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ABSTRACT 
At TU Wien, a test facility working with supercritical carbon 
dioxide (sCO2) was commissioned in 2018. Since then, it has 
been used for various research tasks. This paper gives an 
overview about the three configurations of the facility with a 
focus on design, operation, and results. 

The authors present the design of components in the three 
configurations of the test facility: proof of concept of the simple 
cycle in supercritical and transcritical operation mode, heat 
transfer measurements, and future work. Special emphasis is 
given to challenges during engineering and operation. Our most 
relevant lessons learned are: that a commercial CO2 pump is not 
sufficient for cycle experiments, how to design a measurement 
section for heat transfer measurements, and that during 
experimental research, measurement-concepts and data 
reduction must be prioritized at all times. 

 
INTRODUCTION 
SCO2 research progressed since Brun, Friedman and Dennis´ 
book on sCO2 power cycle activities in 2017, [1]. The chapter 
“Test facilities”, [2], describes four American test facilities in 
detail and mentions activities in Japan and South Korea. 
Considering the amount of experimental work in the last years, 
recent review papers focus on specific topics: Wu et al. [3] 
focused on Brayton cycles in nuclear engineering applications 
and White et al. [4] presents sCO2 turbomachinery designs, most 
of which are planned to be tested or already were. A list of 
experimental facilities is given in Table 1. Yu et al.´s bibliometric 
analysis [5] presents the main players in sCO2 Brayton cycles: 
United States, China, South Korea, Australia, and India. This fact 
more or less also shows in experimental cycles. Europe´s 
research is clearly not as advanced, having only small scale test 
facilities and does not execute extensive research in 
turbomachinery as only two test facilities have a turbine [4].   

The TU Wien test facility stands out as it is a transcritical cycle. 
The review papers show that most of the theoretical and 
experimental research is done on Brayton cycles with the 
exception of Net Powers Allam cycle and one of KIER´s cycles 
being transcritical. 
 Experimental work with conditions suitable for sCO2 
research is expensive, labor-intensive and full of risks of not 
having considered every practical aspect. Some of the scientific 
community acknowledges the need to publish “practical 
aspects”, “guidelines” or “lessons learned”. SNL published their 
lessons learned on the process of constructing and operating the 
loop for turbocompressor testing [6]. They also provide a 
guideline of design and operation of sCO2 R&D systems, [7]. 
BMPC have published practical aspects of sCO2 Brayton system 
testing [8]. In the project report of the Australian solar-driven 
sCO2 Brayton cycle, a section is dedicated to lessons learned 
regarding materials, [9]. Within the sCO2-HeRo project an 
extensive description of operational experiences is given for the 
sCO2-HeRo, SCARLETT and SUSEN test loops, [10]. 
Cranfield University presented broad lessons learned on cost 
assessment, the test facility and modelling, [11], and on 
commissioning, [12], and experiments, [13]. 
 In this context, we show never before published results 
from our facility during its phase of proof-of-concept and early 
heat transfer measurements. We also include a lessons learned 
section to give practical advice. 
 
Test facility at TU Wien and its configurations 
Three major sets of experiments were conducted or are 
scheduled in various configurations of the test facility, see Figure 
1: testing during the national project, heat transfer measurements 
and future experiments in the EU-funded project SCARABEUS.  
In the test facility´s first configuration during our national 
project, the aim was the proof of concept and gaining experience 
in operation of the simple transcritical and supercritical cycle.  
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Table 1: sCO2 test facilities, names in italics are brand or project related names. 
Ref.Timeframe/statusLocationName test facilityOrganization Reviewed 

Albuquerque,more than one test rigSNL
NM, USA 

research ongoing with several 
test rigs 

[2], [3], [4][6], [7]

SwRi SunShot facility,SwRI
1 MWe sCO2 test loop 

San Antonio, 
TX, USA 

SunShot finished (2011-2018), 
last paper published in 2018 

[2], [3], [4][14], [15]

Echogen Power Systems EPS100 Akron, OH, 
USA (Olean, 
NY) 

test program in Olean, NY, 
USA completed in 2014; 
research ongoing at Akron test 
facility 

[2], [3], [4][2]

Naval Nuclear 
Laboratory op. by BMPC 

Integrated System Test 
(IST) 

West Mifflin, 
PA, USA 

[2], [4][8]finished

GTI Energy, SwRI, GE 
Global Research, DOE 
many others through 
Joint Industry Program 

STEP Demo, 10 MWe 
sCO2 Pilot Plant Test 
Facility  

San Antonio, 
TX, USA 

commissioning and start-up 
expected late 22 or early 23, 
testing in 23 

[3][16]–[18]

