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Abstract

A SERPENT model of the SMFR was made based on the article “Small Modular Fast Reactor, 
Description Design” (see reference i). This report entails the geometry and the materials of the 
SERPENT model. A simulation run with the control rods fully inserted showed that the multiplication-
factor was 1.02970+0.00060. Modifications of the model are therefore necessary to lower the 
multiplication factor.



1.0 Introduction
This report encompasses a project in which the Small Modular Fast Reactor (SMFR) was modeled 
using SERPENT v.1.1.19. The model was largely based on the published article (which in this 
document will be referred to as “the article”) of the reactor called "Small Modular Fast Reactor, Design
Description"i. The project was made in educational purposes (for the author to learn SERPENT) and 
the model made to investigate the behavior of the SMFR-design as it is designed in the article. This 
report deals mainly with the SERPENT model. For additional information regarding the ideas, design 
and concepts of the SMFR see the article (reference i).

2.0 Model
Two separate SERPENT models were made, one of the reactor at the beginning of the reactor life 
(BOL) and one of the reactor after the fuel has undergone enough swelling to fully fill the cladding 
interior, which is referred to as the end of reactor life (EOL). In the BOL model, there is sodium 
between the fuel slug and the cladding, so to allow for expansion of the fuel. In EOL, 5% axial 
expansion was assumed; the fuel slug is in direct contact with the cladding; and an equivalent volume 
of the sodium has been pushed above the fuel. Spacing-wires were not included in the models, but can 
be implemented for a more realistic model of the reactor.

2.1 Model geometry

2.1.1 Fuel

The fuel rods are axially divided into three parts: a lower axial shield, fuel, and gas-plenum. The lower 
axial shield is a solid rod of HT9 steel. There are three types of fuel depending on where in the reactor  
a fuel pin is located: outer, middle and inner fuel, which are defined in the material-section 2.2. The 
cladding has a thickness of 0.050 cm and is made out of HT9 steel. The fuel pin and assembly data are 
summarized in Table 2.1. There is a difference between the BOL and EOL model in that the EOL fuel 
slug is in direct contact with the cladding, which is not the case in BOL. In EOL the fuel slug has 
expanded axially, and the sodium previously between the fuel-slug and cladding is on top of the fuel 
slug. There is also a difference in fuel densities and similar, which is discussed in section 2.2.

Table 2.1. Fuel assembly data.
PIN DATA

Cladding material HT9

Pin cladding thickness (cm) 0.050

Pin diameter (cm) 1.750

Fuel slug diameter (cm) [BOL] 1.429

Fuel slug diameter (cm) [EOL] 1.650

Pin overall height (cm) 325

Fuel slug height (cm) [BOL] 100

Fuel slug height (cm) [EOL] 105 (5% axial expansion assumed)

Gas-plenum height (cm) [BOL] 150



Gas-plenum height (cm) [EOL] 122.5

Sodium (pushed above slug) height (cm) [EOL] 22.5

Lower shield height (cm) 75

Thermal bond (slug-cladding) [BOL] Sodium

Gas-plenum gas Helium

Lower axial shield material HT9

ASSEMBLY DATA

Pins per assembly 127

Assembly pitch (cm) 1.862

In Figure 2.1a the fuel assembly in BOL is shown from above as being an x-type hexagonal lattice with
127 pins. The axial division in BOL is visible in Figure 2.1b, where the lattice is shown from the side. 
The bottom of the fuel rods is the lower axial shield, the middle part is the fuel, and the top part is the 
gas-plenum. Notice the gap between the fuel and the cladding. The lattice of in EOL is of course the 
same as in BOL, with the only difference being the axial and radial geometries of the individual fuel 
pins.

Figure 2.1a (left). Shows the fuel assembly from above at a cross section of the fuel. There are 127 fuel-
pins positioned in an x-type hexagonal lattice. The picture is from the BOL-model, where there is a 
small gap of coolant between the fuel slug and the cladding.
Figure 2.1b (right). Show the fuel assembly from the side. Axially the fuel-pins are divided into three 
parts: the gas-plenum on-top, the fuel in the middle, and an axial shield at the bottom. The picture is of
the BOL model whereby there is a small gap of coolant between the fuel and the cladding.

