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1 Supercritical Water Reactor – Fuel Qualification Test: Design of the 
facility 

1.1 Test Reactor LVR-15 
The LVR-15, located at the Czech research institute CVR in Řež, is a light water moderated 
pool-type research reactor, as depicted in Figure 1 [1]. The reactor vessel has an outer diameter 
of 2300 mm and a total height of 6235 mm. The core is composed of 28 to 34 IRT-2M type fuel 
assemblies with an enrichment of 80% or 36% 235U. Thus, the maximum power of the reactor 
is 10 MWth with a maximum thermal neutron flux of 1.5∙1018 n/m2s. The core has an active 
height of 600 mm and its grid has a pitch of 71.5 mm and 80 cells. The coolant passes 
downwards through the core with a nominal mass flow of 2100 m3/h. The coolant outlet 
temperature is about 51 °C. A forced coolant circulation transfers the generated heat via three 
cooling circuits to the nearby Vltava river. In case of a station black-out, there are two 
emergency pumps, which are connected to an emergency battery and a diesel generator. 
Moreover, there are 12 B4C rods to control the core power [1]. 

 

 
Fig. 1 Cross section of the LVR - 15 reactor [1] with designated core composition for the SCWR-
FQT. 

The LVR-15 reactor shall serve as a radiation source for the planned SCWR fuel qualification 
test. By replacing one of the fuel elements of the core with the test fuel element, its behaviour 
in a critical arrangement can be investigated. Furthermore, the size of the ordinary assembly 
will be limiting the size of the pressure tube. 

1.2 Test Fuel Element 
The test section is enclosed by a thick-walled stainless steel pressure tube (wall 
thickness = 9 mm), whose outer diameter is fixed to 57 mm to fit into the aluminium displacer 
of the core. By this, an air gap of 3 mm width and a height of 4.3 m, which is open-ended on 
top, is created, thermally insulating the test fuel element from the reactor pool. The pressure 
tube bears the system pressure of 25 MPa and, furthermore, has to withstand all operational and 
accidental conditions. The internals of the pressure tube are divided into three sections, as show 
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in Figure 2. From bottom to top, these are the heated section, the recuperator and the cooler. 
The sections are described in detail in the next three subsections.  

Besides the assembly box, containing the fuel rods, there are two more coaxial guide tubes 
inside the pressure tube, creating the intended flow path through the test fuel element consisting 
of four flow channels. By the use of this multichannel configuration, illustrated in Figure 3, 
high coolant temperatures at the inlet of the assembly box can be achieved. Furthermore, these 
guide tubes protect the pressure tube from hot coolant temperatures and thus keep it below the 
material limit of 400 °C. 

 
Fig. 2 Cross section of the SCWR test fuel element. 

The resulting flow pattern in the fuel element is as follows: The coolant enters the outmost 
channel (channel 1) at the top of the cooler. It is guided between the pressure tube and the first 
guide tube to the bottom of the pressure tube, where it turns upwards and runs between the two 
guide tubes to the top of the recuperator (channel 2). There, it turns downwards again to cool 
the small recuperator tubes from the outside, forming channel 3 of the flow path.  

At the bottom of the recuperator the coolant in channel 3 is released to the annulus between the 
assembly box and the second guide tube. It reaches the inlet of the active test section at the 
bottom. Being heated up by the fuel rods, the coolant is entering the small recuperator tubes 
above to be cooled down again. This innermost flow channel is denoted as channel 4. The flow 
pattern is schematically shown in Figure 4. 
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Fig. 3 Cross sections of the heated section. 

Fig. 4 Schematic flow pattern in the active channel. 

1.2.1 Heated test section 
The heated test section, which is located in the lower part of the assembly consist of the before 
mentioned four coaxial tubes, which are made out of stainless steel. The central square tube, 
called assembly box, contains four UO2 fuel rods with an enrichment of almost 20%, as 
illustrated on the left side of Figure 3 and in red in Figure 2. The fuel rods have an active length 
of 600 mm with additional 40 mm fission gas plenum on top. The claddings are made out of 
austenitic stainless steel. Furthermore, wire wraps are used as spacers to avoid bending of the 
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fuel rods as well as to enhance heat transfer. The outer diameter of the rods is 8 mm, which 
results in a pitch to diameter ratio of 1.18, like in the HPLWR concept. The fissile power of the 
fuel rods is 63.6 kW and the maximum linear heat rate accounts for 39 kW/m at design 
operation. With a rate of 3 W/g, additional 9.8 kW of heat are produced by absorbed gamma 
radiation in the metal structures of the fuel element, primarily in the pressure tube.  

The fuel rods are constrained axially by spacers and radially by wire wraps. To allow for 
compensation of the different thermal expansion of wire and cladding, 50 disk springs are 
mounted on top of each rod, as shown in Figure 5.  

 

 

 

 

 

 

 

 

 
Fig. 5 Compensation mechanism with disk springs. 

The assembly is designed such that it presses the disk springs during operation when the 
cladding is hotter than the wire. During manufacturing of the fuel rods, particularly when 
welding the wire wrap, the wire wrap must be fixed tightly. Therefore, a pad enables to adjust 
the vertical position of the disk springs, ensuring that the wire is tight before welding. A tight 
wire minimizes the risk of possible fretting of the fuel cladding.  For a fuel qualification test at 
evaporator conditions of the HPLWR, stainless steel 316L qualified for reactor applications, 
shall be used for fuel claddings, which implies that the peak cladding temperature must be kept 
below 550°C under normal operating conditions. The same material is assumed for the disk 
springs, the end plugs and the wire. 

Fig. 6 Cross section of the recuperator. 

