
Progress in Nuclear Science and Technology 
Volume 8 (2025) pp. 76-81 

© Atomic Energy Society of Japan 

ARTICLE 

Inherent Safety Free-Scale Reactor KAMADO-FSR 
Estimation of Investment and Cost 

Tetsuo MATSUMURA 1* and Takanori KAMEYAMA 2 

1 Department of Nuclear Engineering, 2 Global Research Institute of Nuclear Energy, Tokai University, 
4-1-1 Kitakaname, Hiratsuka City, Kanagawa Prefecture, 259-1292, Japan

We designed a new concept of an inherent safety and free-scale reactor, KAMADO-FSR, which uses a two-phase 
flow for cooling, similar to BWR (Boiling Water Reactor). The fuel assembly, consisting of a SiC block, is loaded 
in an atmospheric pressure reactor water pool. As the SiC block fuel assembly becomes a pressure boundary, the present 
reactor concept requires no pressure vessel. With the high thermal conductivity of SiC, the fuel assembly allows the 
coolant to become dry-out conditions, eliminating the need for steam drying equipment and improving safety 
performance. The power scale can be varied from 300 MWe to 1000 MWe without modularization, and the reactor's 
investment and cost can also be reduced significantly. 

KEYWORDS: inherent safety, free scale, SiC block, two-phase flow, spectral shift, cost, investment 

I. Introduction
Nuclear power plants are constantly required to improve

their safety and economic efficiency. With the improvement 
of the existing reactors, new types of reactors with high safety 
and economy are also being developed, such as small modular 
reactors (SMR).1) We have proposed a new concept 
KAMADO with inherent safety by providing the fuel 
assembly with the SiC block containing UO2 fuel pellets. 2-4) 

In the KAMADO concept, the SiC block is responsible for 
transmitting the fuel's fission reaction heat during reactor 
operation, removing the fuel's decay heat after the reactor 
shutdown, and ensuring inherent safety. Within the 
KAMADO concepts, we conducted an economic study of 
KAMADO-FSR (Free-Scale Reactor), in which we use two-
phase flows for cooling the core without a pressure vessel and 
active safety protection systems, as shown in Fig. 1(a). 

The KAMADO-FSR can improve its reactor power scale. 
The power scale can be increased from 300 MWe to 1000 
MWe by adding a turbine and several pieces of equipment 
without modularization, significantly reducing reactor 
investment and costs.  

The high thermal conductivity of SiC allows the fuel 
assembly to be in the coolant dry-out conditions, eliminates 
steam dryer equipment, and improves safety performance. 

The KAMADO concept can also be applied to replace the 
fuel assembly of existing LWRs3) and a high flux reactor.4) 

II. Fuel assembly and Core concept
The fuel assembly, consisting of a SiC block, is loaded in

an atmospheric pressure reactor water pool, and the heat 
generated by the fuel is transferred to a two-phase flow inside 

Fig.  1 Concept of KAMADO-FSR fuel assembly 
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the surface of the fuel assembly to the reactor water pool (final 
heat sink). The fuel pellets are installed in holes made in the 
SiC blocks (Fig. 1(b)). Coolant passes through each 
ascending flow path (△) from the water pipe in the lower core 
housing and is collected and mixed in a coolant box installed 
inside the assembly lid (Fig. 1(c)). While being heated and 
turned into steam, it passes through each descending flow path 
(∇) from the coolant box and reaches and collects into the 
steam pipe in the lower core housing. Because the fuel 
assembly allows the coolant to become dry-out conditions, the 
coolant is wholly converted into steam (χ = 1) at the fuel 
assembly outlet, eliminating the need for steam separators and 
other steam drying equipment and improving safety 
performance.  

Combining the steam and water pipes into one double pipe 
can simplify the structure of the core lower housing (Fig. 1(c)). 
Because the coolant mass flow is lower than that of a 
commercial BWR (Boiling Water Reactor) and the mixing 
effect of the coolant box, the pressure drop of the two-phase 
flow in the fuel assembly is relatively smaller than that of a 
BWR (about 15 kPa). 

The fuel assemblies are loaded in the same way as those 
in commercial BWRs. They are fixed to the core lower 
housing with bolts. Once they are unfixed, they can be easily 
handled over the reactor water pool using an ordinary crane 
(Fig. 1(a)). The fuel assembly is securely fixed to the core 
lower housing to prevent popping out. Table 1 shows the 
specifications of the fuel assembly. The average liner heat rate 
(LHR) is 13.2 kW/m, lower than the BWR's.  

