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ABSTRACT 

Closed-loop supercritical CO2 cycles (sCO2) offer an 

innovative and efficient solution to achieve a reduction in 

primary energy consumption. CO2 has a low Global Warming 

Potential (GWP) compared to conventional fluorocarbon-based 

refrigerants, which makes it suitable for refrigeration cycles. 

Successful deployment of this technology is dependent on 
further experimental research. A significant effort is required to 

study the behavior of CO2 in the thermodynamic region close to 

the critical point, where sharp variations in thermophysical 

properties and real gas behavior are observed.  

This paper presents the preliminary design of the LUTsCO2 

facility. The experimental setup is designed to allow detailed 

studies on expansion and heat transfer of CO2 near the critical 

point. The transcritical refrigeration cycle is preferred as the 

experimental layout because of its operational flexibility and the 

commercial availability of components. Furthermore, a closed-

loop cycle has the major advantage of running the loop 

continuously, which would not be possible with a blowdown test 
rig. The preliminary design of the main components is discussed 

with an emphasis on the heat exchangers. The latter are designed 

to operate by crossing the pseudo-boiling line, and they thus 

experience a considerable variation in CO2 properties. This 

phenomenon has a direct consequence on the design of the heat 

exchangers and requires the application of advanced heat 

transfer correlations that consider whether the CO2 is in a liquid-

like or gas-like state. In addition, the supersonic test section is 

briefly described. This component comprises a converging-

diverging nozzle, which performs a supersonic expansion from 

the supercritical region up to the two-phase region, followed by 
a normal shock wave, which allows the large kinetic head 

available to be recovered in the diverging section. 

INTRODUCTION 

Continuous growth in energy demand and increasignly 

stringent emission regulations are driving research and industry 

to develop and adopt new technologies with higher process 

efficiencies. The usage of sCO2 power cycles is considered a 

promising solution capable of achieving this aim. The works of 

Angelino [1] and Feher [2] originally pointed out the main 
advantage of the sCO2 power cycles, namely the ability to act as 

a highly efficient energy conversion technology. The unique 

properties of CO2 in the supercritical region lead to higher cycle 

efficiencies [3-4], thus resulting in a decrease of fuel 

consumption and emissions. Furthermore, the high operating 

densities enable the turbomachinery and heat exchangers 

employed in these cycles to be reduced in size, leading to very 

compact systems, with a consequent reduction in costs and 

footprint. sCO2 power cycles are able to operate with heat 

sources across a wide temperature range and they are therefore 

suitable for many different power generation applications [3-7]. 

Allam et al. [8] proposed an innovative fossil fuel-based 
oxy-combustion transcritical power cycle (the Allam cycle), 

which is a high-pressure, low-pressure ratio, highly recuperated 

Brayton cycle. The combustion products are used to drive the 

turbine and the water resulting from the combustion is separated 

from the recirculating CO2 flow after being cooled down to near 

ambient temperature. The excess CO2 (5% of the total recycle 

flow) is exported for sequestration or utilization, thus ensuring a 

near complete capture of the greenhouse gases.  

In view of the potential shown by sCO2 power cycles, the 

United States Department of Energy (DOE) has funded a number 

of projects focusing on the application of sCO2 power cycles in 
concentrated solar power (CSP) systems. As part of the SunShot 

project [9], Southwest Research Institute (SwRI) and GE 

developed a novel high-temperature MW-scale turboexpander 
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optimized for CSP applications (TIT > 700 °C) that is installed 

in a simple recuperated Brayton cycle. sCO2 can also be used as 

a working fluid for bottoming cycles, for example, in waste heat 

recovery (WHR) applications, filling an important gap for heat 

source temperatures higher than 700 °C [10]. Steam cycles suffer 
from corrosion issues at such temperatures [10-11], and sCO2 

would therefore be a possible optimal solution. Echogen 

developed the first commercial 8-MWe closed sCO2 Brayton 

cycle heat engine for WHR with heat source temperatures in the 

range of 300-600 °C [12].  

As a rather new technology, the approach faces several 

challenges, mainly caused by the unique fluid properties of the 

CO2 in the supercritical region, which complicate the operation 

and control of these cycles as well as the design of the 

turbomachinery and the heat exchangers. Consequently, many 

institutions have built their own sCO2 experimental facility in 

recent years to assist in research, development and deployment 
of sCO2 systems.  