Net Power, Baker 
Hughes 

50-MWth test facility, 
Serial #1 Utility Scale 
Plant 

La Porte, TX, 
USA 

La Porte demonstration site 
connected the grid in fall 21 
(2012-2021), first utility-scale 
power plant in Permian West, 
TX expected to go online in 26  

[4][19], [20]

KAERI, KAIST, 
POSTECH 

SCIEL [2], [3], [4][21]finishedDaejeon, KR

KAIST, KAERI SCO2PE [2][22], [23]finishedDaejeon, KR
full 5Daejeon, KR5 cycles so farKIER th cylce commissioning 
expected in 2020, not yet 
published 

[2], [3], [4][24], [25]

[4][26]finishedTokyo, JPbench scale test facilityTIT, IAE
10MWe supercriticalShouhang, EDF
cycle + CSP 
demonstration 

Shouhang, 
CN 

2018-2023, commissioning of 
retrofit cycle to industrial CSP 
plant planned end of 2021, no 
news since end of 2019 

[4][27]

5 MW fossil-firedCHNG, TPRI
supercritical CO2 
power cycle pilot loop 

experiments were planned inXi´an, CN
2020, no news since19 

[3][28]

Indian Institute of 
Science, SNL 

test facility for 
supercritical CO2 
Brayton cycle 

/[29]research seems ongoingBangalore, IN

Solar-DrivenCSIRO
Supercritical Brayton 
Cycle 

Newcastle, 
AUS 

project completed (2012-
2017), now collaboration with 
US DOE => joined the STEP 
Demo project 

[3][9]

The University of 
Queensland 

Refrigerant and 
Supercritical CO2 Test 
Loop, PHPL 

Queensland, 
AUS 

no news on test loop since 
2016; ASTRI project ongoing, 
demonstration planned end of 
22 

/[30]–[32]

Prototype compressorBaker Hughes
test rig 

2018-2021, results paperFlorence, IT
published in 2022 

/[33]

CVR  SUSEN since ~2007, research onPrague, CZtest loop
several experimental projects 
(e.g., COMPASsCO2) is 
ongoing 

/[34], [35]

IKE SCARLETT finished, team involved inStuttgart, DE
other sCO2 projects 

/[36], [37]
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Table 1 continued 

Organization Name test facility Location Timeframe/status Ref. Reviewed 
Project Consortium 
(University Duisburg-
Essen, CVR, University 
of Stuttgart) 

sCO2-HeRo projects sCO2-HeRo (2015-Duisburg, DEloop
2018), sCO2-Flex (2018-2021) 
and sCO2-4-NPP (2019-2022) 
finished 

[4][10], [38]

Cranfield University Rolls-Royce sCO2 Test 
Rig 

Bedfordshire, 
UK 

/[11]–[13]research ongoing, in operation

Brunel University, 
Engoia 

HT2C project I-ThERM finishedLondon, UKfacility
(2015-2021) 

[4][39]

LUT University  LUTsCO2 Lappeenranta,facility
FIN 

only design published so far, 
research ongoing 

/[40]

project SCARABEUS (2019-Vienna, AUTsCO2 test facilityTU Wien
2023) ongoing, experiments 
expected in 23 

/This paper.

 
The experimental set-up consisted of the pump, a heater, an 
expansion valve as a substitute for the turbine, a water-cooler and 
a tank, see Figure 2. The CO2 was heated up to 320 °C with 
thermal oil and reached a pressure of 240 bar at a mass flow rate 
up to 0.33 kg/s.  

In the second configuration, heat transfer measurements 
were conducted for heating up supercritical CO2 at pressures up 
to 220 bar and temperatures up to 150 °C. For cooling and 
condensing experiments, the test facility was modified with a 
new test section including a precooler and test tubes with 
microfins and several improvements were undertaken. The 
experiments took place at sub- and supercritical pressures up to 
100 bar, temperatures up to 180 °C and for a working fluid 
consisting of pure CO2 and a CO2+refrigerant mixture. 

In the third configuration (SCARABEUS), the test facility 
operates as a recuperated Rankine cycle. The commissioning 
will take place in April 2023. The facility will operate at high 
temperatures up to 650 °C. One part of the planned research 
focuses on Printed Circuit Heat Exchangers (PCHE): two 
different designs will be tested. The main focus, however, lies on 
testing novel zeotropic CO2-based working fluids that allow 
condensation at high temperatures. The goal is to condense the 
working fluid at air temperatures as high as 35 °C, which we will 
prove by experiments. 

 

 
Figure 1: visualization of projects and tasks. 