1.2.2 Recuperator 
On top of the heated section is the recuperator section with a length of 3.7 m. It shall preheat 
the coolant to achieve higher temperatures in the assembly box. The recuperator consists of 30 

recuperator tubes 

emergency tube 

pressure tube 

guide tubes 
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tubes, each with an inner diameter of 2.6 mm, arranged in two concentric circles as indicated 
in Figure 6. In the centre of the assembly, an emergency cooling tube is located, which ends 
directly above the four fuel rods. In case of an accident, this tube can be used to inject coolant 
to quench the rods. During normal operation, the emergency cooling tube is closed at its upper 
end and contains stagnant coolant. 

1.2.3 Cooler 
The cooler, mounted in the top part of the active channel, consists of 19 U-tubes, each with an 
inner diameter of 2 mm and 0.5 mm wall thickness, as depicted in Figure 7 (left). As there is 
no heat sink in the primary circuit of the loop, the cooler is designed to remove the total heat of 
73.4 kW, which is inserted into the system by fissile and gamma power. The cooler is connected 
to the 25 MPa secondary circuit. The secondary coolant enters the cooler tubes with a 
temperature of 200°C and gets heated up to 231°C while it cools down the primary coolant 
from 350 to 300°C, as shown in the graph of Figure 7. 

 
Fig. 7 Cross section of the U-tube cooler with according temperature distributions. 

1.3 Loop 
The SCWR-FQT loop consists of a 300°C closed primary circuit, which is connected to the test 
fuel element, a secondary circuit, which is connected to the cooler in the top of the fuel element, 
and the auxiliary and safety systems. The loop is located outside the reactor building and the 
connection to the fuel element is realized via a 30 m long traverse. 

In order to make the building accessible during the operation of the loop, the primary circuit 
has to be shielded with lead plates, as the coolant gets N-16 activated. The system pressure in 
both the primary and secondary circuits is 25 MPa. All tubes of the primary and secondary 
circuit are made out of austenitic steel (08Ch18N10T), which has a high corrosion resistance to 
supercritical water. The tubes have an inner diameter of 14 mm with a wall thickness of 4 mm; 
the wall roughness is 6.3 µm. A system schematic is depicted in Figure 8, leaving out not safety 
relevant subsystems like water treatment etc. 

The primary, secondary, safety and auxiliary systems of the SCWR-FQT loop are assembled in 
2 blocks with dimensions 3x3.5x2.5 m, placed on top of each other. Inlet and outlet lines of the 
primary system run inside a shielded duct from the reactor building to the primary block situated 
in a separate experimental hall adjacent to the reactor building. The overall model of SCWR-
FQT facility can be seen in Figure 9. 
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Fig. 8 Schematic illustration of the SCWR-FQT loop. 

Fig. 9 Overall model of the SCWR-FQT facility. 
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1.3.1 Primary circuit and safety systems 
As shown in Figure 8, the primary circuit consists of a hermetic multi-stage recirculation pump 
(HCC) with a nominal pump head of 165 m and a nominal mass flow rate of 1.23 m3/h. A 
bladder accumulator (KO1), prefilled with nitrogen gas, contains 30 l of water and realizes the 
system pressure of 25 MPa. As this pressurizer is directly connected to the 300 °C loop, an 
upstream air cooler is applied to meet the temperature limit of the bladder material of maximum 
80 °C. 

There are two redundant active safety systems to cool the rods in case of an accident: the so 
called feed-water line coolant injection (FLCI, orange) and the emergency line coolant injection 
(ELCI, dark green). Each system is driven by a separate emergency pump (HC1, HC2) 
connected to the emergency cooling reservoir (HN1). Both pumps are hermetically sealed gear 
pumps with a nominal head of 1000 m and a nominal flow rate of 0.36 m3/h. With these two 
safety systems, it is possible to inject emergency coolant over different lines into the test fuel 
element. The FLCI system uses the regular coolant supply line (L1), whereas the ELCI system 
may quench the fuel rods very effectively by injecting water over the emergency cooling line 
(L3) ending directly on top of the heated section, as illustrated in Figure 10 (emergency cooling 
line in pink, fuel rods in blue). The ELCI system is the dominant system and also a backup for 
the FLCI system, in case the latter system fails, e.g. due to a break of the feed-water line. Using 
the emergency cooling line, however, requires the change of flow direction in the loop. 

Should a critical incident occur, the system has to be depressurized quickly. For this reason, 
each emergency system is connected to a sparger line (ADS1, ADS2), which ends inside a 
depressurization tank (BN). The sparger line enters the water filled depressurization tank at the 
top through a tube spiralling down into the water volume. This leads to a substantial temperature 
decrease of the incoming coolant even before it gets in contact with the tank inventory at 
ambient conditions. At the end of the sparger line the hot coolant is ejected through 50 outlet 
holes (d = 2 mm). Furthermore, overpressures are automatically regulated using a spring loaded 
pressure relief valve (PRV) opening another line forking off into the sparger. In order to realize 
a closed emergency cooling loop, it is possible to conduct coolant from the depressurization 
tank to the emergency coolant reservoir by activating pump HC3. This is done automatically 
either if the coolant level in the depressurization tank exceeds a maximum or if the coolant 
storage in the reservoir falls below a certain minimum. Both tanks are vented and always at 
ambient pressure. 

Fig. 10 Middle part of the active channel with emergency cooling line (pink) and fuel rods (blue). 

Two additional bladder accumulators (TZ1, TZ2) give a grace period for the emergency pumps 
to run up. The bladder accumulators are completely passive devises. As soon as the system 
pressure falls below 25 MPa, for whatever reason, they automatically inject their stored water 
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inventory into the system. To prevent hot coolant from entering the accumulators, check valves 
are installed, which only allow outflows. Further check valves downstream of all pumps prevent 
backflows and shortcuts of the coolant. 

In order to support the active safety systems, there is another independent and completely 
passive system, the so-called insulation gap flooding system (IGFS). This system consists of a 
50 l water tank (HV), which is connected to the bottom of the aluminium displacer enclosing 
the fuel element. If the reactor SCRAM gets activated, a valve opens and the water from the 
tank floods the insulation gap between fuel element and reactor pool. Thus, the pressure tube 
gets effectively cooled from the outside as the heat transfer between fuel element and reactor 
pool is improved. 