The difference between BOL and EOL for is shown in Figure 2.2a and 2.2b. Figure 2.2a shows an 
individual fuel pin of the BOL model and Figure 2.2b shows an individual fuel pin of the EOL model. 
At BOL there is a gap between the fuel and the cladding filled with sodium, where as in EOL the fuel is



in contact with the cladding, whereby the sodium previously between the fuel and the cladding is 
located above the fuel-slug. A 5% axial expansion means that the fuel slug has gone from being 100 cm
to 105 cm in height. In EOL consequently the gas-plenum has made room for the sodium pillar that has
appeared above the fuel, and has decreased in overall height from 150 cm in BOL to 122.5 cm in EOL. 
The height of the sodium pillar corresponds to the volume of the sodium that has been shifted upwards 
due to the radial expansion of the fuel.

     

Figure 2.2a (left). Shows a fuel pin in BOL with the gas-plenum on top, and lower axial shield below. 
The middle of the pin has three radial regions: the fuel, sodium-coolant, and cladding. Being in BOL, 
the pin has sodium between the fuel slug and the cladding to accommodate for radial and axial 
expansion.
Figure 2.2b (right). Shows a fuel pin in EOL which is here divided into four axial parts. Top is the gas-
plenum, below the gas-plenum is the sodium-coolant that has been pushed upwards by the expansion of
the fuel, below the sodium-coolant is the fuel-slug, and the bottom is the lower axial shield. 

2.1.2 Reflectors

The reflector assemblies are x-type lattices with solid HT9 steel rods with 91 pins in each assembly. 
The assembly pitch taken from the article is 2.2042 cm, and each reflector pin has a diameter of 2.14 
cm. The reflector data is summarized in Table 2.2. Figure 2.3a shows the reflector assembly from above
and figure 2.3b shows the reflector assembly from the side.

Table 2.2. Summary of the reflector pin and assembly data.
PIN DATA

Pin material HT9

Pin diameter (cm) 2.14



ASSEMBLY DATA

Pins per assembly 91

Assembly pitch (cm) 2.2042

Figure 2.3a (left) shows the reflector assembly from above, and Figure 2.3b (right) shows the reflector 
assembly the side. 

2.1.3 Shields

The shield assemblies consists of 19 pins per assembly with an assembly pitch of 4.75 cm. The pitch 
was not specified in the article, and was consequently made such a way that the shield pins do not 
touch each other or the duct wall. An individual shield pin has a B4C interior with helium between the 
interior and the cladding. The cladding is made from HT9 steel with a thickness and pin diameter of 
0.26 cm and 4.664 cm respectively.

The shield pellet-pillar height and position was not mentioned in the the article, and were modeled as 
232 cm in height and positioned 9 cm above the bottom of the core. Above the pellet-pillar a gas-
plenum was positioned filled with helium, with a height of 84 cm. The total height of the shield pin is 
325 cm, and the shield pins are positioned equal distance above as below the active core. A 9 cm high 
HT9 steel bottom was modeled for each shield pin. The shield pin and assembly data is summarized in 
table 2.3.

Table 2.3. Summary of the shield assembly and pin data.
PIN DATA

Shield pellet material B4C

Cladding HT9

Thermal bond pellet-cladding Helium



Pellet diameter (cm) 3.589

Pin diameter (cm) 4.664

Cladding thickness (cm) 0.26

Pellet-pillar height (cm) 232

HT9 steel bottom height (cm) 9

Shield pin total height (cm) 325

Gas-plenum height (cm) 84

ASSEMBLY DATA

Pins per assembly 19

Assembly pitch (improvised) (cm) 4.75

Figure 2.4a shows the shield assembly from above, and Figure 2.4b shows the shield assembly from the
side. From above one can see the radial division of the pins into B4C in the center, helium and cladding.
From the side the axial division is shown with gas-plenum on top, pellet-pillar in the middle and steel-
bottom at the bottom .

    

Figure 2.4a (left) shows the shield assembly from above at a cross section showing the B4C. The circle 
in the center of each pin is the B4C core, and the ring around it is helium followed by the next ring 
which is the cladding. The pins are not in contact with each other.
Figure 2.4b (right) shows the shield assembly from the side. The top is the gas-plenum filled with 
helium; the middle is the shield material B4C with a layer of helium between it and the cladding; and 
the bottom is an HT9 steel plate.

2.1.4 Control rods

The control-rod assembly is made out of 91 pins with a pitch of 1.78365 cm. The control-rods are 
(radially) made with a B4C core surrounded by helium, which acts as the thermal bond between the 
pellets and the cladding. Cladding is HT9 steel with a thickness of 0.1 cm. At the bottom of the control 



pin is a 2 cm HT9 steel bottom.