The paper is structured in four parts: 1) a design section covering 
the national project, heat transfer, and SCARABEUS, 2) a 
section about operation and results of the national project, 3) 
methods and results of the heat transfer measurements, and 4) a 
selection of our lessons learned. 
 
DESIGN – NATIONAL 
The test facility in its first configuration consists of five major 
parts, as can be seen in Figure 2 and Table 2. The high- and low- 
pressure sides are designed for pressures up to 240 bar and the 
100 bar, respectively. The piston pump is able to provide a mass 
flow rate of up to 0.33 kg/s and can move liquid and supercritical 
CO2 under some constraints. The CO2 is heated up to 320 °C in 
a 200 kW shell-and-tube heat exchanger with the thermal oil 
Therminol VP-1. An expansion valve substitutes the turbine´s 
pressure loss. The cooler is a shell-and-tube heat exchanger with 
water as a coolant. During start-up and in transcritical mode, the 
CO2 is present in liquid form and stored in the tank. In 
supercritical mode, the tank is by-passed. 
 In this configuration, operation of the transcritical and 
supercritical cycle was tested. The conditions during 
experiments are shown in Figure 3. The pump receives the CO2 
from the tank, where it is liquid in the case of the transcritical 
operation. With a cooling water temperature of around 8 °C, 
working fluid temperatures as low as 15 °C corresponding to a 
pressure of ~43 bar can be achieved at state 1. The upper limit 
for transcritical operation is 26 °C to have a sufficient margin to 
the critical point. In Figure 3, a temperature of 19.5 °C and a 
corresponding pressure of 56.6 bar on the low-pressure side is 
shown. At the outlet of the piston pump, state 2, while cooling 
the pump with water, the outlet temperature is at around 40 °C. 
The CO2 then enters the heater and reaches a temperature of up 
to 320 °C for which the inlet thermal oil temperature is at 360 °C. 
The expansion valve mimics the pressure loss of the turbine and 
is controlled to set the high pressure of the system to 220 bar. 
After expansion, the still hot CO2 at the system´s low-pressure 
side enters the water cooler, which controls the temperature (and 
thereby the pressure) at state 1. For supercritical operation, the 
facility is started up in transcritical operation. Then, the tank is 
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bypassed by cutting it off with automatic valves. The cooler 
slowly increases the temperature until the pressure on the low-
pressure side reaches supercritical values at 4* and 1*. States as 
shown in Figure 3, yellow colored isobaric line, could not be 
reached with this approach because the facility does not have a 
mass management system for the working fluid. 
 

 
Figure 2: scheme of major components of the test facility. 

 
Figure 3: Ts-diagram of supercritical and transcritical cycle 
conditions as tested in the facility. 
 
Table 2: List of major components of the test facility. 

Component  
Heater 200 kW, Shell-and-Tube, CO2 tube-side, thermal oil 

VP-1 shell-side 
Cooler/ 
condenser 

355 kW, Shell-and-Tube, CO2 tube-side, water shell-
side 

Pump Piston-pump (SPECK-TRIPLEX-
PLUNGERPUMPE P52/51-300CZ), max. 
50 L/min, Pmax=280 bar 

Expansion 
valve 

Pneumatic control valve, type 3252 

Tank 55 L 
 

For heat input, an electrically heated thermal oil is used. It is 
provided by an external utility. Although Therminol VP-1 can be 
used for temperatures up to 400 °C, the maximum inlet 
temperature in the primary heat exchanger of the CO2 facility is 
limited to 360 °C as the thermal oil has to be pressurized to 
prevent evaporization at these high temperatures. The systems 
pressure needs to be at around 10 bar. 
 For the working fluid we use CO2 of food grade, by Linde 
under the name Biogon C E 290. It has a quality of more than 
99.7 % CO2. We buy gas cylinders with riser pipe to be able to 
fill the test facility with liquid CO2. It has to be assumed that the 
CO2 gets contaminated with lubricant from the pump as this was 
observed during plant modification. 
 For safety, a Hazard and Operability Study (HAZOP) under 
professional lead was performed after the functional design of 
the plant. A hard-wired shut-down of safety and integrity level 2 
(SIL2) of the thermal oil pump and heater in the case of excessive 
temperature was necessary. The number and position of safety 
valves was determined. For heat exchangers, it is necessary to 
consider a rupture of a heat exchanger pipe. In this case, the CO2 
from the high-pressure side of the heat exchanger would expand 
towards the low-pressure-shell-side, which is designed for 
16 bar. The water line’s design pressure is only 8 bar. The 
expanding CO2 from the test facility’s high-pressure levels into 
the low-pressure heating and cooling systems would lead to 
overpressure there. As the CO2 would mix with water (cooler) or 
thermal oil (heater), the amount of gas-liquid-mixture to be 
discharged would have been too high to deal with for a safety 
valve. The solution was to include burst discs directly on the heat 
exchangers´ low-pressure side. A system of flash lines and flash 
tanks were designed to collect the blown out mixture. All the 
parts of the test rig were pressure tested individually with water.  
A leak test under supervision from the notified body was 
performed with nitrogen in the finished version of the facility as 
a last step before approval. After that, major modifications have 
to be checked and approved by the notified body.  
 

