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ABSTRACT 

The High Performance Light Water Reactor (HPLWR) is a water cooled reactor concept of the 
4th generation, operated at a pressure beyond the critical point of water. Assemblies of this innovative 
reactor concept need to be built with assembly and moderator boxes, like boiling water reactors, to 
provide enough moderator water between them to compensate the low coolant density in the core. 
Hot, superheated steam conditions, on the other hand, require thermally insulated box walls rather 
than solid box walls to reduce the heat up of the moderator water. As a new an innovative approach, 
this paper describes moderator- and assembly boxes built from stainless steel honeycomb sandwich 
structures, in which the honeycomb cells are filled with alumina for thermal insulation. In comparison 
to solid box walls, the use of the presented design can provide the same stiffness but allows a drastic 
reduction of structural material and thus less neutron absorption. Finite element analyses are used to 
verify the required stiffness, to identify stress concentrations and to optimize the design. 
  

1 INTRODUCTION 

The High Performance Light Water Reactor (HPLWR) is a supercritical water cooled reactor 
concepts studied by the Generation IV International Forum. Aiming at core exit temperatures of more 
than 500°C and pressures of 25 MPa, the superheated steam shall be supplied directly to a high 
pressure turbine in a once through steam cycle. As a general advantage of this concept, most parts of 
the steam cycle can be taken from state of the art technologies of supercritical fossil fired power 
plants. Thanks to high steam enthalpies at the core exit, the size of steam cycle components can be 
reduced, and higher plant efficiencies can be obtained. The core concept sketched by Schulenberg et 
al. [1] implies that the coolant is passing the core three times, while being heated-up from 280°C to 
500°C at a system pressure of 25 MPa. Under these conditions, water changes its phase continuously 
from liquid to steam without boiling, so that a boiling crisis in the core can be physically excluded. 
Furthermore, steam separators or primary pumps, as required in boiling water reactors, are not 
needed.  

The part of the core where water changes its density from liquid-like to steam-like properties in 
an upward flow is called “evaporator”. After being mixed in a plenum above the core, the steam 
passes two superheater assemblies; the first one is built with a downward flow of coolant, and the 
second one with an upward flow again. The evaporator assemblies are placed in the centre of the 
core, where the neutron flux is highest. The two sets of superheater assemblies are arranged 
concentrically around the evaporator, where the neutron flux and thus the pin power are lower. The 
evaporator allows the highest power of fuel pins, according to their larger temperature margin to 
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cladding material limits. The second superheater, which has the highest coolant temperatures, is 
situated at the core periphery where the neutron flux and pin power is lowest, thus ensuring that peak 
cladding temperatures in the superheaters and in the evaporator are nearly the same. Figure 1 shows 
the three pass core concept with upward and downward coolant flow and indications of average 
coolant temperatures. On the right hand side of this figure, a quarter section of the arrangement of 
assembly clusters in the core is given. 
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Figure 1: Three pass core concept and arrangement of assembly clusters in a quarter segment 

of the core [1] 

As the density of the coolant is reduced by more than a factor of 8 from core inlet to its outlet, 
the core needs separate moderator water to compensate the low moderation of water at lower density. 
Therefore, part of the water entering the core is used as moderator water, (here 25% as proposed by 
Waata [2]) which flows downwards through the gaps between the assembly boxes and through 
moderator boxes inside the assemblies. The remaining feed water is directed through the downcomer 
to the core bottom. Underneath the core, both flows are merged resulting in a coolant temperature of 
around 310°C at the evaporator inlet. From there, the coolant is heated up first in the evaporator to 
390°C, followed by the first superheater which is superheating the steam to 433°C, while the second 
superheater finally increases the steam temperature to 500°C. After each heat-up step, the coolant is 
mixed to avoid hot streaks. A total mass flow of 1160 kg/s shall result in thermal power of 2188 MW 
and a net electric power of 1000 MW. A net efficiency 44 % has been predicted by Squarer et al. [3], 
which is comparable to current fossil fired power plants. Figure 2 shows a cross section of the HPLWR 
three-pass-core as design by Fischer et al. [4]. The coolant mass flow is indicated by arrows.  

The assembly design is based on a study of Hofmeister et al. [5]. It has been specified with 40 
fuel pins in a square 7x7 arrangement, and an inner moderator box replacing 9 fuel pins. Here, each 
fuel pin has an outer diameter of 8 mm and a pitch of 9.44 mm. A single wire with a diameter such that 
it fills the gap between two fuel pins is wrapped around each fuel pin as a grid spacer. An active core 
height of 4.2 m has been assumed by Squarer et al. [3]. Including the fission gas plenums in the fuel 
pins, the assembly boxes reach a length of almost 4.8 m. Nine fuel assemblies are combined to a 
cluster with a common head and foot piece. Additional moderator water flows in the 10 mm gap 
between the fuel assembly boxes. In total, 52 clusters are foreseen for each heat-up step.  