1.3.2 Secondary circuit 
The secondary circuit serves under normal operation conditions as the sole heat sink of the 
primary circuit. It removes the heat generated in the lower part of the test section via the U-
shaped cooler lines in the top part. Hence, the added heat is removed from the primary coolant 
even before it leaves the test section. The secondary circuit pressure of 25 MPa is being held 
by the pressurizer (KO2), while the centrifugal pump (CS) realizes a coolant mass flow rate of 
0.45 kg/s. 

A double pipe heat exchanger (CH-1) removes the heat from the secondary circuit and transfers 
it to the tertiary low pressure cooling circuit (p = 0.6 MPa). As illustrated in Figure 11, the heat 
exchanger consists of 37 pipes, carrying the hot, high pressure coolant, while the cold, low 
pressure coolant flows on the shell side, inside a hexagonal tube. A helium filled gap in the tube 
walls prevents the coolant on the low pressure side from boiling. The tube length is 2.25 m. 
Baffle plates inside the heat exchanger improve the mixing of the coolant. By this means, the 
secondary coolant gets cooled down to 190°C, whereby the tertiary side is heated up from 60°C 
to 107°C. 

 
Fig. 11 Cross section of heat exchanger CH-1 and temperature distribution. 

Next to being a heat sink, the secondary circuit has the additional function of being a heat source 
to the primary circuit during the system start-up procedure. For this reason, an electrical heater 
with a maximum power of 50 kW is part of the secondary circuit, which consists of 10 heating 
rods with a length of 2.85 m. For the duration of start-up, the cooler CH-1 has to be bypassed, 
leaving only a very small mass flow through the cooler to avoid thermal shocks after switching 
to normal operation. 

1.3.3 Purification system 

9 
 



The purification system maintains the desired chemical parameters of primary water. 
Maintaining these parameters at required level is secured by continuous filtration of water, 
which passes through filters connected by a bypass to HCC and uses a pressure gradient 
generated by the pump. Recovered water is gradually cooled from 300°C to 40°C; then it passes 
through a mechanical filter to 4 ionex filters connected in parallel. In case of accidents, there 
are 2 additional ionex filters parallel to the standard ionex filters used for normal operation. The 
volume of the filtering medium (monospheric nuclear grade mixbed) is designed as 1 dm3 (for 
1 filter) with a height of 0,85 m. The filtration speed is expected to be 15 m/h for nominal 
flowrate 30 kg/h. 

1.3.4 On-line measurement system 
The system provides continuous control of chemical and physical properties of primary water. 
Depending on the required type of measurement, the system must enable installation of 
appropriate measuring probes as well as to provide sufficient cooling and pressure reduction 
for their operation. The system is equipped with probes for measurement of conductivity and 
H2 and O2 concentrations. Gasses dissolved in the primary coolant are released when the 
pressure in the primary circuit decreases (behind the reduction valve in the venting device). 
From there they are drawn off by an air vent machine to a recombining chamber, where they 
are diluted by air to a non-explosive concentration. 

1.3.5 Shielding of primary components 
Due to the passage of the primary (active) pipelines through the LVR-15 reactor hall, it is 
required to place a biological shielding around these pipelines for the protection of staff during 
operation of the facility. 

Additionally, most of the primary circuit components arranged in the lower block situated in 
the neighboring experimental building must be shielded. Dose rate calculations performed with 
the MCNP code have shown that a satisfactory solution for the primary circuit shielding 
assuring safe operation would be a lead shielding with a thickness of 10 cm around the entire 
primary circuit and certain measurement circuit components, an additional shielding thickness 
of 7 cm around the ion-exchange filters to reduce the radiation impact of the accumulated 
corrosion products, and an additional shielding of at least 2 cm around the main circulation 
pump (the dominant N-16 activity component). The pipelines connecting the reactor with the 
primary block would require at least a 6 cm thick lead layer. 

1.3.6 Fuel Handling System 
For the rather low probability scenario that the FQT experiment ends unexpectedly due to 
failure of one or more fuel pins, a Fuel Handling System (FHS) is designed. This is a gas-tight 
design (in case fission gasses are present in the experiment) separating the internals from the 
pressure tube of the experiment. Out of the three options for the FHS proposed by NRG, a 
decision for the most suitable design was made and this has been worked out into final design 
(see Figure 12). 

Standard manipulation procedure and equipment available at the LVR-15 reactor shall be used 
in case the FQT experiment ends without failure. 

1.3.7 Experimental building 
The new experimental building that will house the FQT facility is a standalone building directly 
adjacent to the original LVR-15 reactor building. The experimental building is directly 
accessible from the LVR-15 reactor building. Due to radiological conditions during operation 
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of the loop, the controlled area in the reactor building will be extended into the experimental 
building. Construction of the building has been realized outside the scope of the SCWR-FQT 
project, funded by the SUSEN Project CZ.1.05/2.1.00/03.0108 realized in the framework of the 
European Regional Development Fund (ERDF). 

Fig. 12: Overview and cross section of FHS. 

Fig. 13 Model of the FQT facility inside the reactor hall and the new experimental building. 

During operation of the loop, the building is kept at 20 Pa below atmospheric pressure by active 
ventilation, which can keep the pressure inside the experimental hall at sub-atmospheric 
conditions even during a large break LOCA, so that any activation of the primary coolant prior 
to the accident will be kept inside this containment. 

Shielded 
bridge with 
pipelines 

Reactor LVR-
15  

FQT facility 

Reactor 
hall 

New experimental 
hall 

11 
 



A model of the entire FQT facility installation inside the reactor hall and the new experimental 
building are shown in Figure 13. 

1.4 Triggers of the Safety System 
As the position of any break of the coolant lines can hardly be determined automatically, the 
triggers activating either one of the emergency cooling systems must rely on the available 
signals as listed in Table 1.  

