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ABSTRACT 
 
The generation IV nuclear reactors under development mostly use supercritical fluids as the working fluid because 
higher temperatures improve the thermal efficiency. Supercritical fluids are used by modern nuclear power plants 
to achieve thermal efficiencies of around 45%. With water as the supercritical working fluid, these plants operate 
at a high temperature and pressure. However, experiments on supercritical water are limited by technical and 
financial difficulties. These difficulties can be overcome by using model fluids, which have more feasible 
supercritical conditions and exhibit a lower critical pressure and temperature. Experimental research is normally 
used to determine the conditions under which model fluids represent supercritical fluids under steady-state 
conditions. A fluid-to-fluid scaling approach has been proposed to determine model fluids that can represent 
supercritical fluids in a transient state. This paper presents an application of fractional scale analysis to determine 
the simulation parameters for a depressurization test facility. Carbon dioxide (CO2) and R134a gas were 
considered as the model fluids because their critical point conditions are more feasible than those of water. The 
similarities of water (prototype), CO2 (model) and R134a (model) for depressurization in a pressure vessel were 
analyzed. 
 
 

1. INTRODUCTION 
 
As the Earth’s population grows, so too does the demand for energy and the benefits that it 
brings: an improved standard of living, better health, and a longer life expectancy. However, 
increasing the energy consumption through the present mix of production options will have 
continuing adverse environmental impacts and long-term consequences from global climate 
change. Nuclear Power Plants (NPPs) significantly reduce the environmental impact of electric 
generation. However, the systems of the plants need to be replaced as they age. The benefits of 
nuclear energy can even extend to other energy products besides electricity, such as the 
generation of hydrogen. These new nuclear energy systems are known as generation IV and are 
characterized by improved sustainability, economics, safety, proliferation resistance, and 
physical protection. 



One of these new nuclear power systems is the Supercritical Water-Cooled Reactor (SCWR), 
which features two fuel cycle options: an open cycle (once-through) with a thermal neutron 
spectrum and a closed cycle with a fast neutron spectrum and full actinide recycle. Both options 
use water cooled at a high temperature and pressure such that the operating range is above the 
thermodynamic critical point of water. With either option, the plant has a power level of around 
1700 MWe, operating pressure of 25 MPa, and reactor outlet temperature of close to 550°C. 
The passive safety features are similar to those of the simplified boiling water reactor. Because 
of the low density of supercritical water, an additional moderator is added to thermalize the 
core during the thermal option. The balance-of-plant is considerably simplified because the 
coolant does not change phase. The SWCR system is estimated to become a viable option by 
2025. 
 
Experimental studies on the conditions of SCWR prototypes are limited because of the huge 
amounts of technical and financial efforts required. One possible solution is the application of 
model fluids, which have a much lower critical pressure and critical temperature. Scaling the 
pressure ensures similar thermophysical properties for various fluids. A quantitative 
methodology known as Fractional Scaling Analysis (FSA) was developed to scale time-
dependent processes involving an aggregation of interacting modules in order to organize 
information for NPP design and safety analyses [2]. FSA makes it possible to generate 
quantitative criteria for assessing the effects of design and operating parameters on 
thermohydraulic processes. To quantify the variation of a variable δV and consider the reference 
value V0, the fractional change or effect metric Ω is defined by the relation of these two terms, 
i.e., δV/V0. Processes with the same effect metric are similar, and their variables undergo the 
same fractional change. With FSA, similarities require equality between Ω values. The aim of 
this study was to obtain the main parameters for a low-cost test facility in which experiments 
shall be performed to estimate the pressure variation in an SCWR by using CO2 and R134a gas 
as the model fluids based on the principles established by FSA. These model fluids were chosen 
because of their critical point conditions, which are economically and operationally feasible 
compared to water. 
 
