because it gives the difference between us
ing fresh or burnt fuel for the k-inf calculations. 

Table 2: The different depletion cases. The depletion was always performed under warm 
conditions, whereas the k-inf calculations were performed under cold conditions. 

_. , ^ ~ Assembly burnup intervals _. . . , 
Depletion Case rMWd/MTIIl Number of steps 
Reference 
Case 1 
Case 2 
Case 3-1 
Case 3-2 (k-inf for burnt fuel) 
Case 4 

0-50000 
0-10000 
0-5000 
10000-20000 
10000-20000 
0-1000 

1 
5 
10 
5 
5 
50 

6.1.3 CALCULATION OF NUCLEAR END OF LIFE 

The initial control rod worth was determined by first performing a calculation of the infinite 
multiplication factor, k-inf, with and without control rod for cold conditions. The absorber ma
terial (,0B) in the control rod was then depleted by PHOENIX4 under warm conditions, ac
cording to the different cases described above. At specific burnup levels, the depleted control 
rod was inserted into a cold core with a fresh fuel (except for Case 3-2), using the card DUMP 
RESTART and k-inf was computed again. 

In this report, NEOL has for CR 99, if nothing else is mentioned, been determined according to 
equation 8, with CR 70 as the original control rod (Nordic type reactors). In order to do this, 
the initial CRW of CR 70 also had to been computed for all the different configurations of the 
cold core (reference, warm temperature, fuel composition, axial fuel zone and fuel type). 
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6.2 NEOL RESULTS OF THE PARAMETRIC STUDY 

6.2.1 GENERAL RESULTS 

For many of the studied parameters, the impact on NEOL relative to 10B depletion (not NEOL 
relative to fuel bumup) is rather small. For these parameters NEOL, occurs at close to the same 
level of I0B depletion, around the values of the reference model X %,0B (Y %10B for equation 
9). However, some parameters have larger effect. The k-inf calculation temperature, the choice 
of axial fuel zone, the fuel composition, the fuel type and the modeling with pin-expansion 
have an effect around 2% or higher. This is shown in Table 3, which shows the difference (in 
% 10B) from the NEOL of the reference model (NEOL for the changed parameter minus 
NEOL for the reference model). 

Interestingly, the difference in NEOL is for most cases smaller for the second NEOL defini
tion. A likely explanation for this is that by taking the limit against the initial CRW of CR 70, 
another parameter affecting the result is added. If the initial CRW values of CR 99 and CR 70 
are changed differently when a parameter is changed, this would only affect the NEOL for the 
first definition and not the second definition when the NEOL limit is defined against itself. 

There is, however, a large change in NEOL expressed in accumulated energy per unit mass, 
for most parameters, which is shown in Table 3. We can clearly see that this is the case for dif
ferent void fractions, but also for a different restart temperature and also for the top axial zone. 
This would correspond to having a higher 10B depletion rate relative to fuel burnup. The results 
for the different depletion cases are shown in section 6.2.10. 

Table 3: NEOL for the different parameter changes, according to the four different defini
tions described above. The results are given as the difference from the reference 
model. The equation number shows for which definition of the NEOL, the result 
has been obtained. 

Studied parameter 

Reference model 
Void fraction 0% 

80% 
K-inf cal. temperature 
Fuel comp. 3.53 wt% 

4.77 wt% 
Power density 
Axial zone: Middle 

Top 
Fuel type 8x8 
CR-wing modeling 
With pin-expansion 

,0B depletion (0) 

Eq8 
X 

-0.1 
0.3 
-2.2 
-1.2 
-2.3 

0 
1.5 
2.5 
2.3 
0.1 
14.3 

[%] 
Eq9 

Y 
-0.4 
0.6 
-1.3 
-1.9 
-2.4 

0 
0.3 
0.9 
2.1 
0.1 
11.3 

Accumulated energy per unit 
mass 10* 

E q l l 
Z 

4.5 
-5.7 
-1.8 
-0.4 
2.1 
0.1 
1.2 
4.8 
-3.4 
0.1 
16.7 

'[MWd/MTU] 

Eql2 
Q 

4.7 
-7 

-1.9 
1.1 
3.1 
0 

-0.2 
3-3 
-6.5 

0 
18.6 
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In order to find the CRW limit for the first NEOL limit (equation 8), the initial CRW value of 
CR 70 has been computed for all the different configurations for the cold core. These values 
are given in Table 4, as percent of the CRW value for the reference model. It is important to 
notice that this is a Nordic type reactor, where CR 70 has a higher CRW and gives a shorter 
NEOL for the first definition. In other reactor types the opposite might be true. In these cases 
NEOL may be longer for the first definition than the second. The k-inf was always computed 
for cold conditions in a fresh fuel, except for the k-inf calculation temperature study, where the 
conditions were warm. 

Table 4: The CRW value for a non-irradiated CR 70, computed for all the different configu
rations of the cold core. 

Configuration Initial CRW [%] 
Reference 100 
Axial zone: middle 101.0 
Axial zone: top 100.4 
Fuel composition (3.53 wt% 235U) 99.7 
Fuel composition (4.77 wt% 23$U) 96.9 
Warm temperature 159 
Fuel type (8x8) 100.1 

6.2.2 RESULTS FOR THE REFERENCE MODEL 

The simulation of the reference input model resulted in an NEOL being reached at a 10B deple
tion of X % and an accumulated energy per unit mass of Z MWd/MTU, according to the CR 
70 definition, (equation 8). The corresponding results for the second NEOL criterion are Y % 
and Q MWd/MTU, which is illustrated graphically in Figure 9, with Y being considerably lar
ger than X and Q being larger than Z. The upper dashed line corresponds to the NEOL limit 
relative to the initial CRW of CR 70 and the lower relative to CR 99. The difference in NEOL 
is due to that CRW is much larger for CR 70 than for CR 99. Hence, the NEOL limit relative 
to CR 70 is higher than the limit relative to that of CR 99. The reason for the larger CRW is 
that CR 70 has larger surface area of boron carbide than CR 99. 

In Figure 10, we can see the difference in I0B depletion of the different objects in the control 
rod wing. We see that object 11, which corresponds to the outermost part of the wing, is de
pleted much faster than the other objects. The reason for mis is the fact that the thermal flux is 
greater near the edges, due to the increased moderation there. 
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Figure 9: Control rod worth as a function of 10B depletion and accumulated energy per unit 
mass of the fuel adjacent to the control rod, [MWd/MTU], according to the two 
different NEOL limits. Equation 8 gives the higher limit and Equation 9 gives the 
lower limit. 