As shown in Table 1, the FLCI and the ELCI system are activated by different, independent 
signals. A low system pressure or a low coolant mass flow of the recirculation pump is 
triggering the FLCI system. In this case, reactor SCRAM is initiated. Furthermore, the loop is 
depressurizes over the ADS2 valve, the recirculation pump stops and the insulation gap around 
the fuel elements gets flooded. As soon as the system pressure falls below 12 MPa, the HC1 
pump injects into the feed-water line. 
Table 1. Triggers and actions of the safety systems. 

System Signal Warning 
level 

Scram 
level 

Action 

FLCI System pressure low [MPa] 
Coolant mass flow low [g/s]  
 

< 23.5  
< 200 
 

< 22.5 
<150 
 

Reactor scram 
1 s later: 
ADS2 opens 
HC1 pump starts 
HCC pump stops 
IGFS opens 

ELCI Coolant temp. in test section high [°C] 
Pressure diff. L1-L3 negative [MPa] 
 

> 420 
< 0 

> 500 
< -3 

Reactor scram 
1 s later: 
ADS1 opens 
HC2 pump starts 
HCC pump stops 
IGFS opens 

PRV System pressure high [MPa] > 30 none AV1 opens 

 

The ELCI system is activated by the coolant temperature signal with a warning at 420°C and a 
SCRAM level of 500°C, indicating a dry test section. Another activation signal for the ELCI 
system is a change of sign of the differential pressure over the test fuel element, meaning a 
reversal of flow direction, for example caused by a break of the feed-water line. In this case, 
the correct emergency system gets activated much faster than it would by the temperature 
signal. The signals activating the ELCI system are the dominant signals in case both systems 
are addressed. The performance of this setup has been assessed by numerical simulations [2], 
[3]. 

1.5 Design Conditions 
The objective of the SCWR-FQT project is to investigate the behaviour of the test fuel element 
under evaporator conditions as expected for the central fuel elements of the HPLWR. Here, the 
coolant enters the fuel elements at supercritical pressure but at subcritical temperature and gets 
pseudo evaporated while flowing upwards through the core. To simulate the conditions inside 
the HPLWR core with coolant mass fluxes between 1200 and 1500 kg/m2s, a mass flow rate of 
0.25 kg/s (1380 kg/m2s) has been chosen for design operation of the test section. The resulting 
coolant temperature distribution over the four channels of the test fuel element is shown in 
Figure 14 on the left. 
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As visible, the coolant enters the test fuel element at the top of channel 1 (Ch1) with a 
temperature of 300°C. A relative high heat up is noticeable in the heated section of channel 1, 
which is due to the high gamma power generated in the thick-walled pressure tube. Upon 
passing the fuel rods inside the assembly box (Ch4) the coolant reaches its maximum 
temperature of 383°C. From here it passes first through the bundle of 30 recuperator tubes 
loosing 30° in temperature while preheating channel 3, and next through the cooler, which 
brings it back to 300°C. The respective pressure drop over all four channels, calculated with the 
correlation of Kirillov et al. [4], is 0.2 MPa, as illustrated on the right side of Figure 14. 

 
Fig. 14 Coolant temperature (left) and pressure (right) distribution in the test fuel element at 
design operation. 

2 Analyses of normal operation 

2.1 Core configuration and fuel power 
The configuration of the LVR-15 core with the FQT test section was chosen to reflect 
approximately the situation 5 or more years ahead, when the fuel qualification test will be 
executed. The position of the FQT test-section in the LVR-15 core is D3, as shown above in 
Figure 1, which was chosen as the most suitable location because it is not occupied by a control 
rod or by other part of the core. In addition, the FQT test-section is almost completely 
surrounded by fuel elements at this D3 position, which has a positive effect on the FQT test-
section power. As the actual core loading plan during irradiation of the test-section is not known 
a priori, a ’reference core’ with the following average conditions was defined: 

• 30% burnt fuel assemblies; 
• unburnt fuel in the FQT section; 
• half inserted automatic and control rods; 
• withdrawn safety rods. 

The reactivity and power calculation of the FQT section are performed with these conditions. 
This simplified reference core served as basis for the neutronic analysis and conclusions on the 
power behaviour of the FQT section under normal operating conditions. Figure 15 shows the 
MCNP model of the FQT test-section and the LVR-15 reactor core with the FQT test-section 
at position D3. 

Calculations of the power profile along the fuel rods were executed using MCNPX 2.6.0. A 
partially simplified model of the test section was used, with the following parameters: 

• outer diameter (including cladding): 8 mm; 
• cladding thickness: 0.5 mm; 
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• cladding material: stainless steel, density 7.84 g/cm3; 
• fuel height 600 mm (starting at 126 mm above the core grid); 
• fuel composition: UO2 with isotope composition estimated from IRT-4M, enrichment 

19.75% and density 9.93 g/cm3 - this value is based on a combination of fuel pellets 
density (this is 94±1% of UO2 theoretical density (10.96 g/cm3)) and of approximation, 
which was used (i.e. neglecting the gaps between the pellets and the pellets and 
cladding, i.e. homogenization inside the steel tubes forming the fuel rods cladding). 

Fig. 15 MCNP model of the FQT test-section (left) and LVR-15 core (right) with numbered core 
arrangement; control rods (1-8), automatic rod (9) and safety rods (10-12). 

The calculated neutron fission power of the four fuel rods at an LVR-15 reactor power of 10 
MW is 61.2 kW and secondary gamma power 2.4 kW, providing a total power of the rods of 
63.6 kW. The calculated gamma heating in the FQT loop steel components at 10 MW reactor 
power is 9.8 kW. 