Table 1 Specifications of KAMADO-FSR fuel assembly 

Item Value 
BWR & KAMADO-FSR common items 
Fuel assembly outer 
dimension 

139.0 mm×139.0 mm 

Fuel assembly pitch 152.4 mm 
Fuel assembly power 
generation 

4.31 MW 

Fuel assembly height 3.7 m 
Plant coolant pressure 7.02 MPa 
Saturated temperature 286 ℃ (559 K) 
Fuel type 235U enriched UO2 
KAMADO-FSR specific items  
Fuel Pellet diameter 8.19 mm 
Number of fuel stacks 88 
Fuel pitch 10.54 mm 
Coolant mass flow 2.55 kg/s 
Inlet water temperature 250 ℃ (523 K) 
Linear heat rate 13.2 kW/m 
Uranium mass 149 kg 

 
III. Numerical Analyses 
1. Mechanical Analysis 

KAMADO-FSR fuel assembly consists of a significant 
pressure difference between the inside (plant coolant pressure, 
7.02 MPa) and outside (atmospheric pressure, 0.1 MPa) of the 
assembly, which results in the generation of tensile stress in 
the assembly. The tensile stress is calculated using the finite 

element analysis system LISA.5) The surface of the assembly 
is covered with a 1-mm-thick plate of SiO2 for heat insulation. 
The calculation results showed that a maximum stress of 34 
MPa was generated at some central SiC blocks (Fig. 2). This 
value is smaller than the tensile strength of SiC 
(approximately 200 MPa), and thus, the soundness of the SiC 
block can be ensured.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  2 Tensile stress on SiC block during operation 
 
2. Thermal-Hydraulic Analysis 

Understanding the coolant's phase change in the fuel 
assembly is essential. Assuming the linear heat generation 
rate (LHR) at the core position is constant, the core saturation 
position (𝑘𝑘𝑠𝑠), wherein the saturated temperature is reached, 
can be calculated with the enthalpy at the core inlet (quality 
𝜒𝜒 = 0, temperature 𝑇𝑇 = 250℃), the core outlet (𝜒𝜒 = 1, 𝑇𝑇 = 
286℃), and saturated water. 

Due to a descending flow, it isn't easy to evaluate the 
quality where the dry out occurs ( 𝑥𝑥𝑑𝑑 ). For this reason, 
assuming 𝑥𝑥𝑑𝑑 = 0.6 from experimental data,6) the saturation 
height is 0.80 m in the ascending flow path, and the dry out 
height is 2.64 m in the descending flow path (Fig. 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Fig.  3 Positional relationship of saturation, dry out, and others in 
KAMADO-FSR fuel assembly 
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The void ratio is critical for nuclear calculations, which is 
described later. Therefore, the void ratio is evaluated by a 
simple calculation using the slip ratio. Slip ratio 𝑆𝑆  is 
calculated by Thom's equation, given in Eq. (1), 

𝑆𝑆 = 0.93 �
𝜌𝜌𝐿𝐿
𝜌𝜌𝐺𝐺
�
0.11

+ 0.07 �
𝜌𝜌𝐿𝐿
𝜌𝜌𝐺𝐺
�
0.561

      (1), 

where 𝜌𝜌𝐿𝐿 or 𝜌𝜌𝐺𝐺 is density of liquid or gas (kg/m3). Quality 
𝜒𝜒  and void ratio 𝛼𝛼  are calculated by Eqs. (2) and (3), 
respectively. 𝑊𝑊 is linear heat generation rate (W/m), ∆𝑘𝑘 is 
coolant flow path length from the saturated position (m), 𝐺𝐺 
is mass flow rate in the fuel assembly (kg/s), and 𝐻𝐻𝑐𝑐 or 𝐻𝐻𝑐𝑐𝑐𝑐 
is specific enthalpies of saturated water or steam (J/kg) in 
Eq. (2).  

𝜒𝜒 =
𝑊𝑊∆𝑘𝑘/𝐺𝐺 − 𝐻𝐻𝑐𝑐
𝐻𝐻𝑐𝑐𝑐𝑐 − 𝐻𝐻𝑐𝑐

             (2), 

𝛼𝛼 =
𝜒𝜒𝜒𝜒

1 + 𝜒𝜒(𝑆𝑆 − 1)               (3). 