 
Figure 4: components of the test facility. 

 
DESIGN – HEAT TRANSFER 

 
First test section 
The first test section for measuring the heat transfer coefficient 
of CO2 to the inside of a tube wall is depicted in Figure 5. The 

flash tank

flash line 

tank 

expansion valve heater

HT test section

thermal oil lines

filling pump 

condenser 
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test section, a counter flow heat exchanger, consisted of a single 
tube with the CO2 flowing inside, surrounded by an outside shell 
where thermal oil (VP-1) provided the heat source. The tube was 
U-shaped, where each U-part was about 3 m long. Regrettably, 
the design suffered from a lack of time and money. The results 
were not as expected and practically unusable due to the 
following issues: 
 The Coriolis sensor that measured the mass flow of CO2 

into the test section was positioned upstream on the low-
pressure side of the pump. This meant that the (by-design) 
leakage across the high-pressure gaskets inside the pump 
could not be accounted for during the heat transfer 
measurements upstream. 

 Since the flow of CO2 from the tank to the pump was in a 
saturated state, any heat from the environment transferred 
to the working fluid cased evaporation, leading to a two-
phase flow in the Coriolis sensor and further degrading its 
accuracy. Density measurements that were also available 
from the Coriolis sensor could have at least indicated a two-
phase flow, but they were not recorded during that early 
tests (yet). 

 The test section had practically no straight inlet section that 
could have normalized the CO2’s flow profile, causing 
heavy turbulences in the first section. 

 The bend in the middle of the test section is simply 
impractical and should have been avoided. A straight tube 
would have been easier to handle concerning all aspects of 
heat transfer measurements and result analysis. 

 If a bend was necessary, it should have been in a horizontal 
rather than a vertical plane. The hydrostatic pressure 
difference between the U-parts already complicates the 
measurements. 

 The entire measurement concept was not thought out well. 
Instead of measuring surface temperatures, only bulk inlet 
and outlet temperatures were measured. This meant that 
further assumptions on the heat transfer mechanism, in 
particular on the thermal-oil side, had to be made, 
decreasing the accuracy of the final results. Additionally, 
some of the boundary conditions for typical heat transfer 
correlations were not met. 

 The special behavior of CO2 near the critical point was not 
considered at all. Non-equilibrium effects greatly influence 
the heat transfer under such conditions. Non-equilibrium is 
due to thermo-physical properties barely reaching a 
stationary state. For example, the density experiences a 
hysteresis effect depending on the direction of the isobaric 
process it is undergoing [41]. 

 The sensors used were of poor quality, resulting in high 
inaccuracies. The PT100 resistance temperature detectors 
(RTDs) were 3-wire and only class B. 

 Even though the greatest impacts on heat transfer are 
expected to occur at pressures slightly above the critical 
pressure (going through the pseudo-critical point), and only 
coolers would be operating at such pressures in a 
supercritical CO2 power cycle, the test section could only 

be used to measure the heat transfer coefficient when 
heating the CO2.  

 
Figure 5: First test section for heat transfer measurements of 
pure CO2. 

 

Second heat transfer test section: precooler, test tubes 
During our current project SCARABEUS, the facility was 
extended by a new test section to measure the heat transfer 
during in-tube cooling and condensation under enhanced heat 
transfer conditions by using microfins on the inner surface. This 
new test section is a horizontal tube-in-tube heat exchanger 
cooled by water. The positions of measurement devices are 
shown in Figure 6 and Figure 7. To control the inlet vapor content 
of CO2, a precooler was installed.  
 

  
Figure 6: schematic of current test tube for heat transfer 
measurements when cooling and condensing; red…working 
fluid, blue…water, black…wall temperature. 
 

 
Figure 7: position of the temperature sensors at the cross section 
of the current test tube. 
 

Many of the first test section´s flaws were eliminated. The most 
important being (many) high level temperature sensors (PT100, 
4-wire, class AA). These were located directly in the CO2, in the 
water channel and at the outer wall of the inner tube. 
 A much lower uncertainty of reduced data can be observed 
in this new heat transfer measurement section. A part of those 
experiments is shown in [42]. 
 