2.2 Flow and heat transfer in the test section 
The test section is cooled by forced flow of supercritical water. The cladding temperature of 
the fuel rods was determined with the CFD code STAR-CCM+ 7.06, assuming the following 
steady-state conditions: pressure 25 MPa, flow rate 0.25 kg/s, total fissile power of the test 
section 63.6 kW and coolant temperature at inlet into the test section 366°C. The test section is 
modelled with a negative rod-wire distance of -0.1 mm over the full length of the wire. A 
minimum gap of 0.1 mm is assumed between wire and neighbouring rods and between wire 
and assembly box wall. Conduction through the cladding and wire is included. The predicted 
temperature distribution on the outer and inner surface of the fuel rods is shown in Figure 16. 
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Highest temperatures are found at 1/3rd of the fuel rod height. Nevertheless, the cladding 
temperatures stayed well below the acceptable peak cladding temperature of 550°C. 

Fig. 16 Temperature distribution on outer (left) and inner surface (right) of the fuel rods.  

As part of the optimization of the test section design, flow distribution at inlet and outlet of the 
test section was analysed with the CFD code ANSYS CFX 14.5. Stable and uniform flow 
distribution at the inlet of the test section is required for optimal cooling of the fuel rods, and at 
the outlet sufficient mixing of the coolant is required to minimize temperature variations. A 
large eddy was observed in the conceptual design at the inlet of the test section, which was 
considered undesirable as a flow instability. The eddy was almost fully eliminated by a change 
in the foot piece design, as illustrated in Figure 17. 

 

Fig. 17 Flow pattern near inlet into the test section for conceptual design (left) and final design 
(right) of the bottom closure. 

Another thermohydraulic issue was discovered at the inlet of the test section: stagnant areas 
that appear directly downstream to the foot piece, as illustrated in Figure 18, which 
subsequently form low velocity regions further down at the beginning of the heated section, see 
Figure 19. These low velocity regions could cause insufficient cooling of the fuel rods. To 
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eliminate them, the foot piece was redesigned and its effect investigated by CFD analysis. 
Finally, the option for a new design of the foot piece shown in Figure 19d was selected for its 
best performance in eliminating the stagnant areas and low velocity regions. 

Fig. 18 Velocity contours at the axial position of 0.025 m to visualize stagnant areas: (a) updated 
bottom closure design, (b) notation of sub-channels, (c) new foot piece design, option 1 and (d) new 
foot piece design, option 2. 

 
Fig. 19 Velocity contours at the axial position of 0.045 m to visualize low velocity regions: (a) 
updated bottom closure design, (b) notation of sub-channels, (c) new foot piece design, option 1 
and (d) new foot piece design, option 2. 
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2.3 Structural assessment of the test section 
Due to the non-uniform temperature distribution over the fuel rods, as described above and 
shown in Figure 16, the fuel rods are expected to bend during operation. Bending of the rods 
has been examined by stress analyses of the test section performed with the ANSYS 14 code. 
Maximum horizontal displacement of the rods has been estimated to 0.25 mm. The analyses 
showed that the rods will be bended towards the assembly box, resulting in the wire wrap 
touching and pressing against the assembly box wall, as shown in Figure 20. Locally, this 
caused stresses higher than the yield strength of the cladding material (SS 316L). Thus, plastic 
deformation will occur. However, the stresses will be relaxed after plastic deformation, and are 
not considered as a source of concern for safety. 

Fig. 20 Mapping of localized stresses as the result of bending of the rods towards the assembly 
box. 

3 Safety analyses 
The performance of the safety system under accidental conditions has been modelled under 

the following assumptions: 

In case of a loss of flow, caused e.g. by a trip of pump HCC, by a flow blockage or by a 
shortcut of the coolant, thus bypassing the test section, the reactor is scrammed and the 
automatic depressurization valves ADS1 or ADS2 are opened with a delay of 1 sec. The choice 
between both valves is based on the decision criteria given above: valve ADS2 is opened 
together with activation of the FLCI system and valve ADS1 is opened together with the ELCI 
system, causing a reversed flow. Opening of any ADS valve is first causing a release of coolant 
from both accumulators TZ1 and TZ2. Once the pressure dropped to sub-critical conditions, 
pump HC1 of the FLCI system or pump HC2 of the ELCI system provide the required coolant 
flow rate to remove the residual heat. 

Both ADS valves dump the coolant to the pressure suppression tank BN, which will increase 
its water level, while the one of the emergency coolant reservoir HN1 will decrease. A coolant 
pump HC3 between both tanks will refill coolant back into tank HN1 once the water level in 
tank BN has reached an upper limit. 

In case of loss of the heat sink, e.g. in case of failure of the secondary cooling loop, the reactor 
is scrammed as well, the system is depressurized by valve ADS2 after a delay of 1 sec, and the 
FLCI system removes the residual heat to tank BN and from there to tank HN1 via pump HC3. 
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As an independent heat sink, the residual heat can be removed to the reactor pool simply by 
flooding the insulation gap between the pressure tube and the aluminum displacer around it, 
using water from tank HV. Moreover, using this passive insulation gap flooding system IGFS, 
an active coolant flow would not be needed anymore after 12 days as heat can be removed just 
by natural convection then. 

In case of loss of off-site power, these safety systems are powered by batteries and by a diesel 
generator. 

3.1 Design basis accidents 
Several design basis accidents have been analyzed with the system code APROS, as described 
by Raqué [5]. The reactor shut-down rods are released within 0.06 s after a scram signal has 
been given, and a driving time of 1 s is needed to fully insert them into the reactor core. The 
automatic depressurization valve, either ADS1 or ADS2, is assumed to open within 0.5 sec, but 
a delay of 1 sec between the scram signal and the signal for this valve to open is provided to 
reduce the fissile power while the pressure is still supercritical. All pumps have been modelled 
with a run-up or coast down time of 2 sec. 