The first integral sCO2 power cycles were developed by the 

Sandia National Laboratories (SNL) [13] and the Knolls Atomic 

Power Laboratories (KAPL) [14]. The SNL designed a 250 kWe 

recompression Brayton cycle for nuclear power applications, 

that operates with two TAC (turbine-alternator-compressor) 

units. KAPL (Knolls Atomic Power Laboratory) and BAPL 

(Bettis Atomic Power Laboratory) demonstrated the 

applicability of the simple recuperated cycle for water-cooled 

reactor applications operating at relatively low temperatures 

(TIT ~ 300 °C). The Tokyo Institute of Technology and the 

Institute of Applied Energy (IAE) built and tested a 10 kWe 

recuperated Brayton cycle to conduct studies on sCO2 power 

generation [15]. KAERI (Korean Atomic Energy Research 

Institute), in collaboration with KAIST (Korea Advanced 

Institute of Science and Technology) and POSTECH (Pohang 

University of Science and Technology), constructed the sCO2 

Integral Experimental Loop (SCIEL) [16], which is a 300 kWe 

recuperated Brayton cycle with two stages of compression and 

expansion. The distinctive feature of the SCIEL is its high-

pressure ratio (target of 2.67). In KIER (Korean Institute of 

Energy Research), a 12.6 kWe simple un-recuperated Brayton 
power cycle experimental loop was built to test its feasibility and 

a 60 kWe-class recuperated Brayton cycle is being developed to 

operate as a bottoming cycle using hot flue-gases as a heat source 

[17]. Cranfield University is working with Rolls-Royce to 

develop an experimental facility to explore the possibility of 

employing sCO2 for bottoming power cycle applications [18]. 

The transcritical refrigeration cycle configuration was chosen in 

the initial phase to demonstrate the robustness and controllability 

of the system. Brunel University London is focusing the 

attention on sCO2 power cycles employed in WHR from high 

temperature sources (up to 780 °C) and has constructed the High 
Temperature Heat To power Conversion (HT2C) facility [19]. 

The designed 50 kWe simple recuperated Brayton cycle uses an 

830 kWth gas-fired process air heater as heat source. The 

Zhejiang university built an sCO2 test loop to investigate the heat 

transfer characteristics of sCO2 from ambient temperature to 600 

°C at supercritical pressures (up to 15 MPa) [20]. The same 

research group is designing a 150 kWe sCO2 Brayton cycle 

coupled with a solar solid particle receiver. In the EU-funded 

sCO2-HeRo (supercritical CO2 Heat Removal system) project, 

three different experimental facilities have been built to study 

heat transfer in the supercritical region [21-23]. A multipurpose 
test facility – the supercritical carbon dioxide loop at IKE 

Stuttgart (SCARLETT) – was built at the Institut für 

Kernenergetik und Energiesysteme (IKE) in Stuttgart [21]. The 

test section is installed in a transcritical refrigeration cycle and 

allows studies of turbulent heat transfer under different operating 

conditions in the supercritical region. The second experimental 

loop of the sCO2-HeRo project was built at CVR (Research 

Centre Rez) in the Czech Republic as part of the Sustainable 

Energy project (SUSEN) [22]. The SUSEN facility is an 

electrically heated recuperated Brayton cycle, designed to 

perform material research for temperatures up to 550 °C and 

pressures up to 30 MPa. The experience gained from operation 
of the two loops was used in design of the sCO2-HeRo loop 

constructed at the PWR glass model at the Simulator Centre of 

KSG/GfS in Essen [23]. The sCO2-HeRo loop is a small-size un-

recuperated Brayton cycle that aims to demonstrate the 

applicability of sCO2 power cycles to safe and efficient removal 

of residual decay heat from nuclear fuel in the event of an 

accident. 