 

2. THEORY 
 

2.1. Supercritical Water-Cooled Reactors (SCWR) 
 
SCWRs are water-cooled reactors that operate at high temperatures and pressures above the 
thermodynamic critical point of water (374 °C and 22.1 MPa). These systems may have a 
thermal or fast-neutron spectrum depending on the core design. SCWRs have unique features 
that offer many advantages compared with traditional Light Water Reactors (LWRs) [5]: 
 
• The efficiency of an SCWR can approach 44% compared with 33–35% for LWRs; 
 
• A lower coolant mass flow rate per unit core thermal power results from the higher enthalpy 
content of the coolant, which allows the pumping power and sizes of the reactor coolant pumps 
and piping to be reduced; 
 
• A lower coolant mass inventory results from the once-through coolant path in the reactor 
vessel and the lower coolant density, which allows containment buildings to be smaller; 
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• There is no boiling crisis owing to the lack of a second phase in the reactor, so discontinuous 
heat transfer regimes within the core during normal operation can be avoided; 
 
• The SCWR can be a simpler plant with fewer major components because steam dryers, steam 
separators, recirculation pumps, and steam generators are eliminated. Fig. 1 shows a scheme 
of an SCWR power plant (adapted from [5]). 
 
 

 
 

Figure 1: Supercritical water-cooled reactor system. 
 
 
Many of the major systems that can potentially be used in an SCWR were developed for current 
Boiling Water Reactors (BWRs), Pressurized Water Reactors (PWRs), and SCW (Supercritical 
Water) fossil fuel plants. Therefore, the main plant design and development needs that are 
unique to an SCWR are primarily found through design optimization, neutronic analysis to 
ensure performance and reliability, and thermohydraulic analysis under supercritical 
conditions. 
 
Thermohydraulic experiments on Loss of Coolant Accidents (LOCAs) in an SCWR can be 
similar to the semi-scale experiments previously conducted for the US Nuclear Regulatory 
Commission to investigate LOCA phenomena for current LWRs. All of the known accident 
scenarios must be carefully evaluated, including large and small-break LOCAs, Reactivity 
Insertion Accidents (RIAs), loss of flow, main steam isolation valve closure, overcooling 
events, and anticipated transients without scram. There may also be safety features that require 
special designs, such as very-high-pressure accumulators. 
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2.2. Fractional Scaling Analysis (FSA) 
 
FSA is a methodology with the following purposes: 
• To scale time-dependent evolution processes involving the aggregation of interacting 
modules and processes (such as an NPP); 
• To integrate and organize information and data of interest for NPP design and safety analyses. 
The methodology is based on two concepts: fractional scaling and hierarchy. Fractional scaling 
is used to synthesize experimental data to generate quantitative criteria for assessing the effects 
of various design and operating parameters on the thermohydraulic processes in an NPP. The 
synthesis via fractional scaling is carried out at three hierarchical levels: process, component 
and system. FSA identifies dominant processes, ranks them quantitatively according to their 
importance, and provides an objective basis for establishing Phenomena Identification and 
Ranking Tables (PIRT) and conducting uncertainty analyses [4]. 
 
To quantify the variation of a variable δV and consider a reference value V0, the fractional 
change or effect metric is defined as follows: 
 

Ω = 𝛿𝛿𝛿𝛿
𝛿𝛿𝑜𝑜

. (1) 

 
The effect metric can also be defined as the product of a fractional rate of change (FRC) ω by 
the time interval: 
 

Ω = 𝜔𝜔. 𝛿𝛿𝛿𝛿. (2) 
 
The fractional change Ω is also known as the effect metric because it quantifies the effect of 
the agent of change Φ on the state variable. Consequently, processes with the same effect 
metric Ω are similar because their state variables are changed by the same fractional amount 
[3]. 
 
 

3. METHODOLOGY 
 

3.1. Mass and Energy Conservation Equations 
 
A simple pressure vessel is proposed for depressurization analysis of supercritical fluids. Thus, 
the depressurization process in a simple pressure vessel was considered by using water 
(prototype), CO2 (model), and R134a gas (model). 
 
Depressurization analysis was realized by considering a simple vessel (Fig. 2) containing a 
high-temperature and high-pressure fluid. The lumped parameter method based on the 
thermodynamic properties of the fluid was adopted; therefore, the pressure, density, and 
enthalpy are averaged values. The values of these parameters change with time because of the 
depressurization process. 
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Figure 2: Simple vessel model. 
 
 

The mass conservation equation for the pressure vessel is given by 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= −𝑊𝑊𝑠𝑠 , (3) 
 
where 𝑚𝑚 and 𝑊𝑊𝑠𝑠 represent the fluid mass inside the vessel and the break flow rate, respectively. 
 