As an example for a loss-of-coolant-accident, let us consider a sudden, guillotine break of the 
emergency cooling line L3, Figure 20. The APROS result, Figure 21 (left), shows that this break 
will cause a rapid depressurization, immediately followed by scram of the reactor once the 
system pressure is less than 22.5 MPa. The accumulator TZ1 increases the initial, steady-state 
coolant mass flow of 0.25 kg/s to more than 1 kg/s, which reduces effectively the coolant 
temperature in the test section as shown in Figure 21 (right). The other accumulator TZ2 is just 
feeding into the break. The small contribution of the pressurizer KO1 is negligible. Within 30 
sec after the break occurred, both accumulators will be empty. In the meantime, pump HC1 of 
the FLCI system is started and it continues to remove the residual heat with a small mass flow. 
Change over to the active system causes a short but small increase of the coolant temperature 
again, but the test section remains well cooled throughout the entire transient. Within 4.5 hours 
after the break happened, the coolant reservoirs BN and HN1 will be empty and missing water 
needs to be replaced then. 

 
Fig. 21 Coolant pressure, mass flows and temperatures in the test section after a sudden break of 
the emergency cooling line L3 [6]. 

More examples are discussed by Schulenberg and Raqué [6]. Results of these design basis 
accidents demonstrate how the safety system of the fuel qualification test loop is designed and 
how it is intended to work. The action taken after reactor scram is always depressurization of 
the primary system, either caused by a break which might happen at any position of the loop 
or, actively, by opening the automatic depressurization system. Immediate quenching of the hot 
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test section is always provided by passive coolant injection from accumulators, of which two 
ones are needed to cover all kinds of accidents and break positions. Afterwards, two active 
pumps provide the required residual heat removal, which are designed for a small mass flow 
only to minimize the size of the required coolant reservoirs. These two pumps are not redundant 
but cover two different kinds of accidents. The large reactor pool can be used as an independent 
heat sink simply by flooding the insulation gap between the pressure tube and the pool. 

3.2 Safety assessment of the pressure tube 
The mechanical consequences of a rupture of the primary system have been studied only for 
the pressure tube inside the reactor. Having a high pressure component inside a nuclear reactor 
core could become a severe problem if parts of this pressure tube or the pressure tube as a whole 
are driven around in the reactor pool in case of an accident, hindering either the control rods 
from shutting down the reactor or the coolant from cooling the other, ordinary fuel elements. If 
such cases occur, the rupture of the pressure tube would cause a severe secondary damage. 

A ductile failure of the pressure tube at design pressure could happen in case of low cycle 
fatigue, thermal fatigue or creep of the pressure tube, including its welds, causing a steam jet 
which drives the pressure tube by its thrust. The aluminum displacer around the pressure tube 
will most likely survive this accident without secondary failure, but the pressure tube would be 
pushed upwards then. Similarly, a ductile rupture near the head piece could drive the pressure 
tube radially, with the risk of hindering or even blocking the control rods of the reactor. To 
avoid such accident, the top attachment of the pressure tube has been checked by Zeiger et al. 
[7] such that the pressure tube is kept in place under such accident scenarios.  

A brittle failure of the pressure tube at design pressure is unlikely to occur, as the tube material 
is expected to remain sufficiently ductile during the test runs. Embrittlement of the pressure 
tube is to be expected only with high dose rates after long term exposure, which can easily be 
excluded, or in case of hydrogen embrittlement. Even in these unlikely cases, however, the 
aluminum displacer can be designed as an effective fragment protection. 

Fragments of different size and shape have been assumed by Zeiger [8] to be broken out of the 
pressure tube, accelerated by the coolant jet, which has been modelled with APROS again. For 
simulation of fragment impact, a section of pressure tube, displacer and outside water 
environment has been modelled with ANSYS. Some typical results are shown in Figure 22.  

 

 
Fig. 22 Simulations of a 30 mm square fragment, assumed to be broken out from the pressure 
tube, hitting the aluminium displacer. Colour indicates plastic strain [6]. 

As a conclusion, the surrounding aluminum displacer can indeed stop fragments resulting from 
a brittle failure of the pressure tube. In general, the surrounding water contributes significantly 
to the resistance of the aluminum displacer: A higher safety margin for the retention of brittle 
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fragments could be obtained using a displacer material with a higher ductility, even if it has a 
reduced strength then. 

3.3 Potential consequences of a pressure tube rupture 
The investigated accidental scenario beyond the design basis, which may possess a very low 
probability of occurrence, is a double-ended guillotine rupture of the feed line L1, Figure 8. All 
coolant lines are confined inside a shielded duct between the reactor and the separate 
experimental hall, so that the reactor hall would not be contaminated, but leaking fluids might 
enter the experimental hall, which is operated at 20 Pa sub-atmospheric pressure. Therefore, 
the hall is equipped with a filtering system, which keeps the pressure sub-atmospheric even in 
case of loss-of-coolant accidents. Thus, the reactor, the shielded duct and the experimental hall 
form a containment. 

The initiating event is assumed to be further aggravated by a station black-out in combination 
with failure of all onsite emergency power supply systems. This would prevent the start-up of 
the emergency pumps and would stop the flow of the secondary circuit. However, for the first 
25 seconds after the accident initiation, cooling of the rods is ensured by the passive pressure 
accumulator TZ1. After this period, heat is removed solely by conduction over the flooded 
insulation gap. 

Fig. 23 Coolant temperatures along the fuel rods for the first 600 seconds (left) and the total 
simulation time of 200 minutes (right) [6]. 