Even though intensive research and development is 

currently underway, some key aspects of sCO2 behavior require 

further investigation. One of these is heat transfer in proximity 

of the pseudo-boiling line, where the significant variation in the 
properties of the CO2 greatly reduces the accuracy of well-

established heat transfer correlations. Moreover, the dynamics of 

fluids in supercritical conditions is significantly affected by the 

real gas effects and additional experimental research is thus 

required to provide the data needed for validation of the 

numerical codes. This background led to the decision to build a 

closed-loop sCO2 test rig at Lappeenranta-Lahti University of 

Technology LUT. The designed facility can fill the gap between 

very small-size experimental facilities (a few kWe) and large 

power cycle facilities (a few hundred kWe). Fundamental studies 

of supersonic CO2 in the supercritical and two-phase region can 

be conducted in the nozzle installed in the facility, and heat 
transfer across the pseudo-boiling line can be investigated by 

measurement of temperature and heat transfer coefficient in the 

heated section. This paper aims to describe the design of the 

experimental cycle and its components, i.e. the heat exchangers 

and the supersonic test section. The structure of the paper is the 

following: 1) The thermophysical properties are described and 

an equation for the pseudo-boiling line is determined; 2) an 

overall description of the test loop that will be installed in the 

Laboratory of Fluid Dynamics at the Lappeenranta-Lahti 

University of Technology is given; and 3) the preliminary design 

of the components is reported and discussed. 

THERMOPHYSICAL PROPERTIES AND WIDOM LINE 

In the supercritical region, the thermophysical properties of 

fluids undergo significant nonlinear variation as the 

thermodynamic conditions approach the critical point. The 
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variations in properties such as the isobaric specific heat, density, 

dynamic viscosity and thermal conductivity greatly influence the 

design, operability and control of components operating in this 

region, e.g., the compressor and the heat exchangers. Figures 1 

and 2 show the isobaric specific heat, density and thermal 
conductivity of CO2 as a function of temperature along one 

subcritical isobar and three supercritical isobars close to the 

critical pressure, which has a value of 73.8 bar. In subcritical 

conditions, the specific heat and other thermodynamic response 

functions diverge along the liquid-vapor coexistence line. In the 

supercritical region, no divergence is observed, and this concept 

is replaced by that of a maximum, which can be identified for 

each response function [24]. The set of the maxima in the 

supercritical region is the so-called Widom line or pseudo-

boiling line. The following analysis is based on the Widom line 

identified by the isobaric specific heat (Fig. 1), which can be 

defined as: 

(
𝜕𝑐𝑃
𝜕𝑇
)
𝑃
= (

𝜕2ℎ

𝜕𝑇2
)
𝑃

= 0 (1) 

Fluid crossing the Widom line at pressures close to the critical 

pressure (𝑃 < 3𝑃𝑐𝑟) experiences a liquid-like to gas-like

transition that mimics the subcritical liquid-gas phase change, 

with the major difference being that the heat supplied in the 

supercritical region expands and heats the fluid. Banuti [25] 

derived an analytical expression for the 𝑐𝑃-based Widom line

starting from the Clapeyron equation and assuming, based on 

empirical evidence, a linear relation between the natural 
logarithm of the pressure and the temperature along the Widom 

line:  

𝑃𝑝𝑏
𝑃𝑐𝑟

= exp [
𝑇𝑐𝑟
𝑃𝑐𝑟

(
𝑑𝑃

𝑑𝑇
)
𝑐𝑟

(
𝑃𝑝𝑏
𝑃𝑐𝑟

− 1)] (2) 

Equation 2 can be rewritten in terms of reduced quantities (𝑃𝑟 =
𝑃/𝑃𝑐𝑟 and 𝑇𝑟 = 𝑇/𝑇𝑐𝑟) as:

𝑃𝑟 = exp[𝐴(𝑇𝑟 − 1)] (3) 

Figure 1: Isobaric specific heat of CO2 as a function of 

temperature for four isobars close to the critical pressure. 

where 𝐴 is a fluid constant: 

𝐴 =
𝑇𝑐𝑟
𝑃𝑐𝑟

(
𝑑𝑝

𝑑𝑇
)
𝑐𝑟

(4) 

Banuti suggested a value of 5.5 for coefficient 𝐴 for simple fluids 

such as oxygen, argon and nitrogen. On the other hand, more 

complex fluids such as water or carbon dioxide show large 

deviations when this value is used. In this regard, an exponential 

regression on the values of maximal 𝑐𝑃 calculated from the NIST

database [26] was carried out specifically for the CO2. This 

calculation results in a coefficient 𝐴 equal to 6.505, giving the 

following expression for the CO2 Widom line: 

𝑃𝑟 = exp[6.505 ∙ (𝑇𝑟 − 1)] (5) 

Figure 3 shows the maximal 𝑐𝑃 in the supercritical region and

compares the results obtained using the NIST database and the 
exponential regression (Eq. 5).  