- — Object 11 
Object 12 

Object 13 
Object 15 

- • — Object 16 
Object 17 

Accumulated energy per unit mass [MWd/MTU] 

Figure 10: B depletion as a function of accumulated energy per unit mass of the adjacent 
fuel for the different objects in the control rod. 
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6.2 J INFLUENCE OF VOID FRACTION 

As shown in Table 3, the void fraction has a very small impact on the NEOL relative to 10B 
depletion. However, of all the studied parameters, the void fraction has the greatest impact on 
NEOL relative to the accumulated energy per unit mass. Figure 11 shows how the accumulated 
energy per unit mass of the adjacent fuel assemblies, reached at NEOL decreases for an in
creasing void ratio. This shows that the 10B is depleted faster relative to the fuel burnup for a 
higher void. 

The reason for the higher depletion rate of the 10B relative to the depletion of fuel might de
pend on many factors. For a higher void fraction, more plutonium is produced and the uranium 
is burned slower, since the decrease in moderation decreases the thermal neutron flux. How
ever, the boron neutron absorption cross-section is also mainly thermal. It is how these factors 
change compared to each other that are important. As the fuel is depleted, the total flux in
creases, but also the spectrum of the flux changes since the plutonium which has been built up 
has a larger fission cross-section for epithermal neutrons than uranium. Figure 12 shows the to
tal integrated flux as a function of AEUM. 

0 % void 

39.6% void 

80% void 

DC 
O 

Accumulated energy per unit mass (MWd/MTU] 

Figure 11: The CRW as function of accumulated energy per unit mass produced by the adja
cent fuel assemblies, for the different void fractions 
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Figure 12: The integrated thermal flux as function of burnup of the fuel for different void 
fractions. 

6.2.4 INFLUENCE OF K-INF CALCULATION TEMPERATURE 

When determining the NEOL with a different temperature for k-inf calculations, the burnup 
still takes place with exactly the same configuration as the reference case. However, the restart 
takes place under warm fuel (779 K) and water (559 K) conditions, but still with exactly the 
same fresh fuel as for the reference restart. It was found that the control rod worth for the 
warm case has a much higher CRW than the cold case. Interestingly, NEOL occurs at some
what lower 10B depletion than the cold case. A decrease in ,0B has hence a greater relative ef
fect in the warm case. NEOL occurs at a 10B depletion of 2.2 % 10B lower than for the refer
ence case (-2.4% for equation 9), see Figure 13. However, since CRW is always greater for the 
warm case and the reactor have negative temperature coefficient, and that the k-inf without the 
control rod inserted is lower for a warm core, it can be concluded that the cold case will always 
limit the effect of inserting a control rod. 
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Limit from Eq 9 

10 B depletion [1] 

Figure 13: CRW for the warm restart temperature with the two NEOL criteria. 

6.2.5 INFLUENCE OF FUEL COMPOSITION 

The NEOL relative to the initial value of CR 70 for the changed fuel composition (4.7724 
wt%235U) is 2.34% lower than for the reference input. Figure 14 shows the CRW curve for the 
reference case and the other changed fuel compositions (3.5250 wt% 235U). We can see that 
there is a difference not only in the CR 99 CRW curve but also in the limit from CR 70. The 
limits from CR 70 were calculated individually for each composition, the values are given in 
Table 4. 

However, not only the average enrichment affects the NEOL, but also the enrichment profile 
within the fuel assembly. If there is a higher enrichment near the edges, the effect of inserting a 
control rod is larger and hence, the CRW is larger. This can also be seen in Figure 14, where 
the initial CRW value is higher than for the reference composition despite a small difference in 
average enrichment. Table 5 shows that the reason for this is the difference in enrichment at 
the edge of the fuel near the control rod. In the figure, it can also be seen that the CRW curve 
decreases faster for the fuel composition with higher enrichment at the edge. This is due to the 
fact that higher enrichment also leads to a faster decrease in CRW when the 10B is depleted. 

Table 5: The average 

Fuel composition 

Reference 
Composition-2 
Composition-3 

235U enrichment for both the whole fuel and for the edge of the fuel. 

EdgeCV.235^ Total (V.235^ 

2.620 3.572 
3.002 3.525 
4.460 4.772 

A(%235U) 

0.951 
0.523 
0.312 

NEOL(%10B) 

X 
-1.2 
-2.3 

These three differences, i.e. initial CRW value of CR 70, average enrichment and enrichment 
profile all affects NEOL. In order to confirm these relations, the NEOL was calculated again 
with pin expansion. It thus appears that NEOL in terms of 10B depletion cannot be generalized 
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to a single value for different fuel compositions. For such a generalization, an uncertainty of a 
10 few B percent has to be accepted. 
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^ s ^ ^ * ' Limit from Eq 8 
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v ^ Limit from Eq 9 

. i 1 
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1 0 B depletion [1] 

Figure 14: CRW for two different fuel compositions, the unbroken line corresponds to the ref
erence model, the broken line shows the CRW curve for composition 2. 

6.2.6 INFLUENCE OF POWER DENSITY 

There was no difference in NEOL for the different power levels. The reason for this is that, if 
the power changes, only the timescale of the burnup will change. However, the NEOL is 
measured directly towards accumulated energy per unit mass and 10B depletion and, hence, in
dependent of timescale. 

6.2.7 INFLUENCE OF AXIAL FUEL ZONE 

When comparing NEOL for the different axial zones of the fuel assembly, an increase in 
NEOL relative to 10B depletion was observed for the upper zones, which is shown in Figure 
15. This indicates that NEOL is limited by the bottom zone and that, in order to be conserva
tive, the NEOL calculations should be performed for this part. The reason for this can be seen 
in the difference in initial CRW between CR 70 and CR 99. For the higher axial zones this dif
ference decreases and since CR 70 has a higher initial CRW, this gives a longer NEOL for the 
first definition. 
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10T Figure 15: CRW relative to B depletion for different axial zones of the fuel. To the left; 
middle zone, to the right; top zone. 