As outlined by Schulenberg et al. [1], the innovative flow path results in a significant pressure 
drop of the coolant of almost 500kPa. This in turn causes a pressure difference across the assembly 
box walls of up to 479 kPa at the second superheater outlet. Moreover, peak coolant temperatures 
may reach up to around 600°C [1]. Such temperatures and pressure differences require the use of 
stainless steel assembly boxes with a wall thickness of up to 3mm to avoid large deformations. 
Himmel et al. [6] performed a mechanical analysis of such a box design for confirmation. As a 
disadvantage, however, such thick walled assembly boxes cause a significant neutron absorption so 
that higher (and thus more expensive) fuel enrichment would be required. Moreover, the moderator 
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water is heated up, especially in the superheater regions, which makes it less effective. Therefore, the 
thermal conductivity of the box walls should be decreased by a good thermal isolation, thus ensuring 
that the moderator water remains at high density. As an innovative approach, thin walled assembly 
boxes with sufficient stiffness and low thermal conductivity could be made from honeycomb structures, 
which are presented and analysed in this paper. 

 
Figure 2: Coolant flow path through the three-pass-core reactor indicated by arrows,  

design by Fischer el al. [4] 

2 ASSEMBLY BOX DESIGN WITH HONEYCOMB STRUCTURE 

The assembly and moderator box walls presented here are built as stainless steel sandwich 
structures with hexagonal honeycomb cells as shown in Figure 3. They are filled with alumina for 
thermal isolation. The liners in contact with the colder moderator water are perforated to lower the 
pressure load on the honeycomb structure. As a consequence, the alumina will be soaked with 
supercritical water causing stagnant flow conditions in the honeycomb cavities. The hollow corner 
pieces are built preferably with stiffening ribs, such that the volume fraction of steel is equal to the one 
in the honeycomb layer of the sandwich panels. The 2 mm thick honeycomb layer of the outer 
assembly box wall is welded between a 0.4 mm thick outer and a 0.6 mm thick inner steel liner, 
resulting in a total wall thickness of 3 mm. The sandwich panel of the inner moderator box is 2 mm 
thick in total. There, the honeycomb layer has a thickness of 1.2 mm, and both liners have a thickness 
of 0.4 mm each. The width of the cells in the outer box and in the moderator box is 8.57 mm. Due to 
the manufacturing process, honeycombs have a double wall thickness in one direction. Therefore, 
such sandwich panels have different elastic properties in different directions. 

Sandwich constructions have not been used in nuclear reactors yet. Therefore, specific 
sandwich failure criteria have been applied in this analysis as a novel and rudimentary approach of 
stress analyses, combined with conventional stress analyses according to KTA 3201.2 [7] as used for 
components of the primary cycle of light water reactors.  
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Figure 3: Assembly box and moderator box with honeycomb sandwich panels, ventilation holes 

and hollow corner pieces including stiffening ribs 

3 STRUCTURAL ANALYSIS OF THE ASSEMBLY BOX 

Deflections and stresses caused by combined thermal and structural loads have been predicted 
using the finite element software ANSYS. For detailed analyses, a short segment of 100 mm height 
has been investigated. Thermal and mechanical loads of the assembly box characterize the upper end 
of super heater II where the highest pressure difference, 479 kPa, and the highest temperatures are 
expected. The coolant temperature distribution inside the assembly was taken from a sub-channel 
analysis of Heinecke, described in [8]. A maximum power peaking factor of 1.21 has been assumed 
horizontally such that the assembly box will reach a non-uniform temperature distribution. The vertical 
power distribution was assumed to be uniform for this short model. A mapped mesh with eight node 
hexahedron elements was used. The honeycomb layer was modelled as a homogeneous plate with 
equivalent material properties, whereas the corner pieces with the stiffening ribs are modelled in 
detail. The anisotropic elastic constants used in the model refer to the individual orientation of the 
honeycombs. The stresses within the sandwich panels were checked against sandwich specific failure 
criteria, and the stresses within the corner pieces were checked against plastic deformation and 
fatigue according to KTA 3201.2. Furthermore, the outer liners of the sandwich panels were verified by 
KTA 3201.2 as well. 

 
3.1 Sandwich failure criteria 

In general, sandwich panels can fail in different ways, depending on geometry and loading, as shown 
in Figure 4. Failure may be caused by insufficient panel thickness, facing thickness or facing strength. 
The “tensile facing failure” can occur in either compression or tension face (a). “Transverse shear 
failure” of the honeycomb core is caused by insufficient core strength or panel thickness (b). The faces 
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may buckle as a plate on an elastic foundation, thus that a “local face wrinkling” appears because of 
adhesive bond failure (c). “Shear crimping” is caused by low core shear modulus or low adhesive 
shear strength (d). “General buckling” may happen because of insufficient panel thickness or 
insufficient core shear rigidity (e). “Intracell buckling” occurs with very thin facings and large core cells 
(f). “Local crushing” into the core is caused by low core compression strength (g) [9].  