Figure 2: Density of CO2 as a function of temperature for four 

isobars close to the critical pressure. 

Figure 3: Comparison of maximal 𝒄𝑷 in the supercritical region

between NIST and exponential regression (Eq. 5) 
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Figure 4: P&I diagram of the LUTsCO2 facility 

TEST RIG CONFIGURATION 

The experimental test rig will be placed in the Laboratory of 

Fluid Dynamics at Lappeenranta-Lahti University of Technology 

LUT and it has therefore been designed under the constraints of 

power requirements and space availability. A continuous running 

facility is preferred over a blowdown test rig because it allows 

for continuous operation and the possibility to perform different 

studies on various aspects of sCO2 cycles, such as heat transfer 

and the dynamic behavior of sCO2. The thermodynamic cycle 

was developed with the of aim of satisfying the main research 

interests, which are heat transfer in proximity of the Widom line 
and the expansion process in the supercritical region where the 

fluid behaves as a real gas. The supersonic test section requires 

that choked conditions have to be reached, for which reason the 

test rig must provide the necessary mass flow rate, which is set 

in the design conditions as equal to 1.60 kg/s. This value of mass 

flow rate is well suited to bridge the gap between very small 

experimental facilities (a few kWe) and large power cycle 

facilities (a few hundred kWe). Among possible configurations 

of the cycle, the transcritical refrigeration cycle layout was 

chosen because of the commercial availability of the 

components, which are widely used in the refrigeration industry, 

its compactness and its flexibility, allowing the operating 
conditions of the test sections to be varied for a wide range of 

temperatures and pressures in the supercritical region. The 

piping and instrumentation (P&I) diagram of the cycle is 

presented in Fig. 4 and Table 1 reports the operating parameters 

of the loop. The temperature-specific entropy diagram is 

depicted in Fig. 5 superposed on the compressibility factor map. 

The Widom line is also drawn in Fig. 5, showing that it is crossed 

by all three heat exchangers in the cycle. Two reciprocating 

compressors, widely used in industrial and commercial 

refrigeration plants, are chosen because of their reliability of the 

operating efficiency and ability to reach a maximum pressure of 

130 bar and provide the required mass flow rate. A frequency 

inverter is used on one of the two compressors to reduce and 

control the delivered mass flow rate. 

Table 1: Operating parameters of the LUTsCO2 loop. 

Parameter Value Unit 

Mass flow rate 1.60 kg/s 

Maximum pressure 130 bar 
Evaporating pressure 64.34 bar 

Intermediate pressure 90 bar 

Inlet compressor temperature 35 °C 

Heater power capacity 203 kW 

Gas cooler heat rejection 261 kW 

Compressor power consumption 64 kW 

THERMODYNAMIC CYCLE 

The thermodynamic cycle is based on a closed-loop 

transcritical refrigeration cycle with a two-stage expansion that 

allows experimental activities to be performed at an intermediate 

pressure between the critical and the maximum pressure. First, 

the fluid is compressed by two reciprocating compressors from 
superheated conditions up to supercritical pressures and a 

temperature of approximately 95 °C. After compression, the 

fluid is cooled, and the rejected heat is used to evaporate and 

superheat the liquid CO2 directed to the compressor. At this 



5 

point, an expansion valve expands the CO2, setting the operating 

pressure of the downstream heater and supersonic test section. 

Hence, the temperature at the test section inlet is controlled by 

the electric heater, which is divided into multiple power modules 

to allow additional flexibility. The cycle can operate with or 
without the supersonic test section, depending on the purpose of 

the experimental activity, by means of a three-way plug valve. 

For an open test section, a total pressure loss, caused by the shock 

wave occurring in the test section, must be estimated and 

accounted for in the overall design of the loop. The magnitude of 

this loss is in the order of 7 bar at the design conditions and needs 

to be carefully controlled to avoid the pressure at the test section 

outlet being lower than the critical pressure, which would induce 

condensation inside the gas cooler. After leaving the test section, 

the fluid is cooled to room temperature by a water-cooled plate 

heat exchanger. Downstream of the gas cooler, the fluid is 

expanded a second time, through an expansion valve, into the 
two-phase region. At this point, the CO2 is completely 

evaporated by the heat provided by the hot CO2 and it is 

subsequently superheated by 10 °C to prevent the presence of 

liquid inside the compressor.  