6.2.8 INFLUENCE OF FUEL TYPE 

ioT As shown in Table 3, there is a difference of 2.42% B in NEOL (for equation 8) between the 
Optima2 fuel and the 8x8 fuel. The 8x8 fuel both has a lower enrichment and higher water to 
fuel ratio than the Optima2 fuel. The main conclusion that can be drawn is that NEOL calcula
tions for a specific fuel type such as Optima 2 can not be generalized to completely different 
fuel types. 

6.2.9 INFLUENCE OF CR WING MODELING 

As shown in Table 3, the effect on NEOL when modeling the CR wing with higher resolutions 
is negligible. There is hence no real need for modeling the CR-wing with more objects than the 
6 objects that were used for the reference case. 

6.2.10 INFLUENCE OF CR DEPLETION 

As seen in Table 6 and 

10T Table 7, NEOL relative to ' B depletion does not give much change for the different assembly 
burnup intervals. The largest difference is for the depletion Case 2 ((0-5000) x5), which for all 
the different void fractions has a NEOL of about 0.3% lower than the other cases and for Case 
5 ((0-1000) x50) which has a NEOL about 0.4% lower. It thus appears that performing deple
tion of the control rod in fuel which is relatively new and unburnt will give a slightly lower 
NEOL. For the Case 3-2 the initial CRW had to be computed for the three different void frac
tions 0,39.6% and 80%. The corresponding CRW values were (in percent of reference model) 
99.9%, 98.1% and 98.7%. Interestingly, this Case 3-2 seems to give a slightly larger NEOL. 
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Table 6: The NEOL in % 10B for CR 99, with the limit from Eq 8, given for three void frac
tions and four different depletion cases. 

Depletion method 
Reference (0-50000) 
Casel,(0-10000)x5 
Case 2, (0-5000)xl0 
Case 3-1, (10000-20000)x5 
Case 3-2, (10000-20000)x5 
Case 4, 50x(0-1000) 

%I0B (0% ' 

Xo 
0 

-0.4 
0 

0.6 
0.6 

void) %10B (39.6% void) 
X 
0 

-0.4 
0 

0.5 
0.5 

%l0B(80%void) 

X80 
0 

-0.4 
-0.1 
0.1 

31.76 

Table 7: The NEOL in MWd/MTU for CR 99, with the limit from Eq 11, given for three 
void fractions and four different depletion cases. 

Depletion method 

Reference (0-50000) 
Case 1, (0-10000)x5 
Case 2, (0-5000)xl0 
Case 3-1, (10000-20000)x5 
Case 3-2, (10000-20000)x5 
Case 4,50x(0-1000) 

NEOL (0 void) 
103[MWd/MTUl 

Zo 
5.2 
6.1 
1.3 
-1.2 
6.8 

NEOL (39.6 void) 
103[MWd/MTU] 

Z 
2.8 
3.3 
-0.2 
-0.4 
3.7 

NEOL (80 void) 
103[MWd/MTUl 

Z80 
1 

1.3 
0.9 
-0.8 
1.3 

In Table 7, we can see that depleting the control rod in fresher fuel gives a longer NEOL rela
tive to fuel burnup. A possible explanation might be that the thermal flux increases for a more 
depleted fuel, as shown in Figure 12. Since the 10B depletion mainly depends on the thermal 
flux, more 10B will be depleted relative to the fuel burnup. 

6.2.11 INFLUENCE OF PIN EXPANSION 

The pin expansion was performed by assuming a linear expansion of both the radius and the 
length of each of the six cylindrical control rod objects. Since the depletion of each of the ob
jects is tracked independently, each object could be expanded according to its own depletion 
level. After the objects have been expanded, the density of the objects was changed in order to 
keep the boron amount identical to the one before the expansion. The depletion Case 2 was 
used and the expansion was performed in five steps of 10000 MWd/MTU. A linear expansion 
of 7% was assumed for a 10B depletion of 55%. As Table 3 shows, there is a very large differ
ence in NEOL between expanding and not expanding the boron carbide pins. It thus confirms 
the known fact that NEOL calculations for CR 99 should be performed with pin expansion. 

6.3 SUMMARY OF THE PARAMETRIC STUDY 

The nuclear end of life (NEOL) of a CR 99 control rod has been computed with PHOENIX4. 
Starting with a chosen reference model and changing one input parameter at a time, the impact 
of different parameters on NEOL have been determined. The studied parameters were void 
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fraction, k-inf calculation temperature, fuel composition, power density, axial fuel zone, fuel 
type (8x8 or Optima2), CR wing modeling, pin expansion and different CR depletions. It was 
found that the void fraction, the power density and the CR depletion, have a very limited effect 
on NEOL relative to 10B depletion. It can thus be concluded that NEOL results, expressed in 
terms of 10B depletion, can be generalized beyond the conditions for which the rod is depleted, 
such as different power densities and void fractions and still have a small variation. The corre
sponding error will be about 0.2-0.4% 10B. 

However, the NEOL results generalized to different fuel types (8x8, Optima2) and different 
fuel enrichments have a variation about 2-3% in 10B depletion. It was also found that NEOL 
increases when computed in the uppermost axial zones of the fuel. It can thus be concluded 
that NEOL is limited by the bottom axial zone of the fuel, and that NEOL calculations should 
be performed for that zone. 
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7 COMPARATIVE STUDY BETWEEN PHOENIX4 AND MCNP 

The objective of this study was to find out how large effect different modeling approximations 
and different codes (MCNP and PHOENDC4) have on the nuclear end of life of the Westing-
house control rod CR 99. The effects on the infinite multiplication factor, k-inf, was also stud
ied, both for a core with and without control rod. The difference in k-inf values is used to ex
plain the NEOL behavior for the different models. An important question is the effect of the 
inexact geometrical modeling of the boron carbide absorber pins in PHOENIX4. In order to 
gain a better understanding of the effect of the geometrical modeling, two theoretical designs 
with vertical absorber pins were created (Type A and Type B), which PHOENIX4 can model 
exactly were also investigated. 