Figure 4 shows the calculated changes of 𝜒𝜒 and 𝛼𝛼 with 
core height. The slip ratio from Eq. (1) cannot be applied to 
the descending flow. Therefore, in the case of a descending 
flow, it is assumed that S = 1 and the void ratio and quality are 
equal. The average void ratios are 55% ascending and 
70% descending, respectively. 

In the future, dry out, quality, and void ratio will be 
examined in ascending and descending flow.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  4 Changes of quality 𝜒𝜒 and void ratio 𝛼𝛼 with altitude from 
core bottom 

 
3. Fuel Temperature Analysis 

Calculating the fuel temperature distribution requires the 
thermal conductivities of UO2, SiC, and SiO2, as well as the 
heat transfer coefficient from the SiC block to the coolant. As 
shown in Fig. 5, the temperature calculations for the cross 
sections (A) and (B) in Fig. 3 were performed with LISA. 

In section (A), the ascending and descending flows are 
two-phase. The heat transfer coefficient (ℎ) from the SiC 
block to the two-phase flow is 138 kW/m2/K, which was 
calculated using the following Jens-Lottes equation7) by Eq. 
(4). 

ℎ =
1

0.79
𝑞𝑞𝑤𝑤
3/4 exp �

𝑝𝑝
6.2 × 106

 �          (4), 

where 𝑞𝑞𝑤𝑤 is heat flux (W/m2), and 𝑝𝑝 is pressure (Pa). 
In section (B), the ascending flow occurs in subcooled 

water, and the descending flow occurs after the dry-out. After 
the dry out, the coolant flow becomes a spray flow, and the 
heat transfer performance is significantly reduced. Since the 
heat transfer of the spray flow is complicated, the heat transfer 
coefficient of steam is conservatively applied here for the 
spray flow. 

The cooling performance coefficients of the subcooled 
water and steam, evaluated by the Dittus-Boelter formula in 
Eq. (5), and heat transfer coefficient ℎ  are 12.8 and 5.42 
kW/m2/K, respectively, where 𝜆𝜆  is thermal conductivity 
(W/m/K) and 𝐷𝐷 is equivalent diameter of the coolant flow 
path (m). 

ℎ = 0.023 𝑅𝑅𝑒𝑒0.8  𝑃𝑃𝑃𝑃 0.4 𝜆𝜆
𝐷𝐷

                          (5). 

Fuel assemblies are located in the reactor water pool 
(atmospheric pressure). Fuel heat also flows to the reactor 
water pool. Vapor voids are generated locally on the surface 
of the fuel assembly. The heat transfer coefficient to the 
reactor water pool is calculated in Eq. (5), assuming that the 
flow velocity of water is 0.1 m/s. The heat transfer coefficient 
to the reactor water pool is 1.06 kW/m2/K.  

In cross sections (A) and (B), the maximum fuel 
temperatures are 1034 and 1209 K, respectively (Fig. 5(a), 
(b)). These temperatures are sufficiently low for fuel integrity 
and reactor core safety.  

The 1 mm-thick SiO2 heat-insulating material suppresses 
heat transfer to the reactor water pool. However, 
approximately 10% of the fuel assembly, with a power of 4.31 
MW, such as 393 kW, flows out. This heat loss can be reduced 
by changing the insulating material or increasing its thickness. 

During an event such as LOCA or LOF, the coolant cannot 
be expected to deliver cooling performance. Figure 5(c) 
shows the results of fuel temperature distribution with the 
cooling performance of the reactor water pool only, assuming 
the decay heat is conservatively 10% of the fuel assembly 
power during normal operation. In this case, the maximum 
temperature is 942 K, which can sufficiently ensure fuel 
safety. 

These temperature calculations do not consider the gap 
heat transfer between the fuel pellet and the SiC block. A 
temperature difference (gap) of approximately 100 K is noted 
in the BWR. As the average LHR (13.2 kW/m) of the 
KAMADO-FSR is smaller than that of the BWR 
(approximately 19 kW/m), the temperature gap is expected to 
be smaller than that of the BWR. Even if the temperature at 
the center of the fuel pellet is likely to rise by approximately 
100 K, the impact on fuel integrity is small. In addition, the 
temperature gap can be reduced if helium gas of roughly 1 
MPa pressure is filled into the fuel pellet holes during fuel 
assembly manufacturing, as in the case of the BWR. 8) 
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(a) Section (A) in operation 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

(b) Section (B) in operation 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 

(c) Section (B) at LOCA / LOF 

Fig.  5 Temperature distributions in KAMADO-FSR fuel assembly 
 
4. Neutronic Analysis 

The Monte Carlo Codes MVP9) and MVP-BURN10) with 
their libraries based on JENDL-4.0, were used in the neutronic 
calculations. The initial nuclide composition was based on the 
BWR Step-III values11). Figure 6 shows the burnup 
dependence of k∞ for these fuel assemblies. In the KAMADO-
FSR burnup calculation, the average void ratios of 55% and 
70% were applied in the ascending and descending flow, 
respectively (Fig. 4). The void condition was 40% in the BWR 
9 × 9 burnup calculation. 