Figure 5: Temperature-specific enthalpy diagram superposed to 

the compressibility factor map 

HEAT EXCHANGERS – PRELIMINARY DESIGN 

The heat exchangers are one of the most critical components 

in sCO2 cycles, because the unique fluid properties in the 
supercritical region mean that conventional design methods 

developed under an assumption of constant fluid properties, e.g. 

the LMTD (log-mean temperature difference) method, are not 

applicable. In the preliminary design phase, the heat transfer area 

was estimated with a finite difference method. The whole 

geometry of the heat exchanger was divided into several nodes 

and the heat transfer coefficient was evaluated for each 

subsection. A graphical representation of the iterative algorithm 

is given in Fig. 6. The CO2 properties are calculated from the 

NIST database [26] and are based on the Span-Wagner equation 

of state [27]. The presented 1D model neglects potential 

buoyancy effects and it is thus applicable only for non-buoyant 

flows. In the event that buoyancy is not negligible, more 

advanced correlations should be employed. Alternatively, 3D 

unsteady turbulence resolving CFD simulations would also 

provide an accurate solution. This subject will be discussed 

further in the description of the electric heater, where the flow is 
strongly buoyant.  

Figure 6: Algorithm to determine the heat transfer area 

The initial guess solution for calculation of the convective heat 

transfer coefficient, ℎ𝑐𝑜𝑛𝑣, in the iterative computation was

provided by the calculation of the Nusselt number through the 

Dittus-Boelter correlation [28]: 

𝑁𝑢𝐷𝐵 = 0.023 𝑅𝑒𝑏
0.8 𝑃𝑟𝑏

𝑚

{
𝑚 = 0.3     Cooling 
𝑚 = 0.4     Heating

(6) 

The solution provided by the Dittus-Boelter correlation was 

however considered insufficiently accurate in the supercritical 

region [29], and it is therefore only used to calculate an initial 

value for the wall temperature, which is subsequently used to 

evaluate the Nusselt number calculated with the modified 
Krasnoschekov and Protopopov correlation [30]: 

𝑁𝑢𝐾𝑃 = 0.0183 𝑅𝑒𝑏
0.82 𝑃𝑟𝑏

0.4  (
𝜌𝑤
𝜌𝑏
)
0.3

(
𝑐�̅�
𝑐𝑝𝑏

)

𝑛

(7)

https://context.reverso.net/translation/english-italian/subsequently
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𝑐�̅� =
1

𝑇𝑤 − 𝑇𝑏
∫ 𝑐𝑝 𝑑𝑇

𝑇𝑤

𝑇𝑏

=
ℎ𝑤 − ℎ𝑏
𝑇𝑤 − 𝑇𝑏

(8) 

𝑛 =

{

0.4   𝑓𝑜𝑟  𝑇𝑏 < 𝑇𝑤 ≤ 𝑇𝑝𝑏  𝑜𝑟  1.2𝑇𝑝𝑏 ≤ 𝑇𝑏 < 𝑇𝑤

0.4 + 0.2(
𝑇𝑤
𝑇𝑝𝑏

− 1)   𝑓𝑜𝑟  𝑇𝑏 ≤ 𝑇𝑝𝑏 < 𝑇𝑤  

0.4 + 0.2 (
𝑇𝑤
𝑇𝑝𝑏

− 1)[1 − 5(
𝑇𝑏
𝑇𝑝𝑏

− 1)]

 𝑓𝑜𝑟  𝑇𝑝𝑏 < 𝑇𝑏 ≤ 1.2𝑇𝑝𝑏  𝑎𝑛𝑑  𝑇𝑏 < 𝑇𝑤

(9) 