7.1 CONTROL ROD MODELING 

The two codes that were used in the benchmark study were MCNP, which is a stochastic 
Monte Carlo code, and PHOENDC4, which is a two-dimensional deterministic code using the 
neutron transport equation. However, it is not only the different codes that create differences in 
the results. PHOENDC4 has limitations in its geometrical modeling, whereas MCNP can model 
the geometry exactly. The most important difference in the geometrical description is that 
PHOENIX4 cannot model the horizontal boron carbide pins correctly. The reason for this is 
that PHOENDC4 describes the geometry in a 2D cross section of the control rod and the fuel 
(Figure 3). However, the geometry of the 2D control rod will depend on where on the z-axis 
the cross section is made. If the PHOENDC4 cross section were made at the center of the (hori
zontal) cylindrical boron carbide pins (A in Figure 16), the amount of absorber material would 
be higher than the average. If on the other hand the cross section was made in the pitch be
tween the boron carbide pins (B in Figure 16), there would be no absorber material at all. 
Hence, for control rods of these designs it is not possible to correctly describe the 3D geometry 
with a 2D cross section. However, control rods with the absorber material placed vertically can 
be modeled correctly, since these control rods are identical along the z-axis. 

In order to solve this problem PHOENDC4 first uses XYBDRY to generate effective cross sec
tions, this is performed for the geometry shown to the left in Figure 16 (the thick line C). The 
effective cross section will depend on the radius of the boron carbide cylinder, the number 
density of the absorbing isotope (10B) and the pitch between the (cylindrical) boron carbide 
pins. In its geometrical description, PHOENDC4 will if possible, describe the control rod wing 
with vertical absorber pins. Otherwise it will perform a homogenization to preserve the total 
volume of absorber material (Figure 17). 
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0.8 cm 

u u 
Figure 16: XYBDRY generates the effective cross sections for the vertical 2D cut shown as 

line C in the left figure. 

CRwing 

Fuel box 

Figure 17: In each axial segment an effective cross section has been calculated with XYB
DRY, the absorber material in each segment is then homogenized to preserve the 
total volume of absorber material. 

There are, hence, two different factors which will both contribute to the different results for the 
two codes, the geometrical description and the choice of computer code. MCNP models the 
control rod three dimensionally. The range in the x and y directions is the same as for PHOE-
NDC4. However, the MCNP model is 0.8 cm thick along the z-axis. This is exactly the pitch 
between two boron carbide cylinders. Hence, MCNP describes a section of the control rod 
which is symmetric along the z-axis. Reflective boundary conditions can then be used to model 
an infinite system. The same length of 0.8 cm along the z-axis was also used in the MCNP 
models for the two theoretical rod designs. 

There are, however, control rods with the absorber material placed in vertical cylinders. Con
trol rods of this design can be modeled correctly in PHOENDC4. The difference in k-inf be
tween PHOENIX4 and MCNP for two theoretical rods of such designs was also computed. 
When the difference between MCNP and PHOEMX4 is known for both kinds of control rods 
(vertical and horizontal pins), they can be compared in order to obtain an estimate on how 
large the errors from the geometrical modeling of the horizontal pins are. However, the geo
metrical data for these rods were given for a different lattice type than CR 99. Hence, the 
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k-inf calculations could not be performed under identical conditions for these rods and CR 99. 
The two studied control rods with vertical cylindrical absorber rods were named Type A and 
Type B (Figure 18). Type A had smaller but more vertical cylinders of B4C powder, Type B 
had fewer and larger cylinders of B4C but also cylinders of Hafnium near the edge. Only k-inf 
was computed for these rods, i.e. the NEOL was not computed. 

In order to compare PHOENDC4 and MCNP, the same fuel had to be modeled with both codes. 
However, PHOENIX4 cannot model the fuel exactly, but uses approximations. By creating a 
MCNP fuel model of the same geometry as used by PHOENIX4 (Figure 19), the difference in 
control rod modeling could be evaluated without the additional effect of different fuel model
ing. The k-inf values were calculated both with and without control rod to see how much the 
difference in k-inf between PHOENIX4 and MCNP is increased when introducing a control 
rod. 

For an exact geometry of CR 99, the control rod consists of boron carbide pins with tapered 
ends [3]. However, the tapering is often modeled as volume equivalent cylinders. In this work, 
both the exact geometry of the tapering and the simplified cylindrical geometry have been 
modeled in MCNP (Figure 20). 
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Figure 18: Geometry for vertical absorber pins. 
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Figure 19: The MCNP model, with the fuel modeled exactly as in PHOENIX: 
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Tapering Volume equivalent 
cylinders 

Figure 20: The tapering can be modeled with volume equivalent cylinders. 

7.2 FUEL MODELING 

Besides the fact that PHOENIX4 has limitations in its modeling of the control rod, it also has 
limitations in its modeling of the fuel assembly. The main difference consists of how the wa
ter-cross is modeled and of the modeling of the pitch between the fuel rods. In PHOENDC4, 
the pitch is constant throughout the fuel assembly, whereas in reality, it has a small variation. 
The differences are shown in Figure 21. Since the calculations have been performed for a cold 
core, all of the water has the same density and there is no need to separately model the water 
rods that PHOENDC4 uses to model the water-cross. By comparing the two MCNP fuel models 
with exactly the same modeling of the control rod, the impact of the different geometrical de
scriptions of the fuel could be obtained. 
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Figure 21: To the left; the exact fuel, to the right; a fuel modeled exactly like the correspond

ing PHOENDC4 model. 
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7.3 CALCULATION METHOD 

The calculations of k-inf were performed during cold conditions, both with and without control 
rod present. For the NEOL calculations, the depletion of the control rod was performed in 
PHOENIX4 and the control rod was inserted into a fuel, which together with the rod was 
burned from 0 to 50000 MWD/MTU, during hot conditions. At every 10000 MWD/MTU bur-
nup of the fuel, the depleted 10B number densities were taken from the PHOENIX4 output file 
and used for the k-inf calculation of a fresh fuel with an inserted control rod of the depleted 
10B densities. These k-inf calculations were performed both with PHOENDC4 and MCNP. 

7.4 RESULTS 

The results are given in two sections. First, a section for the differences in the k-inf and CRW 
values between the two codes. Then a section with the NEOL results for the two codes. Both 
sections are divided into two parts, one part for the results of the control rod modeling and one 
part for the results of the fuel modeling. 

7.4.1 K-INFINITE AND CRW RESULTS 

7.4.1.1 INFLUENCE OF CONTROL ROD MODELING 

The difference of the k-inf values for PHOENIX4 and MCNP with PHOENLX4-like fuel are 
given in Table 8 and Table 9, both with and without control rod. The statistical uncertainty in 
MCNP for one standard deviation was about ±15 pcm. The k-inf differences in Table 8 and 
Table 9 are given as MCNP - PHOENIX4. 