The energy conservation equation considering a homogeneous mixture model is given by 
 

𝑑𝑑ℎ
𝑑𝑑𝑑𝑑

= 1
𝜌𝜌𝛿𝛿
� 𝑉𝑉 𝑑𝑑𝑑𝑑

𝑑𝑑𝑑𝑑
+ �̇�𝑄�, (4) 

 
where ρ, V, P, and �̇�𝑄 represent the average density, volume of the vessel, pressure, and 
additional heat provided to the vessel, respectively. 
 
The homogeneous equilibrium model [1] was adopted to estimate the mass flow through the 
break area. Although this model was simplified, it is sufficient for our purpose. Therefore, the 
mass flux through the break area is given by 
 

𝐺𝐺 = � 𝑥𝑥
𝜌𝜌𝑣𝑣

+ 1−𝑥𝑥
𝜌𝜌𝑙𝑙
�
−1
�2[ℎ𝑜𝑜 − 𝑥𝑥ℎ𝑣𝑣 − (1 − 𝑥𝑥)ℎ𝑙𝑙], (5) 

 
where ρν, ρl, x, hν, and ho represent the density of the gas, density of the liquid, steam quality, 
specific enthalpy of the gas, specific enthalpy of the liquid, and specific stagnation enthalpy, 
respectively, under saturation conditions. 
 

3.2. Analysis of the Pressure Transient 
 
If the same vessel model shown in Fig. 2 is used and considering that the pressure vessel 
volume is constant and that the average specific volume of the fluid depends on the entropy 
and pressure, then 𝜈𝜈 = 𝜈𝜈(𝑃𝑃, 𝑠𝑠). If �̇�𝑉𝑆𝑆 is the volumetric flow that escapes through the break, then 
the equation for the total volumetric rate of the fluid can be given by 
 

𝑑𝑑𝛿𝛿
𝑑𝑑𝑑𝑑

= 𝑚𝑚𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑣𝑣 𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
→ 𝑚𝑚 �𝜕𝜕𝑑𝑑

𝜕𝜕𝑑𝑑
�
𝑠𝑠

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

+ 𝑚𝑚�𝜕𝜕𝑑𝑑
𝜕𝜕𝑠𝑠
�
𝑑𝑑

𝑑𝑑𝑠𝑠
𝑑𝑑𝑑𝑑

= �̇�𝑉𝑆𝑆, (6) 
 
where the relation for the rate of change in pressure is obtained as 
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𝑑𝑑𝑃𝑃
𝑑𝑑𝛿𝛿

=
��̇�𝑉𝑠𝑠 − 𝑚𝑚 �𝜕𝜕𝜈𝜈𝜕𝜕𝑠𝑠�𝑑𝑑

𝑑𝑑𝑠𝑠
𝑑𝑑𝛿𝛿�

𝑚𝑚 �𝜕𝜕𝜈𝜈𝜕𝜕𝑃𝑃�𝑠𝑠

=
��̇�𝑉𝑠𝑠 − �𝜕𝜕𝜈𝜈𝜕𝜕𝑠𝑠�𝑑𝑑

𝑑𝑑(𝑚𝑚𝑠𝑠)
𝑑𝑑𝛿𝛿 �

𝑉𝑉 1
𝑣𝑣 �

𝜕𝜕𝜈𝜈
𝜕𝜕𝑃𝑃�𝑠𝑠

 (7) 

or 
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 1
𝛿𝛿𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠

 �−�̇�𝑉𝑠𝑠 + � 𝛽𝛽
𝜌𝜌𝐶𝐶𝑝𝑝

� �̇�𝑄�. (8) 

 
Here, ν, s, β, ρ, Cp, and P represent the average specific volume, average entropy, isobaric 
thermal expansion coefficient, density, isobaric specific heat capacity, and pressure, 
respectively. 
 