The accident scenario was modelled by Raqué [5] with APROS. For the first 25 seconds of the 
accident scenario, he predicted a similar coolant temperature progression as for a design basis 
accident. As long as accumulator TZ1 injects coolant into the system, the temperatures in the 
test section decrease rapidly. Different from these simulations, however, no subsequent active 
cooling was assumed to be available. Therefore, the stagnant water inside the assembly box 
would be heated up by the residual power of the fuel until it reaches saturation temperature. 
Since the coolant inventory of the test section is small, the complete coolant inventory of the 
assembly box is evaporated already after approximately 400 seconds, causing to a rapid 
temperature increase, as shown in Figure 23 (left). Short-term failure of the stainless steel 
claddings must be expected due to ballooning or rupture at a temperature of more than 816°C. 
The predicted peak cladding temperature is almost reaching the melting point of the claddings. 
From that moment on, the shielding and retention capacity of the cooling system would be lost 
and airborne radioactive material would be free to enter the pressure tube. As the pressure tube 
would mostly be voided then, the radioactive material would enter the shielded duct without 
filtering. The cladding temperature progression at different heights of the fuel rods is shown on 
the right hand side of Figure 23 for the entire simulation time of approximately 200 minutes. 
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After reaching a maximum temperature of 1400°C, the temperatures decreases slowly due to 
decreasing decay power. According to the progression of cladding and fuel centerline 
temperatures, damage of the core and failure of the claddings must be expected. However, 
melting of the UO2 pellets (Tmelt = 2865°C) and failure of the pressure tube are unlikely. 

These and other, similar analyses of unlikely accident scenarios demonstrate that a secondary 
failure of the research reactor can be excluded. They indicate, however, that the use of active 
fuel inside a high pressure test loop requires a closed containment around the loop and its supply 
systems to avoid radioactive release to the environment under worst case assumptions. 
Moreover, diverse and redundant safety injection systems are advisable to minimize the risk of 
failure of all active safety systems, as postulated here. The SCWR fuel qualification test has 
been designed accordingly with a closed confinement around the entire test facility, which is 
strong enough to withstand even a postulated explosion of hydrogen, which could be produced 
during such postulated severe accidents.  

3.4 System code validation 
The system codes APROS and ATHLET have both been used for one-dimensional, time 
dependent predictions of thermal-hydraulic phenomena to be expected in the FQT loop and its 
safety systems. Numerical results of both codes have been compared with each other to exclude 
input errors and improper use of these codes as well as errors of the physical models. The input 
of both codes was programmed independently by different users, using the same design data of 
the FQT facility. In general, a good agreement was found. Differences were rather due to 
uncertainties in the assumptions and in the selection of model parameters than in the code itself. 

A significant difference was found, however, in predicting the two-phase flow heat transfer 
during depressurization from supercritical to sub-critical pressure. A physical model has been 
derived by Schulenberg and Raqué [6] to explain the phenomena, which have to be expected, 
based on observations in boiler tubes of supercritical fossil fired power plants: If the heated 
surface is hotter than the Leidenfrost temperature under supercritical pressure, we expect a 
boiling crisis during depressurization with significant temperature peaks. Up to now, however, 
these model equations have not been included yet in the APROS code. The ATHLET code 
includes the heat-up of dry zones when passing the critical pressure, but equations describing 
the subsequent progression of the quench front are still not yet included. 

Fig. 24 Validation of APROS using water hammer tests of Fujii and Agakawa [9]. 

Transient accident analyses with APROS are showing short and intense peaks of the mass flow 
if a sudden break of the primary system is assumed. Such effects are known as water hammer 
phenomena. They can eventually result in surprisingly high pressure peak. Therefore, the 
APROS code has been validated by Raqué [5] to confirm that these effects are properly 
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predicted. A typical result of validation analyses is shown in Figure 24. Similarly, predictions 
of oscillations of the mass flow have been validated, which are expected during some transients, 
indicating that the density wave oscillations might have happened. 

Besides system codes, the sub-channel code MATRA, the safety analysis code SIMMER, and 
the finite element code ANSYS, which had been used as well for prediction of certain 
phenomena during accidents, have been validated against experimental data.  

4 Pre-qualification 

4.1 Selection of materials for fuel cladding 
For the purpose of the fuel qualification test at evaporator conditions of the HPLWR, four 
grades of austenitic stainless steels 347HSS, 316TiSS, 08Cr18Ni10Ti (equivalent 321SS) and 
316LSS, commercially available and licensed for nuclear, light water reactor applications, have 
been selected as the candidates for fuel cladding. The chemical composition of the studied steels 
is given in Table 2.  

Table 2. Chemical composition of the tested materials in wt%. 

Material  C  Si  Mn  S  P  Cr  Ni  Others  Surface 
finish  

316L  0.022  0.65  1.86  0.001  0.03  16.6  10.12  Mo = 2.06  plane-milled  
347H  0.048  0.29  1.84  0.013  0.026  17.6  10.7  Nb = 10*Cmin to 1.0 

max  
plane-milled  

316Ti  0.08  0.75  2.0  0.03  0.045  16.6  12.1  Mo = 2.03  
Ti = 0.38  

mill-
annealed  

O8Cr18Ni10Ti  0.085  0.45  1.07  0.009   18.0  10.0  Ti = 0.64  plane-milled  
 

Fig. 25 Plots of yield strength and ultimate tensile strength for temperature up to 650°C. 

The 316L and 347H stainless steels were supplied in plates by SOLOMON'S Metalen B.V. 
316L was also supplied in tubes by Tokyo Seimitsukan Co. Ltd while 316Ti tubes were supplied 
by SANDVIK. No additional heat treatment has been performed. 

Mechanical and physical properties were collected from the material data sheets and available 
literature; the values of ultimate tensile strength and the yield strength for temperatures up to 
650°C are plotted in Figure 25. 
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4.2 General corrosion tests 
The materials were tested in autoclaves connected to recirculation loop. Long term (up to 3610 
h) corrosion tests were performed at two different temperatures of supercritical water (25 MPa 
of water pressure): 500°C and 550°C (pressure 25 MPa), and at two dissolved O2 contents: 2000 
ppb and 150 ppb.  