The control-rod assemblies can be raised and lowered in the models by changing the surfaces between 
which the cells are filled. Note though that in the current models it is not possible to raise the control-
rod levels for individual assemblies, but all assemblies are raised to the same level. Consequently it is 
not possible to model the primary and secondary control assemblies. Note also that no gas-plenum was 
modeled for the control-pins.

The control-rod pin and assembly data is summarized in Table 2.4. Figure 2.5a shows the control-rod 
assembly from above and figure 2.5b shows the control-rod assembly from the side. The B4C pellets 
have a diameter of 1.406 cm, and the total pin diameter is 1.725 cm. 

Table 2.4. Summary of the control-rod pin and assembly data.
PIN DATA

Pellet material B4C

Cladding material HT9

Thermal bond material pellet-cladding Helium

Pellet diameter (cm) 1.406

Pin diameter (cm) 1.725

Cladding thickness (cm) 0.100

ASSEMBLY DATA

Pins per assembly 91

Assembly pitch (cm) 1.78365

 
Figure 2.5a (left) shows the control-rod assembly at a cross section from above. Radially: the center is 
the B4C core followed by the helium thermal bond, followed by the cladding.
Figure 2.5b (right) shows the control-rod assembly from the side. Radial distribution is uniform except 
for the HT9 steel bottom shown at the bottom part of the control pins.



2.1.5 Core assembly

The core is enclosed in an HT9 steel barrel (referred to as the core barrel) with an inner/outer diameter 
of 266/268 cm, and surrounded by sodium-coolant. The duct is 0.300 cm thick, and has an x-type 
hexagonal structure with a pitch of 22.165 cm, with a duct outside flat-to-flat distance of 21.915 cm. 
There is an extra duct wall for the control-rods, with the same thickness but an outside flat-to-flat 
distance of 20.516 cm. Including the upper and lower adapters, the total height of the core assembly is 
393 cm. The core assembly data is summarized in Table 2.5.

Table 2.5. Summary of the core assembly data.
ASSEMBLY DATA

Assembly pitch (cm) 22.165

Duct outside flat-to-flat distance (cm) 21.915

Duct thickness (cm) 0.300

Control-rod duct outside flat-to-flat distance (cm) 20.516

Control-rod duct thickness (cm) 0.300

Duct material HT9

Assembly overall height (cm) 393

Figure 2.6 is taken from the article, and shows the geometry of the fuel assembly from above. 
Specifically it shows the distribution of the different assemblies (fuel, shield, reflector, etc) in the core 
hexagonal structure. The inner fuel is closest to the core, followed by the middle fuel, outer fuel, then 
reflectors and finally the shield assemblies. Amidst the inner fuel are the control-rod assemblies. To 
understand the positioning of the different assemblies, figure 2.6 serves as a map for figure 2.7, which 
shows how the geometry of figure 2.6 has been replicated in the SERPENT models. Figure 2.7 is of the
BOL model, which represents EOL as well since they are equivalent regarding their core geometry.

The BOL model is shown from the side in figure 2.8. Starting from the left in the figure and moving 
towards the center: the thin line furthest out is the core-barrel, followed by a shield assembly, reflector 
assembly, a fuel assembly, and finally a control-rod assembly. Notice that the control-rods are fully 
inserted into the reactor, which can be moderated. At the top of the assembly are the upper adapters, 
and at the bottom the lower adapters. The design of these components had to be improvised in the 
model since there were no details regarding their geometries in the article. At the bottom of the 
assembly is the grid plate, where the lower adapters are positioned in cylindrical tubes inserted in the 
grid plate.



Figure 2.6 shows the core assembly from above and the corresponding placement of the sub-
assemblies. The white hexagons are inner-core fuel assemblies; green are middle-core fuel assemblies; 
blue are outer-core fuel assemblies; gray are reflector assemblies; milk-white is shield assemblies. The 
control-rods are shown as pink and red. The picture is taken from the article, and has been followed in 
the reactor model except for the primary and secondary control-rod distinctions.



Figure 2.7 shows the BOL core assembly from above at a cross-section in height of the active core. The
positioning of the assemblies correspond to those shown in Figure 2.6. 