DESIGN – SCARABEUS 
The SCARABEUS concept (Supercritical CARbon dioxide 
/Alternative Blends for Efficiency Upgrade of Solar power 
plants) envisions a power block to be coupled with concentrated 
solar power (CSP) plants. Using a CO2-based, binary mixture as 
a working fluid instead of water/steam, this cycle shows an 
improved efficiency, smaller turbomachinery, fewer equipment 
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and an air-cooled condenser that enables dry cooling. Even at 
high ambient temperatures, condensation of the working fluid 
becomes feasible with ambient air, thus, making a recuperated 
Rankine cycle possible. The change in properties necessary to 
enable condensation with air at high ambient temperature is 
achieved by blending the CO2 with an additive with a higher 
critical point. Condensation of a mixture undergoes a 
temperature glide as the isobaric lines in the two phase region 
are sloped in the T,s-diagram, see Figure 9. Therefore, 
condensation of binary mixtures shows less irreversibilities 
compared to condensing a pure fluid. 
 The test facility is used for the experimental validation of the 
SCARABEUS concept in a slightly changed layout as can be 
seen in Figure 8 and will test one mixture as a working fluid. As 
of today, a carbon dioxide and hexafluorobenzene (C6F6) mixture 
of 8 % molar fraction of C6F6 will be used. The mixture did not 
perfectly meet all target properties but presents the best 
compromise. It is thermally stable up to 600 °C [43], slightly 
toxic (same hazard class as CO2) and moderately flammable. To 
reduce the operational risks, a lower percentage of C6F6 will be 
used than we would suggest for an actual plant. The target 
maximum temperature of 650 °C had to be reduced to 550 °C. 
 For the chosen mixture, the T,s-diagram looks as shown in 
Figure 9. The Peng-Robinson EoS with a binary interaction 
parameter of kij=0.033 was used to calculate the properties. This 
approach shows good agreement with experimental data of 
compositions close to design (around 85% molar fraction of 
C6F6). The critical point is estimated at around 70 °C and 107 bar. 
Thermo-physical properties at and near the critical point cannot 
reliably be calculated by EoS as these usually have convergence 
issues and give no solutions at these conditions.  
 Compared to pure CO2, the two-phase region reaches higher 
temperatures and isobaric lines are sloped in the two-phase 
region of the T,s-diagram. This means that condensation of the 
mixture happens in a temperature glide. For example, at a low 
pressure of 95 bar, the working fluid would start condensing at 
106 °C and be fully liquid at around 52 °C. 
 

 
Figure 8: scheme of major components of the test facility as for 
the SCARABEUS project. 

 
Figure 9: T,s-diagram with recuperated cycle states as to be 
tested in the facility operated with CO2+C6F6. 

 
Three new heat exchangers make up the modified cycle, each of 
them specifically designed for the CO2+C6F6 mixture, but for 
650 °C since at this time we did not know about temperature 
limitations due to thermal degradation: 
 
Table 3: list of components for SCARABEUS. 

Component  
Heater 220 kW, supplies the cycle with a design 

temperature of 650 °C by using 850 °C flue gas 
from a natural gas burner, material: Inconel 617 

Air-cooled 
condenser 
(ACC) 

120 kW, fins at the air-side and microfins at 
the inner surface, for heat transfer 
enhancement see [42] and [44] 

Recuperator 350 kW, Printed circuit heat exchanger (PCHE), 
stainless steel 

Expansion valve Custom-built valve to withstand 650 °C 
 
The recuperator – a printed circuit heat exchanger 
The recuperator will be a printed circuit heat exchanger (PCHE), 
a technology of compact heat exchangers withstanding high 
pressures and temperatures while ensuring high safety levels. 
Two PCHE´s with different geometries will be tested: airfoil and 
S-shaped. 
 To determine optimized geometries, a CFD analysis was 
carried out with ANSYS CFX 2019 R3. Besides proper boundary 
conditions representing the thermal-hydraulic problem at hand, 
the mesh and the chosen turbulence model have the biggest 
impact on the results of the simulation. Therefore, a mesh 
independency study was conducted to be able to get reliable 
results as well as the best possible ratio of good results to 
simulation time. The selection of a fitting turbulence model can’t 
be handled separately because the quality of the mesh directly 
influences the results with the chosen turbulence model. Vice 
versa, there are different requirements on the mesh for different 
turbulence models. In the used software package, many different 
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models are available. The refinement of the boundary layer, the 
overall refinement of the mesh as well as the number of elements 
around the fins with particular attention to the fillets at the 
beginning and the end of the fins were modified. Based on 
experimental results from a zig-zag configuration heat exchanger 
for H2, from two turbulence models k-ε and SST, SST was 
chosen as it better predicts the pressure losses.  
 Temperature prediction was equally good for both models. 
Figure 10 shows the geometrical model of the airfoils, the 
characteristic dimensionless numbers and the channel modelled 
in CFD. Figure 11 shows the S-shape. As mechanical stress 
peaks would occur at the sharp edge of the airfoil, it is slightly 
rounded which is in line with the manufacturing requirements.  
The trivial result of maximizing the heat transfer rate to pressure 
drop ratio leads to large numbers for the horizontal and vertical 
pitch and therefor to bigger overall dimensions of the PCHE. 
Bigger dimensions generally mean higher material and 
manufacturing costs. Instead, the optimization is fed with a 
zigzag channel PCHE as a reference case and the surface area is 
reduced by the optimizing function at a given heat transfer and 
pressure drop. 
 