The nuclear reaction characteristics of the KAMADO-FSR 
fuel assembly are almost the same as those of the BWR fuel 
assembly without Gd-doped fuels. In this core, neutron 
spectral shift operation is also possible by inserting water 
exclusion SiC plates outside the fuel assembly (Fig. 7), which 
are set to fully insert at the beginning of cycle (BOC) and 
entirely withdraw at the end of cycle (EOC). The insertion 
length is the effective fuel assembly height of 3.7m. The water 
exclusion SiC plates can increase the core average k∞ of 5 
batches at the end of the reactor operation cycle by 5% Δk/k 
from 1.0398 to 1.0938. The KAMADO-FSR core can reduce 
fuel enrichment and Gd-doped fuel pellets. The conversion 
rate of KAMDO-FSR is 0.57, while it increases to 0.69 with 
spectral shift. 

As the void fraction of the two-phase flow in the center of 
the fuel is high (55% and 70%), the effect of water exclusion 
by SiC plates is excellent. The control and safety plates, filled 
with B4C, are also inserted around the fuel assemblies like the 
water exclusion SiC plates, but in small numbers. It is 
considered that the drive mechanism for the SiC plate and the 
control/safety plates will be installed on top of the fuel 
assembly. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig.  6 Changes of fuel assembly k∞ with burnup 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  7 Layouts of water exclusion SiC plate 
 
IV. Power Scale-Up and Economic Analyses 

KAMADO-FSR (free scale reactor) operates as a small 
nuclear power plant of 300 MW at first and can be easily 
extended to 1000 MW without modulization. Suppose a 40 × 
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40 fuel assembly space (approximately 6 m × 6 m) is prepared 
(Fig. 8). In that case, the fuel assemblies are installed in the 
region (A) at first (300 MW), and the additional fuel 
assemblies are loaded in the region (B) at the next step (1000 
MW). Table 2 shows capital costs (%) for nuclear power 
plants of 650 MWe BWR and scaling factor (n) in Cost(P1) = 
Cost(P0)×(P1/ P0)n.12) The cost of “Reactor plant equipment” 
is estimated to be 1/10 because there is no pressure vessel, 
recirculation pumps, or active safety equipment. The SiC 
block fuel assembly is included in fuel costs but not 
construction costs. From this capital cost and the scaling law, 
the construction cost of 300 MWe KAMADO-FSR is 
estimated to be 61% of the 650 MWe BWR. On the 
opportunity for scaling up the KAMADO-FSR to 1000 MWe, 
the turbine, electrical, and heat rejection plant systems have 
to be extended; accordingly, the construction cost increases to 
95% of that for the 650 MWe BWR. The power generation 
cost related to the construction cost divided by power (kWe) 
is about 62%, compared with the 650 MWe BWR. 

KAMADO-FSR offers the following benefits for 
investment: 
 The 300 MWe KAMADO-FSR construction cost is 

lower. 
 Shorter construction time allows faster return. 
 Scalability reassures stakeholders about its adaptability 

to future energy demands. 
 As 300 MWe KAMADO-FSR offers potential returns, 

scaling up means expecting more significant returns 
while keeping a lower investment. 

Table 2 Capital costs of nuclear power plants 

Item 
650MWe 

BWR 
(%) 

Scaling 
factor 

(n) 

300MWe 
KAMADO
-FSR (%) 

Direct costs 
Land and land rights 
Reactor plant equipment 
Turbine plant equipment 
Electrical plant equipment 
Heat rejection equipment 
Miscellaneous equipment 
Construction 
Direct costs total 

 
0.1 

27.6 
14.7 
13.2 
2.2 

15.2 
10.1 
83.1 

 
0.2  
0.3  

0.75 
0.37 
0.4  
0.2  
0.2  

 
0.1 

2.2* 
8.2 
9.9 
1.6 

13.0 
8.7 

43.7 

Indirect costs total 11.3  11.3 
Other costs total 5.6  5.6 
Total 100  60.6 

*: reduced to 1/10 by eliminating pressure vessel, recirculation 
pumps or active safety equipment. 