Figure 2.8 shows the reactor from the side. The reactor core is enclosed in the reactor barrel, which is 
distinguished in the picture as the thin gray wall most exterior to the geometry. At the top of the 
assemblies are the upper adapters, and at the bottom are the lower adapters. The lower adapters are 
positioned in cylindrical tubes positioned in the grid plate, surrounded by sodium-coolant. Looking at 
the core and starting from the left are the sub-assemblies: shield; reflector; control-rod; fuel. Above the
reactor in the core barrel is sodium. The figure was made with the control-rods at the bottom of the 
reactor.



Coolant regions
In order to make a more realistic model, the coolant in the reactor was divided into regions based on the
coolant temperature and density in those regions. The regions are shown in figure 2.9. A formula for 
sodium density as a function of temperature was used to calculate the densities in the different regions. 
The formula is from the lecture notes by Janne Wallenius from the course Reactor Physics given at 
KTH and is given as

ρNa(T )=1012−T 0.2205−T 21.923⋅10−5
+T3 5.637⋅10−9 . (2.1)

According to the article, the coolant temperature below the active core is 628K, and above the active 
core at 783K. These values could be used in eq 2.1 to provide the values for the densities above and 
below the active core. For the purpose of dividing the coolant into regions, the density was assumed to 
increase linearly across the region. For modeling of the coolant temperatures, the temperatures had to 
be approximated to fit the cross section data libraries. The below-core-temperature of 628K was 
approximated to be 600K, and the above-core-temperature of 783K was approximated to be 900K.

The first cold coolant region is everything below the active core, meaning below the bottom of the fuel 
slugs in the fuel pins. Since the fuel slug is 100 cm, the fuel-slug-region is divided into three parts, the 
first being 33 cm in length, the next 33.7 cm, and the last 33 cm. Above the top of the fuel slug is the 
hot region. Consequently, if one measure the height of the coolant region from the bottom of the 
assembly (meaning the bottom of the core barrel) the second coolant region goes from the height of 75 
cm to 108.3 cm, the third between from 108.3 cm to 142 cm, the fourth from 142 cm to 175 cm, and 
the hot coolant region lies above the height of 175 cm. As specified above, the cold region starts at 
628K and ends at 783K at the hot region.

The density in the hot region was calculated to be 0.867 g/cm3, and in the cold region to be 0.83 g/cm3. 
A linear increase between the two regions were then assumed, and the density difference between cold 
and hot was taken and divided equally between the intermediate temperature regions. The values are 
summarized in Table 2.6.

Table 2.6. Density regions of the reactor coolant. Cold is below the active core, and hot is above it. The 
intermediate regions are at different heights of the active core.
Region Densities (g/cm3)

Hot coolant region 0.867

Intermediate region 3 0.85775

Intermediate region 2 0.8485

Intermediate region 1 0.83925

Cold coolant region 0.83



Figure 2.9 shows the coolant regions in the model, starting from cold coolant in the bottom and 
increasing upwards past the active core to the top region with hot coolant.



2.2 Materials

The fuel alloy of the models are U- TRU-10%Zr , and has for the inner, middle and outer fuel a TRU 
content of 10.30%, 14.93% and 15.96% respectively. Fuel densities were not specified in the article, 
and the BOL densities were taken from a graph in an article which models properties and 
characteristics of metallic fuel pinsii for a fuel with 10% and 15% TRU. Averaging the fuel BOL fuel 
temperatures to be around 850K, crudely the BOL densities for inner, middle and outer fuels are 
approximately 15.66 g/cm3. The material compositions for the BOL fuels are given in Tables 2.2.1-3. 
The fuel densities in EOL were calculated by assuming that the mass of the fuel was constant 
(neglecting mass loss due to fission) and using the initial density in BOL and the differences in volume 
between BOL and EOL for a single fuel rod. EOL fuel density was calculated to be 12.91 g/cm3. The 
fuel composition in EOL should ideally be provided by running a burn-up calculation. Consequently, 
the only difference between BOL and EOL, regarding the materials, is the density of the fuels.

The Uranium in the reactor consists of U238 with a 0.25% U-235 content. This was not directly 
specified in the article, but was assumed to be the case.

Temperatures for the materials were relevant in connection to the cross-section libraries, and were 
chosen to be 900K-library for the fuel and the fuel pins (cladding, etc), and 600K-library for those not 
in direct contact with the fuel.