 

 

 

 

 
Figure 10: Geometrical characterization and modelling in CFD 
of airfoil shape. 
 
 The CFD results show that S-shape configuration with 
lower vertical pitches and airfoils in almost every parameter set 
show a reduction in surface area when compared to zigzag 
channels. 

The following design conclusions can be made about the S-
shape:  

 Transverse pitch ↑ means size reduction ↓ 
 Vertical pitches ↓ means performance ↑ 
 Further decreasing the pitch is not possible due to 

manufacturing. 
 A maximum of 7.6 % of surface reduction is possible 

with S-shapes compared to zigzag. 
For airfoil, the following is true: 

 No clear dependencies on parameters 
 Staggered number ↑ means size reduction ↑ (So, 

staggered arrangement performs best while inline 
arrangement performs worst.) 

 Effects of vertical and horizontal number are correlated, 
see Figure 12 

 With a Multi-Objective Genetic Algorithm, the 
optimized airfoil shape leads to a surface reduction of 
17.7 % compared to the zigzag shape. 

 

 
Figure 11: Geometrical characterization and modelling in CFD 
of S-shape. 

 
Figure 12: Correlation between vertical, horizontal number and 
surface reduction at a staggered number of 0.5. 
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Safety 
Additional safety measures are necessary when working with 
hazardous substances in relevant amounts in an indoor test 
facility. A fire-resistant enclosure surrounds the entire test 
facility, see Figure 13 and Figure 14. It serves two purposes: 1) 
closing off the air supply in the case of fire and preventing the 
spread of fire for thirty minutes and 2) providing a space for 
continuous air ventilation during normal operation to dilute 
potential leakage and venting it outside over the chimney. 

  
Figure 13: fire-resistant enclosure as planned. 
 

 
Figure 14: fire-resistant enclosure steelframe as built. 
 

Breaking new ground in research, e.g., adding a hazardous 
substance to your working fluid and heating it up to 650 °C, can 
be challenging when it comes to questions of safety. 
 The first issue is thermal degradation of substances at this 
elevated temperatures. Small scale testing was accounted for in 
the project plan of SCARABEUS and showed the limits for 
operation in the test facility. No laboratory would give a quote 
on identifying the degradation products which made it 
impossible to test the 650 °C and potentially create lighter 
harmful substances with the fluoride from C6F6.  
 The second issue is flammability, which is the case for 
hexafluorobenzene. Since the substance is rarely used, no data 
on flammability in the mixture with carbon dioxide diluted in air 

at extreme conditions (leaking from 220 bar and 650 °C to 
ambient conditions) is available. 
 The third issue is toxicity and reactivity. Carbon dioxide 
itself is hazardous to humans as it is an asphyxiant gas. Three 
CO2 detectors at the vicinity of the test facility are used to detect 
potential leakages in the range of allowed workplace 
concentrations. Small leakages of the CO2+C6F6 mixture do not 
bring an additional risk with them since the enclosure contains 
those possible leakages and C6F6 will condensate at ambient 
conditions. From theoretical analysis, sulfur dioxide (SO2) and 
titanium tetrachloride (TiCl4) might seem a good additive choice 
for SCARABEUS, but SO2 is highly toxic and TiCl4 is reactive 
with air humidity and releases hydrochloric acid.  
 For a test facility of our size and relevant mixtures defined 
by the project, one filling with SO2+CO2 would involve 40 kg of 
SO2. When a burst disc breaks, this amount would be released to 
the surroundings. During the proposal, the idea was to pass the 
released amount over an active carbon filter to strip the additive. 
SO2 can only be stripped if active carbon is impregnated with 
potassium carbonate and its efficiency is decreased at elevated 
temperatures, even at 50 °C. There is no filtering effect at 
temperatures higher than 100 °C. Massive amounts of the pricy 
impregnated active carbon is needed to ensure the necessary 
contact times. Measures like this were not budgeted for and seem 
unrealistic for a research or industrial project. 
 The only way to pursue is to reduce the amount of used 
additive or not use them at all. A dispersion calculation allows to 
estimate acceptable amounts. The ALOHA (Area Locations of 
Hazardous Atmospheres) software from the EPA's 
(Environmental Protection Agency) CAMEO software package 
is used to evaluate the dispersion calculation. The results are 
danger zones for the IDHL value (Immediately Dangerous to 
Life and Health) and the AEGL (Acute Exposure Guideline 
Levels) and time estimations on how long these zones prolong.  
 The results showed very high concentrations for short 
periods of a few minutes.  Using a smaller amount of C6F6, thus, 
leading to a reduced additive concentration in the working fluid, 
will be possible. Neither SO2 nor TiCl4 are safe enough to use at 
our test facility. The danger zone (IDHL=100 ppm, AEGL-
3=30 ppm) for SO2 is shown in Figure 15. 
 