 
V. Discussion 
1. SiC Materials 

SiC materials are known to have high strength but are 
fragile. For this reason, SiC/SiC composite materials in SiC 
fibers have been explored.13) Various methods are used to 
manufacture SiC parts/blocks, such as atmospheric pressure 
sintering, hot press, hot isotropic press, chemical vapor deposition, 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.  8 Concept of reactor power scale-up 
 

reaction sintering, and chemical vapor infiltration. As the 
mechanical performance of SiC differs depending on these 
methods, it is necessary to focus on the research and 
development of SiC manufacturing methods. 

Since SiC is hard to weld directly, a method for sealing the 
SiC block after filling it with fuel pellets must be devised. 
Because of the large structure of the SiC block, mechanical 
methods such as bolting are considered instead of brazing. 
Although corrosion of SiC is also being discussed, 
countermeasures are being considered. 14,15) 

It has been reported that the thermal conductivity of SiC 
deteriorates as irradiation damages accumulate.16) We 
analyzed the temperature distribution when the thermal 
conductivity of SiC was reduced to 100 W/m/K, which is half 
of that in the as-fabricated fresh conditions. Compared to the 
result at LOCA/LOF in the previous temperature analysis 
shown in Fig. 5(c), the maximum fuel temperatures (1180 K) 
increased by 238 K because the heat transfer distance of SiC 
is long. But the fuel temperatures were acceptable. During 
operation, the temperature rise is kept below 40K because the 
heat transfer distance of SiC is short. It has also been reported 
that the heat conductivity deterioration with irradiation 
depends on the method of manufacturing SiC or fabricating 
SiC/SiC composite materials.17) 

Since SiC has high thermal conductivity (at least 100 
W/m/K) and low thermal expansion coefficient (4.0 × 10-6/℃), 
the effects of temperature gradient and the thermal stress in 
SiC are considered minor. 
 
2. Safety and Others 
 During LOCA and LOF, the moderator temperature 

coefficient is kept negative, the power is reduced, and 
the reactor water pool directly cools the decay heat to 
ensure the integrity of the fuel assemblies. Regarding 
TOP (transient over power), such as a control rod 
withdrawal accident, the power coefficient is also kept 
negative, and the power is expected to decrease after the 
temporary peaking. Accordingly, the impact on fuel 
integrity is expected to be small. 
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 The core is made of high-melting-point ceramic SiC and 
contains no metal materials, making accident-tolerant 
fuel (ATF) possible and preventing core meltdown. 

 If the amount of water in the reactor water pool 
decreases, it may damage the fuel assemblies. Safety 
measures like emergency water tanks should also be 
installed to replenish the reactor water pool. 

 The core is underwater, and the fluid seismic isolation 
system is in place and highly earthquake-resistant. 

 Although KAMADO-FSR does not have a recirculation 
pump like BWR, the power output can be fine-tuned by 
adjusting the inlet water temperature. 

 
VI. Conclusion 

We designed the basic concept of KAMADO-FSR and 
confirmed its feasibility by numerical analyses. The SiC block 
of the fuel assembly is utilized to withstand the pressure 
difference between plant coolant pressure (7.02 MPa) and the 
reactor water pool (0.1 MPa), which requires no pressure 
vessel for KAMADO-FSR. In LOCA or LOF cases, the decay 
heat is dissipated directly from the fuel assembly surface to 
the reactor water pool (final heat sink). No active safety 
systems are required to cool the fuel during the accidents, 
which provides inherent safety. Also, the spectral shift 
operation of KAMADO-FSR can reduce the fuel 235U 
enrichment and Gd-doped fuel pellets. KAMADO-FSR 
operates as a small nuclear power plant of 300 MWe at first 
and can be easily extended to 1000 MWe without additional 
modulization. The construction cost of 300 MWe KAMADO-
FSR is estimated to be 61% of the 650 MWe BWR, and the 
power generation cost is about 62% after extending to 1000 
MWe.  

The KAMADO-FSR concept can be one of the candidates 
for the next-generation thermal reactor because the reactor is 
inherently safe, economical, and small without a pressure 
vessel.  

Main challenges remain, such as fuel assembly 
manufacturing methods, irradiation effects on SiC material 
properties, and detailed thermal-hydraulic behavior. We plan 
to proceed with the detailed design of the fuel assembly and 
reactor plant in the future. 
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