 
Figure 4: Sandwich panel failure modes, depending on geometry and loading 

The sandwich panel has been designed such that none of these failure modes will appear under 
the assumed mechanical and thermal loads. Furthermore, the maximum panel deflection has been 
limited to 0.3 mm to avoid coolant flow disturbances inside the assembly.  

 
3.2 Stress analysis according to KTA 3201.2 

Von Mises equivalent stresses in units of Pascal are shown in Figure 5 for a 50 mm segment at 
the upper end of superheater II. On the left hand side, the initial design with 0.4 mm strong stiffness 
ribs in the corner pieces is shown. On the right hand side, an alternative version of the assembly box 
with massive corner pieces is shown for comparison. In both cases, the displacements are magnified 
by a factor of 25. The scale of the stresses is limited to 270 MPa. The excessive stress peaks 
occurring at the outer and at the inner side of the corner pieces in the region of the stiffening ribs even 
exceed this scale. Small values of stresses are shown in blue, whereas large values of the predicted 
stresses are shown in red. 

As a result, it turned out that the corner pieces are weak points of the assembly box if they are 
designed with stiffening ribs. As even a significant increase of the number of stiffening ribs in corner 
pieces did not reduce the stress peaks sufficiently, massive corner pieces were finally taken which can 
provide sufficient strength under the assumed conditions. As can be seen in Figure 5, the stress 
distribution in the massive corner pieces is quite homogeneous. In both cases, stresses in facings do 
neither exceed the limits of sandwich failure modes nor the KTA 3201.2 limits. Panel deflections are 
within the design limits in each case. 
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Figure 5: Von Mises equivalent stresses in units of Pascal; scale limited to 270 MPa; 

displacements 25 x magnified; assembly box at exit of superheater II. 
Left: initial design with stiffening ribs in the corner pieces. 

Right: improved design with massive corner pieces. 

 
3.3 Bending line of the assembly box 

The non-uniform temperature distribution within the fuel element results in a deflection along the 
total height of the assembly box. Deflections of the short segments can be used to estimate the 
bending line of the total assembly box as described next.  

The deflection line of each short segment, taken at one corner of the assembly box, has been 
approximated by a second order least square fit. The second derivative of this function is the curvature 
of the assembly box at the specific cross section considered. Five segments have been studied 
exemplarily along the active height of the fuel assembly box using the given local temperature 
distributions there. The local curvatures are integrated twice to yield the deflection of the overall 
assembly box along the complete height. A fixed support at the lower end of the assembly box is used 
as a boundary condition to define the integration constants. In this case, the first and the second 
derivative of the bending line is zero there. These assumptions represent the deformation of a stand 
alone assembly box.  

In the upper diagrams of Figure 6, the curvatures in x and y-direction, calculated from the 
ANSYS FEM analysis of the 5 short segments, are plotted as a function of the vertical coordinate. A 
least square fit is added to smoothen the result and to interpolate the curvature for other vertical 
positions of the assembly box.  

In the lower two diagrams of Figure 6, the resulting deflection in x and y-direction is plotted 
along the total height. The maximum deflection is up to 30 mm at the upper end of the assembly box, 
which is significantly larger than the gap between the assembly boxes, so that spacers between the 
assembly boxes will be inevitable to ensure a uniform gap width between the assemblies.  

During operation, all fuel assemblies are fixed at the upper and at the lower end. The bending 
line is just rotated then to match these constraints, and the maximum deflection can be derived 
accordingly.  
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Curvature in y-direction
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Figure 6: Curvature and deflection in x and y-direction, with respect to the coordinate system in 

Figure 5, along the height of the assembly box 

 

4 CONCLUSIONS 

Honeycomb sandwich structures used to design assembly boxes are a highly innovative and 
challenging approach to minimize heat up of the moderator water and to minimize neutron absorption 
in the core. The finite element analyses performed here confirm that all failure criteria of sandwich 
panels and those of solid structures can be met if the box corners are made from solid steel. 
Thermally insulated corner pieces, which were initially planned to reduce the heat flux and the neutron 
absorption even there, cannot be used because peak stresses will exceed the fatigue limits.   

The deflection of the total assembly box along its height has been estimated from local analyses 
of short assembly segments. The resulting maximum deflection of the entire assembly box can reach 
up to 30 mm. As the gaps between the assembly boxes are 10 mm only, which need to be kept 
constant during operation for a homogeneous moderator distribution, some spacers between the 
assembly boxes are recommended. 

The moderator box inside the assembly has a higher stiffness than the outer assembly box, so 
that the stress analysis of the outer box should cover this case as well. As the inner moderator box is 
fixed between the fuel rods, its bending line is equal to the bending line of the outer box. 

The results presented in this study indicate that honeycomb sandwich structures could be 
applicable in the core of the HPLWR reactor. They will minimize the heat up of the moderator water as 
well as neutron absorption. Mechanical tests of such components will certainly be necessary to 
confirm this result.  
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