 
Figure 15: results of the dispersion calculation with heavy gas 
model for a release of 37 kg SO2 in 3 min with wind direction 
west, IDHL zone in red, AEGL-3 zone in orange. 
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OPERATION AND RESULTS – NATIONAL  
Our process control system is set up in the software APROL of 
B&R. Most of our hardware, except the SIL relevant logic 
components, come from B&R. 

 
Filling CO2 using a natural circulation cooling system 
There are several possible ways to fill a plant or test rig with its 
working fluid, in this case CO2. The most obvious one is to use 
a pump that feeds the working fluid from a storage vessel directly 
into the system. A process without a pump, only utilizing the 
pressure difference between the tank and the plant, is possible, 
but faces the challenge of diminishing pressure differences when 
both the tank and the system are in a saturated (two-phase) state 
at the same ambient temperature. Then, both the tank and the 
plant are at the same saturation pressure and no flow between 
them can occur. There are two ways to create a (negative) 
pressure gradient from the tank to the system again: 

 Heat the tank, which increases the saturation pressure 
there 

 Cool (at least a part of) the plant, decreasing its pressure 
 The test rig presented in this paper utilized a natural 
circulation cooling system that managed to effectively transfer 
the CO2 from gas cylinders into the plant without the need of a 
pump or any other additional equipment. The basic setup is 
shown in Figure 16: 

 
Figure 16: Sketch of the natural circulation cooling system used 
to fill the test rig with CO2. 
 
A gas cylinder containing CO2 in a saturated state is attached to 
the plant’s drum. The gas cylinder has a dip tube to make sure 
that only the liquid phase is being transferred into the system. 
CO2 vapor flows from the drum past the pump (which is shut 
down) into the plant’s cooler (see Figure 2, the heater and 
expansion valve are omitted in Figure 16). Since the cooling 
water temperature is about 8 °C and therefore lower than the 
plant’s ambient temperature of about 22 °C in the lab, the CO2 
condenses. Gravity then pulls the liquid CO2 down into the drum, 
which creates a void in the cooler that pulls additional gaseous 
CO2 into it, resulting in a continuous circulation. Figure 17 
demonstrates an actual filling process: 

 
Figure 17: Filling CO2 using natural circulation cooling. 
 
See Figure 16 for the position of the individual sensors listed in 
the legend of Figure 17. Before the start of the process, all 
temperatures (CO2 inlet temperature TCO2in, CO2 temperature 
at the outlet of the cooler TCO2, cooling water return 
temperature TH2O) are at the ambient temperature of 22 °C and 
the CO2 pressure pCO2 is at 0 barg (the plant is empty). At the 
time marked with 1, the cooling water valve is opened and cold 
water at about 8 °C started flowing through the cooler, resulting 
in a steep decline in the water return temperature. Shortly after, 
the valve to the first gas cylinder is opened. The expansion of the 
CO2 in the gas cylinder into the still empty plant causes a sharp 
decrease in the CO2 inlet temperature, which also cooles down 
the test rig as a whole. The CO2 pressure increases, but it does 
not reach the saturation pressure pVap yet, which is calculated at 
the CO2 temperature TCO2. At step 2, another gas cylinder is 
hooked to the plant, the CO2 pressure increases further, but the 
vapor pressure is still not reached. Only after step 3, when two 
additional (half full) cylinders are attached in short sequence, the 
CO2 pressure reaches the vapor pressure, after which both 
pressures remain practically identical. The fact that the CO2 
vapor is continuously flowing through the cooler and condensing 
there can be seen at the time marked with 4: the cooling water’s 
two-step temperature controller activates and cooles down the 
water by a few degrees. The CO2 temperature followes the water 
temperature very closely, causing the CO2 pressure in the plant 
to decrease. The quick reaction time strongly suggests that CO2 
is flowing through the cooler and natural circulation is 
established.  
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Full operation  
The process of successful start-up, transcritical operation and 
shut-down is shown in Figure 18 and Figure 19 with the help of 
a few parameters. The steps are as follows: 
0-1:  