The difference in k-inf between MCNP with a fuel modeled as in PHOENDC4, and PHOE-
NLX4 itself, gives an estimation on how large difference the two different codes give for ex
actly the same geometry, in this case -118 pcm. This difference can be explained by differ
ences in the code since both programs model the same geometry. We can also see that the dif
ference has a large increase when inserting a control rod (-1121 pcm). It thus appears that the 
limitations in how PHOENDC4 model the control rods will have a significant effect. 

Table 8: The difference in k-inf values for PHOENIX4 and MCNP, with and without CR. 

Control Rod MCNP - PHOENIX4 pcm) 
No Rod -118 
CR99 -1121 

Table 9 shows the corresponding difference in k-inf for the two control rods with vertical ab
sorber cylinders. As we can see, this difference is considerably smaller then for horizontal bo
ron carbide pins. The difference between the MCNP and PHOENLX4 models of the two rods 
are -565 pcm and -380 pcm, respectively. This is to be compared with -1121 pcm for CR 99. 
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Table 9: The difference in k-inf, for the control rod with vertical absorber pins (D-lattice). 

Control Rod MCNP - PHOENIX4 (pern) 
No Rod 85 
Type A -380 
TypeB -565 

It is interesting to see the difference in initial (cold) CRW between PHOENDC4 and MCNP. 
As seen in Table 10, this difference is larger for CR 99 than for the rods with vertical absorber 
cylinders. 

Table 10: The relative difference in initial CRW value between MCNP and PHOENIX4, for 
the different control rods. 

Control rod Code % of MCNP CRW 

CR99 MCNP 
PHOENTX4 95.4 

TvoeA M C N P 

^ PHOENDC4 97.5 
T W R M C N P 

lype a PHOENIX4 96.7 

The difference in k-inf between the two MCNP models with either the tapered boron carbide-
pins in the control rod modeled exactly or as volume equivalent cylinders, was 27 pern. Com
pared to other uncertainties this error is quite small. 

7.4.1.2 INFLUENCE OF FUEL MODELING 

By regarding the difference in k-inf for the two MCNP fuel models, we get an estimation of 
how large an error is introduced when simplifying the geometry for PHOENDC4. This error is 
quite large, 455 pcm. PHOENDC4 has corrections for its errors in geometrical modeling. How
ever these corrections are made for hot conditions and are of no use when calculation the CRW 
for cold conditions. It is interesting to note that the difference from the fuel modeling has the 
opposite sign as the difference from the control rod modeling. They would hence compensate 
each other. 
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7.4.2 NUCLEAR END OF LIFE RESULTS 

7.4.2.1 INFLUENCE OF CONTROL ROD MODELING 

The NEOL results for CR 99, both in PHOENDC4 and MCNP are shown in Table 11 as the ab
solute difference in % 10B. The CRW curves are shown in Figure 22. The CRW limits for the 
two different definitions of NEOL (equation 8 and equation 9) is shown as dashed lines, the 
corresponding definition and code is given to the right of each such line. It is important to note 
that since the 10B depletion calculation was performed with PHOENDC4 and then used in the 
MCNP calculations, the total amount of 10B depletion for the k-inf computations is identical 
for both programs. The 10B number densities were tracked individually for five segments of the 
control rod wing (see Figure 17). 

However, in doing this, self-shielding effects will be lost. The boron carbide absorber pins are 
depleted at a slow rate near the core and at a faster rate near the margin. PHOENDC4 will ac
count for this with the effective cross-sections generated in XYBDRY. If averaged 10B number 
densities of segments of the control rod wing are inserted into MCNP, the depletion profile and 
self-shielding effect will be lost. The large difference in the NEOL results indicates that this 
effect is too important to be ignored. 

The differences might of course also arise from the codes themselves or from the error in the 
geometrical modeling of PHOENTX4. Such a difference is evident from the fact since the iden
tical fuel models give different result. 

Table 11: The NEOL results for MCNP and PHOENDC with identical fuel model. 

Code and fuel model NEOL (%1VB .Equation 8) NEOL (%IUB .Equation 9) 

MCNP: PHOENDC4-like fuel XMCNP YMCNP 

PHOENDC4 XMCNP-10.2 YMCNP-6.2 
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Figure 22: Upper CRW curve; MCNP with PHOENIX fuel. Lower CRW curve; PHOENIX4. 
The CRW limits are shown as dashed lines. 

7.4.2.2 INFLUENCE OF FUEL MODELING 

As we can see in Figure 23, the difference in NEOL between the two MCNP fuel models is 
very small when the NEOL limit is defined according to equation 9, about 0.5% 10B. It is con
siderably larger if the NEOL limit is defined according to equation 8. The reason for this is 
that the difference in initial CRW between CR 70 and CR 99 is larger for the exact fuel than 
for the PHOENIX4 like fuel (in both cases the initial CRW is higher fro CR 70). From this, we 
can conclude that when the NEOL limit is defined according to equation 8, the NEOL result is 
very sensitive to variations in the initial CRW of CR 70. Hence, if the NEOL are to be maxi
mized in future rods, efforts should be put into making the initial CRW as large as allowed 
compared to the original rod (CR 70). 

Table 12: The NEOL results for the two fuel models in MCNP. 

Fuel model NEOL (%"B .Equation 8) NEOL (%1VB .Equation 9) 

Exact fuel 
PHOENDC4 like fuel 

Xexact 
Xex8ct"*"4.8 

*exact 
Yexact+0.2 
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Figure 23: MCNP computations of the CRW curve; upper curve, fuel modeled as a PHOE 
NDC4 input, lower curve, exact fuel. The CRW limits for both equation 8 and equa
tion 9 are shown as dashed lines. 

7.5 SUMMARY OF THE COMPARATIVE STUDY 

It was found that the largest difference between MCNP and PHOENDC4 arises from the sim
plified geometrical modeling in PHOENIX4 and that this difference was much larger when a 
control rod was inserted. However, these differences may have different signs and compensate 
each other. It was also found that for MCNP, modeling the tapering of the boron carbide pins 
in the control rod as volume equivalent cylinders has a limited effect on the multiplication fac
tor. 