ELECTRIC HEATER 

The electric heater is a fundamental component of the 

experimental loop, because it allows direct measurements of the 

temperatures and heat transfer coefficients across the pseudo-

boiling line, where sharp gradients in fluid properties drastically 

increase the difficulty of fully characterizing heat transfer 

phenomena. The flow is split in two parts upstream of the heating 

section: the main flow rate (98% of the total) is directed to a 200-

kW circulation heater, which consists of heating elements 

inserted in a vessel, and the residual flow rate passes through a 
uniformly heated pipe equipped with multiple thermocouples to 

perform experimental measurement of wall temperature profiles, 

particularly at the top and bottom surfaces of the pipe. The 

operating parameters of the heated test section are listed in Table 

2. Dense CO2 is heated from the liquid-like region up to 90 °C.

When the fluid properties cross the Widom line, very strong

buoyancy forces are generated, which have a strong impact on

the flow field and the heat transfer, pushing the dense gas

towards the bottom wall. Various nondimensional parameters

can be used to estimate the magnitude of the buoyancy effect on

the flow. The Grashof number, 𝐺𝑟, well represents the strength

of the secondary flows induced by the buoyancy force and is

defined as:

𝐺𝑟 =
𝑔(𝜌𝑏 − 𝜌𝑤)𝜌𝑏𝑑

3

𝜇2
(10) 

For horizontal flows, the buoyancy effect can be considered 

negligible when [31-32]: 

𝐺𝑟

𝑅𝑒𝑏
2 < 10

−3 (11) 

Figure 7 shows the variations of the internal diameter, the length 

of the pipe and the maximum value of 𝐺𝑟/𝑅𝑒𝑏
2 along the pipe as

a function of the inlet velocity. 𝐺𝑟/𝑅𝑒𝑏
2 does not reach the

threshold value expressed in Eq. 11 required to assume 

negligible buoyancy effects within the considered range of inlet 

velocities. A value of 0.2 m/s was chosen in the design phase to 

reduce the overall dimensions of the component. A numerical 

simulation of the heated test section was carried out and the 

results are briefly discussed in the next section. 

Table 2: Design parameters of the heated test section. 

Parameter Value Unit 

Mass flow rate 0.032 kg/s 

Operating pressure 90 bar 

Bulk temperature (In – Out) 38.59 – 90 °C 

Heat flux 25 kW/m2 

Inlet Reynolds number 5.27 ∙ 104 - 

Figure 7: Geometry of the pipe and maximum 𝑮𝒓/𝑹𝒆𝒃
𝟐 along 

the pipe as a function of the inlet velocity 

Numerical simulation 

The real-gas CFD simulation of the heated test section was 

performed with the commercial solver Fluent. The choice of 

turbulence model plays a fundamental role, since the turbulence 

caused by the buoyancy forces have a significant effect on the 

heat transfer. Recent research [33] has reported that accurate 

solutions for buoyant supercritical flows can be achieved with 

two-equation RANS models for limited ranges of heat fluxes (up 

to 26.9 kW/m2), mass flow rates (0.146÷0.151 kg/s) and values 

of 𝐺𝑟/𝑅𝑒𝑏
2 (up to 0.26). The experimental data published by

Adebiyi and Hall [34] are used to validate the numerical model 

employed in this study. The case with the most similar operating 
conditions (i.e., mass flux, heat flux, temperatures) is simulated 

applying the two-equation k-𝜀 RNG model and the Wall-

Modeled LES (WMLES), which employs a hybrid RANS/LES 

formulation to overcome the high resolution requirements of the 

LES for wall boundary layers. The SIMPLEC algorithm is used 

for pressure-velocity coupling, the QUICK scheme is applied for 

discretization of the momentum and energy equations, and, when 

the RANS model is applied, the second order upwind is adopted 

for turbulent kinetic energy and turbulent dissipation rate 

equations. The grid requirements are very strict, particularly in 

the near-wall region, and at least 10 cells are placed within the 
boundary layer region. The turbulent Prandtl number is assumed 

to vary linearly from 0.85 to 0.9 moving towards the wall. A 

constant cross-section area of pipe with adiabatic walls is added 

upstream of the heated pipe in order to obtain a fully developed 

turbulent flow. The calculated temperature profiles at the top 

wall of the heated pipe are presented in Fig. 8 for both validation 
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case and designed test section. The area averaged temperature 

along the test section is also reported. Both the turbulence 

models show some discrepancies with the experimental data, 

mostly due to the complexity of the flow field within the pipe 

which has a large impact on the heat transfer. However, the 
results provided by both methodologies are considerate 

sufficient for the purposes of this analysis and the WMLES is 

used to simulate the designed test section. The computed wall 

temperatures are much higher than those of the validation case. 