The isentropic compressibility of this system is given by 
 

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠 = −1
𝑑𝑑
�𝜕𝜕𝑑𝑑
𝜕𝜕𝑑𝑑
�
𝑠𝑠

=  1
𝜌𝜌𝑎𝑎2

, (9) 
 
where 𝑎𝑎 is the local velocity of sound in the fluid. In transient processes, these parameters show 
a temporal change. Thus, the isentropic compressibility of the system also changes with time. 
For simplicity, no heat transfer by a unique phase was again assumed. Thus, the temporal 
variation of pressure can be rewritten as 
 

𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

= 1
𝛿𝛿𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠

 �−�̇�𝑉𝑠𝑠� . (10) 
 

3.3. Utilization of FSA for Similarity 
 
With FSA, the normalized pressure on the order of unity during the depressurization process 
from the initial pressure 𝑃𝑃𝑜𝑜 to the environmental pressure 𝑃𝑃𝑒𝑒𝑒𝑒𝑣𝑣 is given by 
 

0 ≤ 𝑃𝑃+ = 𝑑𝑑(𝑑𝑑)−𝑑𝑑𝑒𝑒𝑒𝑒𝑣𝑣
𝑑𝑑𝑜𝑜−𝑑𝑑𝑒𝑒𝑒𝑒𝑣𝑣

= 𝑑𝑑(𝑑𝑑)−𝑑𝑑𝑒𝑒𝑒𝑒𝑣𝑣
∆𝑑𝑑

≤ 1. (11) 

 
The above definition satisfies the first scaling principle [6]. The rate of change in the 
normalized pressure is given by 
 

𝑑𝑑𝑑𝑑+

𝑑𝑑𝑑𝑑
= 𝜔𝜔1Φ1

+, (12) 
where 

�̇�𝑉𝑆𝑆+(𝛿𝛿) =
�̇�𝑉𝑆𝑆(𝛿𝛿)
�̇�𝑉𝑆𝑆,𝑜𝑜

 𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠+ =
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠(𝛿𝛿)
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜

 

 
(13) 

Φ1
+ = − �̇�𝛿𝑆𝑆

+

𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠+  𝜔𝜔1 = 1
𝛿𝛿∆𝑑𝑑

 �̇�𝛿𝑆𝑆,𝑜𝑜
𝐾𝐾𝑠𝑠𝑠𝑠𝑠𝑠,𝑜𝑜

. (14) 
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The average fractional rate of change can be calculated by summing the individual fractional 
rates of change, each one multiplied by the respective agent of change. Such a rate is given by 
the contribution of all rates that cause pressurization or depressurization [7]. In this case, it is 
given by the individual FRC because of the rupture, which is the only active FRC in the system, 
as follows: 
 

𝜔𝜔� = 𝜔𝜔1. (15) 
 
The effect metric of the system Ω can be found by multiplying the term given in Eq. (15) by 
the related time: 
 

Ω� = 𝜔𝜔�𝛿𝛿 = 𝛿𝛿+. (16) 
 
FSA also establishes that each individual effect metric must have the same value so that 
similarity can be attained: 
 

Ω𝑗𝑗 = 𝜔𝜔𝑗𝑗𝛿𝛿. (17) 
 
Therefore, the similarity between the model and prototype must be given by 
 

(𝜔𝜔1𝛿𝛿)𝑑𝑑 = (𝜔𝜔1𝛿𝛿)𝑝𝑝. (18) 
 

3.4. Pressure and Temperature Scaling 
 
The similarity between fluids is represented by the normalized pressure and temperature. The 
dimensionless pressure is given by the following ratio: 
 

𝑃𝑃∗ = 𝑑𝑑
𝑑𝑑𝑐𝑐

, (19) 

 
where 𝑃𝑃𝑐𝑐  is the critical pressure of the fluid. 
The temperature scaling proposed in [8] was used in this study. The scaling uses the parameter 
θ, which is defined as 
 

𝜃𝜃 = 𝑇𝑇−𝑇𝑇𝑃𝑃𝑐𝑐
𝑇𝑇𝑃𝑃𝑐𝑐−𝑇𝑇𝑐𝑐

, (20) 

 
where 𝑇𝑇𝑐𝑐 and 𝑇𝑇𝑑𝑑𝑐𝑐 represent the critical temperature and pseudo-critical temperature, 
respectively. This scaling is quite efficient in terms of achieving similarities between fluids. 
 