Post-test examination of the exposed specimens consisted of weight change calculations and 
detailed macro- and microscopic investigation of oxide layers using optical microscopy, SEM 
and EDX. Finally, linear extrapolation to one year of operation in SCW was made as the most 
conservative approach. Figure 26 illustrates the weight gain results of the studied materials at 
550°C supercritical water and at both oxygen levels. In some cases, such as the 316L, negative 
effect of high oxygen concentrations could be observed. Based on the results of the general 
corrosion tests, the materials were arranged in the following order with respect to their corrosion 
resistance; the oxide thickness after extrapolation to 1 year exposure is given in parentheses: 
08Cr18Ni10Ti (13.6 μm) < 347H (27.4 μm) < 316L (30.6 μm) < 316Ti (100 µm). Note, 
however, that while the surface of the samples of 08Cr18Ni10Ti, 347H and 316L stainless steels 
was mill-annealed, the samples of 316Ti were plane milled; limited comparison of the oxide 
thickness on the latter material with the remaining materials may be drawn. 

Fig. 26 Weight gain of specimens after exposure in supercritical water at 550°C with low oxygen 
(150 ppb) – left, and high oxygen content (2000 ppm) – right. 

4.3 Susceptibility to stress corrosion cracking (SCC) 
The susceptibility to stress corrosion cracking (SCC) was assessed by performing SSRT (Slow 
Strain Rate Tensile) at conditions identical to the general corrosion tests. 

SSRT tests were performed using a step-motor controlled loading device at 550°C, applying 
constant elongation rate of 5.2*10-7 s-1 or 1.0*10-7 s-1. Besides testing in supercritical water, 
reference tests under the same temperature and loading conditions have been conducted in inert 
nitrogen atmosphere and in air, in order to distinguish the effect of environment on mechanism 
of failure. Additionally, some of the specimens have been continually monitored by acoustic 
emission (AE) measurement with 1-D linear location mode in order to determine the time to 
SCC crack initiation.  

Overview and summary of the results of SSRT tests obtained for all tested specimens are 
presented in Table 3. 
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Table 3. Summary of SSRT test results (*Tests performed at lower strain rate: 1*10-7 s-1, otherwise 
at 5.2*10-7 s-1). 

 experimental conditions results of SSRT test  

material medium temp. 
[°C] 

press. 
[bar] 

diss. O2 
[ppb] 

time 
[hours] 

σmax 
[MPa] 

εplastic 
[%] 

SEM SCC 
indication 

316L 

SCW 550 250 150 240.0 399 43.16 TG 
SCW 550 250 2000 261.4 391 45.90 TG 
SCW 500 250 2000 244.0 439 43.54 TG/IG 
SCW 550 250 150 1637 305* 55.2 Ductile 

316Ti SCW 550 250 150 890 309* 30.0 TG 

347H 

SCW 550 250 2000 168.2 340 28.06 TG 
SCW 550 250 2000 97.5 322 20.92 TG/IG 
SCW 500 250 2000 184.0 389 31.55 TG 
SCW 550 250 150 837 307* 24.10 TG 

08Cr18Ni10Ti 

SCW 550 250 2000 185.5 302 30.72 TG 
SCW 500 250 2000 151.0 340 24.27 TG 
SCW 500 250 2000 163.3 335 27.18 TG 
SCW 550 250 150 812 223* 26.80 TG 

 

Based on the performed tests and post-test SEM analyses, 316L was concluded to be the best 
fuel cladding material candidate considered for the fuel qualification test facility, because it 
showed the highest ductility and maximum stress levels in supercritical water at both 
temperatures of interest. As an example, fracture surfaces of the tested materials in 550°C at 
2000 ppb of dissolved oxygen are shown in Figure 27. 

 
Fig. 27 Fracture surfaces of 316L (A), 347H (B), and 08Cr18Ni10Ti (C) specimens after the SSRT 
tests in SCW at 550°C/25 MPa with 2000 ppb dissolved oxygen.  

4.4 Fuel rod mock-up tests 
As an initial pre-qualification of the test section, tests of fuel rod mock-ups were performed in 
an autoclave. The mock-ups were substantially shortened to a total of 171 mm (see the 
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photograph in Figure 28), compared to the actual fuel rod (690 mm), in order to fit into the 
autoclave. Two types of tests were performed with the mock-ups: a simulated LOCA and loss 
of internal pressure inside the fuel rod. The test parameters are summarized in Table 4, where 
pAut and tAut are the pressure and temperature inside the autoclave and pPin is pressure inside the 
fuel pin (= fuel rod mock-up). 

Post-test analysis consisted of visual inspection, radiographic X-ray examination and X-ray 
computed tomography (CT) of the exposed fuel pin mock-ups. 

 
Fig. 28 Photograph of a fuel rod mock-up. 

Table 4. Test parameters of the fuel rod mock-up tests. 

Test 
ID 

Description 
tAut 

[oC] 
pAut - Start 

[MPa] 
pAut – End 

[MPa] 
pPin - Start 

[MPa] 

pPin-End 

[MPa] 

Test 1A, B LOCA 450 25 < 1 20 20 

Test 2A Loss of internal pressure 450 25 25 15 < 0.2 

Test 2B Loss of internal pressure 2 450 25 25 25 < 0.2 

  

Radiographic scan prior and after the test was carried out in order to detect and identify defects 
along the full length of a fuel rod, CT scans on the other hand helped to detect, characterize and 
identify defects such as cracks, voids and inclusions in the weld regions.  

 
Fig. 29 Radiographic 2D X-Ray image of the fuel rod mock-up after collapse due to loss of internal 
pressure.  

The fuel rod mock-ups did not show any apparent damage during simulation of LOCA, i.e. 
during depressurization, assuming that there is no significant increase in temperature. On the 
other hand, the fuel rod collapsed through buckling during loss of internal pressure (from 20 to 
0.2 MPa) while the outside pressure remained at its initial value of 25 MPa. Based on 
calculations, collapse of the fuel rod was expected to occur once the pressure difference ∆p 
(pAut-pPin) reaches 14.1 MPa, however, the final test (Test 2B) showed that the fuel rod actually 
collapsed at a significantly higher pressure difference of ∆p = 24.2 MPa. Radiographic image 
of the collapse fuel rod is illustrated in Figure 29. 
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