This difference is due to the slightly higher heat fluxes involved 

and, more importantly, the stronger buoyancy forces generated 

and evaluated through Eq. 10. The velocity contours and 

tangential velocity vectors at the outlet section are depicted in 

Fig. 9, where two secondary flows are clearly visible in the upper 

and lower part of the pipe. The fluid properties in the upper part 

quickly cross the pseudo-boiling line in the heated section. The 

consequent liquid-like to gas-like transition produces sharp 
gradients of density, which in turn generate buoyancy forces and 

affect the flow field within the pipe.  

Figure 8: Calculated temperatures within the heated pipe. 

Figure 9: Velocity contours and tangential velocity vectors at the 

outlet of the heated test section. 

GAS COOLER 

The hot gas leaving the supersonic test section is cooled to 

near-ambient temperature (~32 °C) in the gas cooler. The 

preliminary design of this component was done assuming a 

simple countercurrent shell-and-tube configuration with the hot 

CO2 flowing in 100 tubes. The cooling medium in the shell-side 

is water that is heated from 10 °C to 35 °C. Figure 10 shows the 

calculated variation of the CO2 properties along the heat 
exchanger. As previously described, the peak of the isobaric 

specific heat indicates the position where the pseudoboiling line 

is crossed. Large variation of other properties is also evident as 

the fluid passes from a gas-like state to a liquid-like state. The 

temperature-heat diagram of the gas cooler is presented in Fig. 

11, together with the calculated convective heat transfer 

coefficient of the CO2. The maximum value of the latter is 

reached when the pseudo-boiling line is crossed. The maximum 

calculated value of 𝐺𝑟/𝑅𝑒𝑏
2 along the heat exchanger is 3 ∙ 10−4,

therefore it can be inferred that the buoyancy effects are 

negligible (Eq. 11). Once the operating conditions of the gas 

cooler had been assessed, selection of the component was carried 

out. The selected gas cooler is a brazed plate heat exchanger, 

which is able to withstand extremely high operating pressure 

thanks to thin external frames in carbon steel. The design 

parameters of the gas cooler are reported in Table 3 and the 

technical drawing is presented in Fig. 12. 

Figure 10: Variations of isobaric specific heat, density and 

thermal conductivity along the gas cooler. 

Figure 11: Temperature-heat diagram and CO2 convective heat 
transfer coefficient along the gas cooler. 
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Table 3: Design parameters of the gas cooler. 

Parameter Value Unit 

CO2 temperatures (In – Out)  60 – 32 °C 

CO2 operating pressure 83.3 bar 

Coolant mass flow rate  2.48 kg/s 

Coolant temperatures (In – Out) 10 – 35 °C 

Dimensions 395 × 160 × 582 mm 

Heat exchanged 261 kW 

Figure 12: Technical drawing of the gas cooler 

EVAPORATOR 

In the evaporator, the hot gas leaving the compressor is 

cooled to 50 °C and the rejected heat is used to evaporate the 

liquid CO2 directed to the compressor itself. The preliminary 

design of the evaporator was done assuming a countercurrent 

shell-and-tube configuration with the liquid CO2 flowing in 20 

tubes and the hot CO2 in the shell-side. The buoyancy forces 

deriving by the evaporation of the liquid phase in the tubes were 

neglected in the preliminary design phase and a homogenous 
mixture between the two phases was assumed. In the shell-side, 

the maximum calculated value of 𝐺𝑟/𝑅𝑒𝑏
2 for the hot gas is 1.5 ∙

10−2, suggesting that buoyancy may be relevant (Eq. 11). 

However, for the sake of simplicity, these effects were also not 

taken into account in the shell-side in the preliminary design 

phase. A representation of the temperature-heat diagram is 
depicted in Fig. 13. The evaporator is the most challenging 

component because of the high operating pressures in the hot 

side and its selection is still in progress. 

Figure 13: Temperature-heat diagram of the evaporator. 

Table 4: Design parameters of the evaporator. 