Table 2.2.1 BOL material composition of the inner fuel
Density (g/cm3) 15.66

Isotope Mass-fraction of total fuel mass (percent)

U-238 79.7

U-235 0.1992449

Zn-90 5.07061

Zn-91 1.11809

Zn-92 1.72781

Zn-94 1.78911

Zn-96 0.294379

Np-237 0.69319

Pu-238 0.28634 

Pu-239 5.03876

Pu-240 2.37003

Pu-241 0.71173

Pu-242 0.515

Am-241 0.47792

Am-242m 0.00206

Am-243 0.15038

Cm-243 0.00103



Cm-244 0.05047

Cm-245 0.00412

Cm-246 0.00103

Table 2.2.2 BOL material composition of the middle fuel 
Density (g/cm3) 15.66

Isotope Mass-fraction of total fuel mass (percent)

U-238 0.75067015

U-235 0.001876675

Zn-90 5.07061

Zn-91 1.11809

Zn-92 1.72781

Zn-94 1.78911

Zn-96 0.294379

Np-237 1.004789

Pu-238 0.415054

Pu-239 7.303756

Pu-240 3.435393

Pu-241 1.031663

Pu-242 0.7465

Am-241 0.692752

Am-242m 0.002986

Am-243 0.217978

Cm-243 0.001493

Cm-244 0.073157

Cm-245 0.005972

Cm-246 0.001493

Table 2.2.3 BOL material composition of the outer fuel
Density (g/cm3) 15.66

Isotope Mass-fraction of total fuel mass (percent)

U-238 0.738549

U-235 0.001851

Zn-90 5.07061



Zn-91 1.11809

Zn-92 1.72781

Zn-94 1.78911

Zn-96 0.294379

Np-237 1.074108

Pu-238 0.443688

Pu-239 7.807632

Pu-240 3.672396

Pu-241 1.102836

Pu-242 0.798

Am-241 0.740544

Am-242m 0.003192

Am-243 0.233016

Cm-243 0.001596

Cm-244 0.078204

Cm-245 0.006384

Cm-246 0.001596

Table 2.2.4 material composition of HT9-steel used in the model.
Density (g/cm3) 7.63380

Isotope Mass-fraction of total fuel mass (percent)

Mo-92 0.142174

Mo-94 0.0905463

Mo-95 0.157498

Mo-96 0.166754

Mo-97 0.0964703

Mo-98 0.246266

Si-28 0.229684

Si-29 0.0120454

Si-30 0.00827105

Natural C 0.2

Ni-58 0.335989

Ni-60 0.133879

Ni-61 0.00591731

Ni-62 0.0191715



Ni-64 0.00504293

Natural W 0.5

Cr-50 0.500842

Cr-52 10.0439

Cr-53 1.16083

Cr-54 0.294404

Fe-54 4.79026

Fe-56 77.9784

Fe-57 1.83307

Fe-58 0.248224

Mn-55 0.2

Mo-100 0.100291

Natural V 0.5

Table 2.2.5 material composition of the shield and control-rod pellet.
Density (g/cm3) 2.2

Isotope Mass-fraction of total fuel mass (percent)

B-10 62.68

B-11 15.57

C-12 21.75

3.0 Simulation
A simulation was run for the BOL reactor with the fuel rods being fully inserted as in figure 2.8, with a 
population of 5000 source neutrons with 50 inactive and 300 active cycles. The multiplication factor 
converged to a value of (IMP_KEFF) 1.02970+0.00060.

4.0 Conclusions
The simulation run indicates that the SERPENT model does not match the model made by ANL. 
Modifications are needed to make the model to bring down the multiplication factor. Such 
modifications could include decreasing the size of the reactor, or modifying the amount of TRU content
in the fuel.

Regarding the formula used for coolant density regions (eq 2.1), in the lecture notes where the formula 
has been taken from, the formula is specified as being the sodium density as a function of temperature 
with the purpose to “Calculate coolant and clad temperatures in liquid metal cooled reactors ”. It may 
be that this formula is a good approximation for the pressure regions present in a liquid metal cooled 
reactor. However, since there is no indication in the lecture notes for which pressures, or other 
circumstances the formula is valid, the validity of this formula should be verified. This however is 



beyond the scope of this project.

Regarding the approximation that the density of the coolant increases linearly as one goes from the 
bottom to the top of the reactor. Looking at eq 2.1, the T2 term is multiplied by 10-5 and the T³ term is 
multiplied by 10-9 which means that the the linear term is dominant. Hence the linear increase of the 
coolant densities in the coolant regions can be considered to be a good approximation if it can be 
assumed that the temperature increases linearly across the region.
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