For the NEOL calculation, the depletion was performed in PHOENIX4 and the k-inf calcula
tions in both codes. The difference in NEOL between PHOENIX4 and MCNP was large, 
10.2% 1(te. The most probable reason for this is that importing ,0B densities from PHOENIX4 
to MCNP neglects the radial depletion profile and the self-shielding of the boron carbide pins. 
Hence, PHOENDC4 cannot be used to directly compute the 10B depletion for MCNP calcula
tions. 
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8 MCNP METHODOLOGY 

NEOL calculations have within Westinghouse traditionally been performed with the two-
dimensional lattice code PHOENDC4. Since mere are several limitations in PHOENEX4 for 
calculating NEOL, the stochastic Monte Carlo code MCNP has been used instead. MCNP uses 
fewer approximations compared to PHOENDC4, such as not assuming isotropic scattering, and 
modeling the geometry of a control blade accurately. PHOENDC4 also lacks the ability to de
plete the control rod absorber material without burning the fuel. 

In this work, a methodology has been developed for performing NEOL calculations using no 
other reactor code than MCNP. This has been achieved by depleting the absorber material ana
lytically with a short MATLAB script, using reaction rates obtained from the MCNP calcula
tions. The MCNP version used was MCNP5 coupled to the cross section data library ENDF/B-
VI.8. 

8.1 DESCRIPTION OF THE CONTROL RODS 

8.1.1 SYSTEM MODELING 

The absorber material in the control rod is in the MCNP model divided into several different 
segments and the reaction rate and the absorber material depletion of each of these segments 
are tracked separately. The reason for this is to correctly model the self-shielding effect and to 
obtain a more accurate depletion profile of the control rod. During the calculations, the fuel as
semblies adjacent to the control rods were SVEA Optima2 fuels, with an average 235U enrich
ment of 4.277 %. Five different control rod types were studied, of which two are manufactured 
by Westinghouse (CR 70 and CR 99) and the other three theoretical control rod designs (Type 
A, Type B and Type C). In the Westinghouse designs, the absorber material is located in hori
zontal pins, whereas in the theoretical designs, it is located in vertical cylinders, as shown in 
Figure 18. Figure 24 shows a horizontal cross section of the CR-wing for both vertical and 
horizontal absorber cylinders. 

MCNP models the control rod in three dimensions. In the x- and y-directions one fuel assem
bly and one quarter of the control rod is modeled. The MCNP model is 0.8 cm thick along the 
z-axis, which is exactly the pitch between two boron carbide cylinders in CR 99. Hence, 
MCNP describes a section of the control rod which is symmetric along the z-axis. Reflective 
boundary conditions can then be used to model an infinite system. The same length of 0.8 cm 
along the z-axis was also used in the MCNP models for the theoretical rods. 
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Figure 24: Axial segments of the CR wings. To the left; two Westinghouse control rods with 
the absorber material placed horizontally. To the right; the design of the theoretical 
control rod designs. 

8.1.2 THE WESTINGHOUSE CONTROL ROD DESIGNS 

8.1.2.1 CR70 

The absorber material of CR 70 (Westinghouse made original control rod for Nordic type reac
tors) is boron carbide powder, placed in (cylindrical) holes drilled horizontally into the CR-
wing. In the MCNP model, the cylinder has five segments along the axis of the cylinder and 
three segments of equal volume along the radius of the cylinder, adding up to a total of IS 
separate segments. 

8.1.2.2 CR99 

CR 99 uses high density boron carbide as neutron absorber material. The boron carbide is like 
in CR 70 located in horizontal holes, drilled into the CR wing from the edge. The high density 
of the boron carbide gives a larger mass of absorber material, but it also gives rise to a volume 
expansion of the absorber cylinders when the 10B is depleted. In order to minimize swelling-
induced mechanical stress, the boron carbide cylinders near the edges of the control rod wing 
(where the thermal flux is greater and hence also the absorber depletion and volume expan
sion) are constructed with tapered ends (Figure 24). This shape of the control rod wings is ac
curately modeled with MCNP. 

The control rod was divided into six segments along the axis of the boron carbide cylinder. 
Each such segment was also divided into three radial segments of equal volume. There were, 
hence, in total 18 different segments in which the 10B depletion was tracked individually. 
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8.13 THE THEORETICAL CONTROL ROD DESIGNS 

8.1.3.1 DESIGN OF TYPE A 

The Type A control rod had the absorber material placed in vertical cylindrical rods through
out the CR wing. There were a large number of such rods with relatively small radius, each 
filled with boron carbide powder and the depletion was tracked for each of these rods (cylin
ders). There was no radial segmentation (as it were for Type B and Type C), since the radius of 
the absorber pins was assumed to be sufficiently small to give reasonably accurate results for 
the purpose of this conceptual study. However, in other studies, where the requirement on the 
precision of the results is higher, a radial segmentation of the control rod pins may be neces
sary. The Type A control rod was used as original control rod for Type B and Type C. 

8.1.3.2 DESIGN OF TYPE B 

Type B, like the other two theoretical control rod designs, had the absorber material placed in 
vertical cylindrical rods. The radii of the cylinders were larger than the other two types but the 
number of cylinders was less. Most of the absorber rods consisted of boron carbide powder, 
but the outermost near the edge contained hafnium. The three hafnium rods are located at the 
edge of the wing. Each rod was radial divided into two segments with the same volume. 

8.1.3.3 DESING OF TYPE C 

Like the Type A, Type C had vertically placed rods filled with boron carbide powder. Type C 
like Type B also had a hafnium at the edge of the CR wing. Each of the absorber cylinders of 
either boron carbide or hafnium was treated as an object. The radius of the cylinders were lar
ger than A but smaller than C. The total number of vertical cylindrical absorber rods, were also 
between the numbers in Type A and Type B. 

8.2 METHODOLOGY 

In order to determine the NEOL, two factors must be computed with MCNP; the absorption 
rate of the absorber material and the k-inf values for the fuel assembly with the depleted rod. 
MCNP has in the previous study been used to compute the k-inf values (section 7). However, 
MCNP lacks the ability to deplete the absorber material. In this work, a methodology has been 
proposed to calculate the depletion of the absorber material by a MATLAB script, using the 
reaction rates determined with MCNP. 