Parameter Value Unit 

Hot side temperatures (In – Out) 94.8 – 50.2 °C 

Hot side operating pressure 130 bar 

Cold side temperatures (In – Out) 24.9 – 34.7 °C 

Cold side operating pressure 64.3 bar 
Heat exchanged 227 kW 

SUPERSONIC TEST SECTION 

The supersonic test section will be used to study the 

expansion process of CO2 in the supercritical region, where the 

thermodynamic behavior of the fluid cannot be described by the 

ideal gas model. The test section consists of three components, 

depicted in a simplified sketch in Fig. 14: the contraction zone, 

the converging-diverging nozzle and the diffuser. The flow is 

initially expanded in the contraction zone up to a Mach number 

of 0.2 and completes a transition from a circular cross-section to 

a rectangular cross-section, which will ensure a two-dimensional 

flow field within the supersonic nozzle. The flow is further 
expanded in the converging part of the nozzle, reaching choking 

conditions in the throat. In the divergent section, the flow attains 

supersonic speeds and the thermodynamic properties fall within 

the two-phase region, triggering nucleation of small liquid 

droplets and subsequently their growth. The nozzle is designed 

to allow wall pressure and optical measurements to yield 

experimental data relevant to fundamental studies of CO2 in the 

supercritical and two-phase region and to provide data required 

for validations. In order to recover the large kinetic head in the 

divergent part of the nozzle and to avoid a second throat that 

would significantly compromise the operability of the system, a 
shock-wave is generated that produces a near-instantaneous 

deceleration of the flow to subsonic speed, leading to an increase 

in pressure, temperature and entropy. A diffuser is placed 

downstream of the nozzle to fully recover the remaining kinetic 

energy.  

A real-gas two-phase CFD simulation of the nozzle was run 

with Ansys CFX, coupling the solver with the lookup tables 

extracted from NIST REFPOP database [26]. Figures 15 and 16 

present, respectively, the computed liquid mass fraction contours 

and the wall pressure along the nozzle.  

Figure 14: Simplified schematic of the supersonic test section. 

Figure 15: Liquid mass fraction contours in the nozzle. 
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Figure 16: Wall pressure distribution along the nozzle. 

CONCLUSIONS AND FUTURE WORK 

This paper discusses the preliminary design of a sCO2 

closed-loop supersonic test facility and its components. The 

transcritical refrigeration cycle is preferred as an experimental 

layout because of its operational flexibility and the commercial 

availability of the components. The designed test loop allows 

experimental research to be performed in the supercritical region 

close to the critical point and in the two-phase region. Despite 

widespread use of sCO2, such experimental data, which are 

required for study of fundamentals and for models validation, are 

still lacking.  

In the study described, preliminary design of the heat 
exchangers was carried out. The flow field in the electric heater 

is greatly affected by the buoyancy effects, and a real-gas CFD 

simulation was therefore run to assess qualitatively the 

temperatures profiles along the heater walls. The choice of the 

turbulence model is of fundamental importance in order to 

capture the flow features and perform accurate calculation of the 

heat transfer within the boundary layer, particularly when the 

pseudo-boiling line is crossed. The unsteady scale resolving 

WMLES was adopted to obtain a qualitative solution. 

Assessment of the supersonic test section was carried out using 

a real-gas two-phase CFD simulation, which demonstrated that 
nucleation of the droplets is triggered in the divergent section of 

the nozzle. Future research will focus on design of the control 

and measurement systems that will be adopted, as well as 

assessment of more accurate numerical models to describe the 

CO2 behavior in the supercritical region. The test setup is under 

commissioning and first experimental activities are foreseen in 

the second half of 2021. 
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NOMENCLATURE 

𝑐𝑝 Isobaric specific heat (J/kgK) 

𝑇  Temperature (K) 

ℎ  Specific enthalpy (J/kg) 

𝑃 Pressure (Pa) 

𝑢 Axial velocity (m/s) 

𝑘 Thermal conductivity (W/mK) 

𝑅𝑒 Reynolds number (-) 

𝑃𝑟 Prandtl number (-) 

𝑁𝑢 Nusselt number (-) 

ℎ𝑐𝑜𝑛𝑣 Convective heat transfer coefficient (W/m2K) 

�̇� Heat power (W) 

�̇� Mass flow rate (kg/s) 

𝐺𝑟 Grashof number (-) 

Greek symbols 

𝜌 Density (kg/m3) 

𝜇 Dynamic viscosity (kg/ms) 

Subscripts 

𝑝𝑏 Pseudoboiling  

𝑐𝑟 Critical  

𝑟 Reduced  

𝑇 Total  

𝑏 Bulk  

𝑤 Wall  

𝐷𝐵 Dittus-Boelter  

𝐾𝑃 Krasnoschekov-Protopopov 
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