 

4. RESULTS 
 
A program was developed to determine the values for the pressure, temperature, break flow 
rate, and time scale to ensure similarity. Table 1 summarizes the initial conditions for the 
depressurization process of supercritical water that were used with the reference. 
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Table 1: Initial conditions for the reference reactor vessel adopted in the present study 
 

Parameter Prototype( SCWR) 
Water temperature [°C] 550.0 
System pressure [MPa] 25.0 
Volume of vessel [m3]  50.0 

Break area [m2] 5.0 × 10-5 
 
 
The above parameters were used with the relations given by Eqs. (19) and (20) to establish the 
initial conditions of pressure and temperature for all fluids to obtain similarity between the 
processes. These variables are listed in Table 2. 
 
 

Table 2: Major thermal parameters among processes 
 

Parameter Symbol Prototype 
(SCWR) 

Model (CO2) Model (R134a) 

Pressure [MPa] P 25.0 8.358978 4.599437 
Temperature [℃] T 550.0 118.83555 203.00656 
Dimensionless pressure P∗ 1.133 1.133 1.133 
Dimensionless temperature θ 15.0798 15.0798 15.0798 

 
 
Geometric parameters such as the break area and volume of the vessel for the model were 
realized through FSA by changing the area or volume of the vessel to obtain the smallest 
distortion of scale between the model and prototype. These processes provided the values listed 
in Table 3. 
 
 

Table 3: Conditions for the depressurization process 
 

System (fluid) Break area 
[m2] 

Volume 
[m3] 

�̇�𝑽𝑺𝑺,𝒐𝒐 
[m3/s] 

𝝎𝝎𝟏𝟏 
[%/s] 

Prototype (water) 5.0 × 10-5 50.0 1.88 × 10-2 0.05 

Model (CO2) 1.0 × 10-5 0.5 1.65 × 10-3 0.44 

Model (R134a) 1.0 × 10-5 0.5 6.92 × 10-4 0.14 
 
 
Usually, a reduced scale is adopted to obtain a faster process than that of the full scale. 
However, for the supercritical fluids, the model parameters were adopted to obtain a slow 
transient to facilitate the realization of a future experiment. The difference among the processes 
became more evident, as shown in Fig. 3. 
 

 

INAC 2015, São Paulo, SP, Brazil. 
 



0,0 2,0x103 4,0x103 6,0x103
0

5

10

15

20

25

Pr
es

su
re

 [M
Pa

]

Time [s]

 Water (Prototype)
 R134a (Model)
 Co2 (Model)

 
 

Figure 3: Depressurization process for the prototype and models. 
 
 

Fig. 3 implies that the processes are similar based on the similar behavior of the curves. 
However, after the FSA data were synthesized as shown in Fig. 4, the similarity between the 
processes was easy to visualize, which demonstrated the efficiency of the adopted method. 
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Figure 4: Comparison of the processes for the prototype and simulated models. 
 
 
The congruence of the curves in Fig. 4 shows that the processes are similar and that CO2 
exhibits a better congruence than R134a. During the depressurization process, both water and 
carbon dioxide show similar behavior with each fluid going from a single phase to two phases 
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near the end of the process. In contrast, the similarity of R134a is slightly distorted during 
depressurization, and the fluid is a single phase throughout the process. Table 4 summarizes 
the main parameters determined in this work. 
 
 

Table 4: Similarity results for the reference prototype and models 
 

Parameter Prototype Model Model 
Fluid Water CO2 R134A 

Pressure [MPa] 25.0 8.358978 4.599437 
Temperature [°C] 550.0 118.83555 203.00656 

Volume of the vessel [m3] 50.0 0.5 0.5 
Break area [m2] 5.0 × 10-5 1.0 × 10-5 1.0 × 10-5 

 
 

5. CONCLUSIONS 
 
The difficulties and costs involved with carrying out experiments under prototype conditions 
have encouraged the use of test facilities (models). Such hindrances become greater under the 
conditions of SWCRs. The equation of depressurization for a nuclear system can be used for 
both prototype and model systems by considering the relevant terms and non-dimensionalizing 
them by applying the scaling technique known as FSA. The conditions of the model should 
promote a dimensionless pressure plot for all dimensionless times that is as similar as possible 
to that of the prototype. The use of CO2 or R134a as the model fluid will allow experiments to 
be performed under safer conditions and reduce costs. 
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