8.2.1 THEORY OF THE METHODOLOGY 

A control rod always contains at least one type of neutron absorbing material. Depending on 
the material, the neutron absorbing reaction can be of various types, for example (n,a) or (n,y) 
as shown below; 

,0B + n-»7Li + a or 176Hf+n-> 177Hf+y 
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If the rate of this reaction is known, the decrease in the density of absorber material can be cal
culated according to, 

*-.=**'*-*" 04) 

where N is the density of the absorber material, R is the reaction rate in reactions per unit vol
ume per second and At is the time during which the depletion of the absorber material has 
taken place. The reaction rate depends on the neutron flux, which in turn depends on the 
amount of absorber material. However, the reaction rate R is assumed to be constant during 
each separate time step, which means that, in order to obtain an accurate result, the time steps 
have to be sufficiently small. A new reaction rate has been computed at the end of each such 
time step. This method of depleting the absorber material is an Euler Forward Method, 
whereas PHOENIX performs the corresponding depletion with a Predictor-Corrector method. 
The latter method is of course also possible to apply in the proposed methodology, but would 
increase the computation time. 

In MCNP, the reaction rate is calculated according to the following equation; 

R = ̂ \<S>v(E)<r(E)iE (15) 

8.2.2 ABSORBER MATERIALS 

The two different materials used for neutrons absorption are either natural hafnium or boron 
carbide (B4O. Natural hafnium consists of six different neutron absorbing isotopes (174Hf, 
176Hf, 177Hf, f78Hf, 179Hf, 180Hf), while boron carbide only contains one absorbing isotope 
(10B). Hafnium absorbs neutrons through (n,Y)-reactions, whereas boron absorbs neutrons 
through (n,a)-reactions. Hence, hafnium forms an absorption chain where one isotope is con
verted into another. When the depletion of hafnium is calculated, all the isotopes are depleted 
before they are converted into the next isotope in the absorption chain. This is of course an ap
proximation since the change is continuous in time. In order to compensate for this, a very 
small At was chosen. 10B has a much larger absorption cross section for the thermal neutrons 
than any of the hafnium isotopes. 

8.2 J APPLICATION OF THE METHODOLOGY 

The reaction rates were computed with MCNP for all the absorber segments and for all the dif
ferent absorber materials. After that, the depletion of the absorber material could be performed 
according to equation 14. This was performed with a MATLAB script and the length of the 
time step was adjusted so that each step corresponded to a 5% depletion of the 10B absorber 
material, averaged over the whole rod. At the end of each step, new reaction rates and a new k-
inf value were computed. The k-inf calculations were carried out under cold conditions. 

In the case of CR 99, where the depletion of the boron absorber material leads to an expansion 
of the volume of the absorber material, the 10B was first depleted to the desired depletion level. 
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The volume was then expanded with a linear volume expansion of 7/55 per % 10B depleted. 
The radius of each segment was expanded individually, whereas the length of the three seg
ments making up an axial segment of the CR wing was expanded equally. After the volume 
had been expanded, the density of the 10B absorber material was corrected, so that the exact 
mass ofthel0B was the same before and after the expansion. Finally, a k-inf value and new re
action rates were computed. 

The procedure can be summarized in the following steps; 

1. Calculate with MCNP the reaction rates of the different nuclides and the different seg
ments (under hot conditions). 

2. Calculate the new absorber material compositions analytically, according to Equation 
5. For CR 99, expand the volume of the boron carbide absorber material (and correct 
the density). 

3. Calculate k-inf (under cold conditions) and determine CRW. 

4. Repeat step 1 to 3, until NEOL is reached. 

8.3 RESULTS 

8.3.1 NEOL RESULTS 

The results of the NEOL calculations are presented in Table 13. If we compare the NEOL 
value of CR 99 computed with MCNP with a corresponding value computed with PHOENIX4 
(the value from section 6.2.11) we see that MCNP gives a NEOL longer by 2%. This differ
ence probably arises from both the geometrical modeling and the approximations in the code. 
Figure 25 shows the CRW curves for the Westinghouse rods and Figure 26 the curves for the 
three theoretical control rods. 

The CR 70 calculations have been performed with a CPU time of about 3.2h for each calcula
tion step, whereas the CR 99 curve has a CPU time about 1.6h. The difference in one standard 
deviation was about 10 pcm (±15 pcm to ± 25 pcm), the CRW curve was also much smoother 
for the higher computation time. It thus appears that the required accuracy in k-inf is about ±15 
pcm, the corresponding CPU time to obtain good results would be around 3h. The calculation 
of the reaction rates takes longer time to converge than the k-inf calculations. 

The NEOL value for the three theoretical control rods also gives a higher NEOL value when 
compared to previous calculations with PHOENIX4. However, it is important to note that, 
since the calculations for the three theoretical control rods are performed for D-lattice reactors 
and not Nordic type reactors and had a different original control rod (like Type A), the NEOL 
results between the Westinghouse and the theoretical control rods are not directly comparable. 
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10T Table 13: The nuclear end if life in terms of B depletion, for equation 9, the results are 
given as the difference from the NEOL of CR 70.. 

NEOL [%1UB] Control rod Initial CRW 

CR70 
CR99 
Type A 
TypeB 
TypeC 

Ace. to Eq 8 

-

XcR99 
-

XB 

Xc 

Ace. to Eq 9 
(NEOL') 

YCR70 
10.2 
-0.1 
6.2 
9.1 

ReL to OCR 

-4.9% 

6.2% 
8.5% 

cr 
o 

B depletion [1] 

Figure 25: The CRW curves for CR 70 and CR 99, the NEOL limit is defined as a 10% de
crease of the original rod (CR 70). 
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B depletion [1 ] 

Figure 26: The CRW curves for the theoretical control rod designs. The NEOL limit is de
fined according to equation 9. 

8.3.2 DEPLETION RESULTS FOR CR 70 

A benefit of computing the depletion of the absorber material with MATLAB instead of with 
PHOENIX4 is the possibility of tracking the radial depletion of the absorber pins. Since the 
boron carbide pins are divided into several segments, both radial and axial, an estimation of the 
self shielding in both of these directions can be obtained. Figure 27 shows the segmentation 
along the CR wing in CR 70. As expected, the outermost segment of the wing (1) is depleted 
faster than the rest of the control rod wing (Figure 28). More interesting is the fact that the in
nermost segment (5) of the control rod wing is depleted faster than Segment 2. The reason for 
this is that the neutron flux has a peak to the left of Segment 5 and that Segment 2 is partially 
shielded from Segment 1. 

5 4 

+ 

3 2 1 

Figure 27: The boron carbide absorber is divided into 5 segments along the CR 70 wing. 
The segments are numbered from 1 to 5, starting at the edge of the wing. 
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Figure 28: The depletion of the axial segment against the average depletion of the whole CR 
70 wing. Segment 1 corresponds to the outermost part of the CR-wing and Seg
ment 5 to the innermost part. 

The radial segmentation of the boron carbide absorber, for both CR 99 and CR 70, are shown 
in Figure 29. The depletion of the different radial segments is shown in Figure 30. The strong 
depletion of the outermost segment of the boron carbide pin can clearly be seen and has an ex
ponential-like decrease of absorber material. An investigation about how much a larger num
ber of radial segments would affect the result would be interesting. However, a finer segmenta
tion of the CR for CR 99 would considerably increase the work of changing the geometry after 
each volume expansion 

Figure 29: The radial segmentation of CR 99 and CR 70. 
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Figure 30: The radial depletion of CR 70. 

8.4 SUMMARY OF MCNP METHODOLOGY 

A MCNP methodology was developed to calculate the NEOL, both the depletion of the control 
rod and the calculation of the k-inf values. This was achieved by having MCNP calculate the 
reaction rates of the neutron absorption in the absorber material. The depletion of the control 
rod and the volume expansion of the boron carbide could then be performed with MATLAB 
scripts. The benefits of the method is that it can describe control rods of any design, it can de
plete the control rod without burning the fuel and it can track the depletion and volume expan
sion of the absorber material in arbitrary small segments. 
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CONCLUSIONS 

The parameter study in PHOENIX4 shows not only the uncertainty in the results, but also 
which conditions should be used in the MCNP calculations in order to get a representative re
sult. The results from the comparative study show that the approximations made by PHOE-
NIX4 are not insignificant and that there are benefits in performing CRW and NEOL calcula
tions with MCNP. However, due to the large computational time needed for MCNP calcula
tions, large parametric studied are hard to perform with MCNP. 

The most important results from the parametric study are the NEOL results relative to 10B de
pletion. It was found that the parameters which only change how the depletion of the control 
rod is performed and not the configuration of the cold fuel, have a very small effect on the 
NEOL. Thus, for these parameters, which are the void fraction, the power density and the dif
ferent depletion cases, the result can be generalized beyond the actual configuration for which 
the NEOL was determined. The error of such a generalization would be in the order of 0.2-
0.4% 10B depletion. 

However, the parameters which affect the fuel composition and the fuel type do affect the 
NEOL relative to the ,0B depletion. Since the NEOL of the control rod is larger when the cal
culations are performed in the middle and top axial zones of the fuel assembly, it can be con
cluded that the bottom of the fuel is limiting for NEOL and that the calculations therefore 
should be performed for that zone. The fact that a warm core has lower k-inf as well as a larger 
CRW when inserting a control rod indicates that it is more relevant to compute the NEOL for a 
cold core. The result for the 8x8 fuel shows that the NEOL computations cannot be general
ized to considerably different fuel types. The results also show mat there is a large difference 
in NEOL for different fuel compositions. Since the results cannot be generalized to different 
fuel compositions, either a representative or conservative fuel should be chosen (or the NEOL 
computed for some kind of average, for example as a least square fit of many fuel composi
tions). Hence, when making generalizations for different fuels, an uncertainty in the NEOL re
sult of a few percent l0B has to be expected. 

When the NEOL is taken relative to accumulated energy per unit mass of the four adjacent fuel 
assemblies, there is a larger variation in the results. Parameters such as the void fraction, the 
CR depletion, the axial fuel zone, the fuel type and the restart temperature have a large effect 
on NEOL. It is clear that increasing the void fraction will lower NEOL relative to the accumu
lated energy per unit mass. It should thus be noted that depleting a control rod with different 
void fractions will change the 10B depletion rate and, hence, also NEOL relative to accumu
lated energy. The main conclusion is that it is hard to generalize NEOL results relative to ac
cumulated energy produced by the adjacent fuel. 

The main result obtained from the comparative study between PHOENIX4 and MCNP, is that 
there is a significant difference between the two codes. It can be concluded that the difference 
in k-inf between PHOENDC4 and MCNP is mainly caused by the difference in geometrical 
modeling of the control rod. This can be understood from the fact that this difference is much 
smaller for the control rods, whose geometry PHOENDC4 can model exactly. 
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The difference in NEOL between PHOENDC4 and MCNP shows that 10B densities cannot be 
taken directly from PHOENIX4 into MCNP. The effect of self-shielding and the depletion pro
file within the rods is too large to be neglected. There is hence a need for a new methodology, 
combining MCNP k-inf calculations with depletion calculations performed in MATLAB, us
ing reaction rates obtained from MCNP. The MATLAB scripts developed together with the 
new method performed not only the depletion but also the volume expansion of the absorber 
material. 

The difference in NEOL between the two MCNP fuel models shows that when the NEOL limit 
is defined according to equation 8, the result is very sensitive to the initial CRW value of the 
original rod. Small changes in the initial CRW of original rod will change the NEOL limit and 
give rise to variations in NEOL of a few %10B. If the NEOL is to be maximized in future de
signs, care should be put into optimizing the relation between the initial CRW of the control 
rod and the original rod. 

The MCNP methodology has the benefits of being able to describe all types of control rods 
and of depleting the control rod without burning the fuel. Computing NEOL with MCNP in
stead of PHOENIX4 gives a higher NEOL, in the order of a few percent The fact that MCNP 
describes the geometry correctly and uses fewer approximations than PHOENIX indicates that 
the MCNP results are more reliable. 

The main disadvantage of the MCNP methodology is that it is time consuming, both regarding 
manual data preparation and computing time. This is particularly true for CR 99, for which the 
geometrical description has to be changed after each depletion step. However, this has to be 
performed regardless of how the boron has been depleted, and the time required to deplete the 
boron analytically is small compared to the time of the MCNP calculations of k-inf values. In 
order to make the proposed MCNP methodology complete for official use, the sequences of 
calculations and input modifications must be automated and the MATLAB scripts need to be 
replaced by Westinghouse proprietary software. 
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