 The sCO2 pump is controlled to provide 0.3 kg/s CO2. 
 The electrical heater to heat the thermal oil that will 

serve as a heat source for the CO2 is set to manual 
power. It heats the thermal oil in a primary circuit to 
360 °C. With a controlled valve, thermal oil from the 
secondary circuit is mixed with the primary circuit 
thermal oil to reach a set temperature of currently 60 °C 
at TThOil,ElHeater,Out.. By controlling the thermal oil mass 
flow rate the thermal oil temperature at the inlet of the 
CO2 heater is adjusted. 

 The water valve controlling the duty at the condenser is 
opened manually. 

1-2: 
 The temperature in the tank is controlled by the water 

flow rate in the condenser. The pressure in the tank/ at 
the low-pressure side of the test facility remains 
constant, too. 

 This effects back on the thermal oil plant and results in 
lower temperatures there. 

2-8: 
 The temperature controller for the thermal oil 

temperature of the heater´s outlet TThOil,ElHeater,Out is set 
to 340 °C and starts ramping up. 

3-12: 
 The expansion valve controls the pressure on the high-

pressure side to 110 bar. 

 Pressure oszillations in the pressure on the high-
pressure side of the test facility caused by evaporating 
CO2 are clearly visible. 

4-5: 
 The temperature at the outlet of the heater sinks. The 

controller tries to increase the thermal oil mass flow to 
reach the temperature TThOil,CO2Heater,In. We will later find 
out that the thermal oil plant was not properly vented 
and air was in the system. 

6-7: 
 The thermal oil mass flow rate breaks down. 

8-9: 
 The set value for the pressure on the high-pressure side 

is set to 220 bar. The expansion valve begins to close. 
9-10: 

 10 minutes of successful transcritical operation with 
controlled values. 

10-11: 
 The expansion valve controller is set to 110 bar. 

11-12: 
 The coolers in the thermal oil plant cool down the 

thermal oil temperatures. 
12-end: 

 The expansion valve is opened and the pressure on the 
high-pressure side quickly decreases to the low-
pressure side level. 

 The CO2 pump and thermal oil pump are turned off.  
 
 

 

 
Figure 18: a few selected parameters of the successful transcritical operation. 
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Figure 19: a few selected parameters of the successful transcritical operation. 

 
METHODS AND RESULTS – HEAT TRANSFER 
As already mentioned in the design section, some grave mistakes 
were made during the design phase of the test section. Not-
normalized flow into the test section (caused by a lack of an inlet 
section) caused turbulences so strong that the results in the first 
half of the test section were completely unusable. In the second 
half, results were better, but the use of inaccurate measurement 
equipment led to confidence intervals in the range of several 
orders of magnitude. This was exacerbated by the fact that small 
temperature differences had to be measured to accurately 
determine the heat fluxes, especially when going through the 
pseudo-critical point, where a spike in the CO2’s specific heat 
capacity resulted in only minor temperature increases from the 
inlet to the outlet. CO2 properties are calculated according to 
Span and Wagner [45]. A comparison of the results to the 
predictions when using Gnielinski’s correlation [46] is shown in 
Figure 20: 

 
Figure 20: Results of the first test section compared to the 
predictions when using Gnielinski’s correlation. 
 
Figure 20 shows the relative predictions of Gnielinski’s 
correlation to the test section results, categorized in 
measurements where the CO2 did not go through the pseudo-
critical point (blue points) and those where it did (red points). 

Results at lower pressures tended to be higher, which is 
qualitatively correct. One can see that the results were 
consistently lower than what could be expected from 
Gnielinski’s correlation, most of them by a factor greater than 
two, and some of the pseudo-critical measurements even going 
as far as 8 times lower than what could be expected.  

 
LESSONS LEARNED 
Measurement equipment and data reduction has to be the 
first thing to consider. 

 Do not compromise here. 
 Check with data reduction and error calculation where 

you could save money. Overly complicated post-
processing is avoided and time is saved. 

 Plan for over-determined systems to do correction 
calculations. 

 High class temperature sensors are necessary for heat 
transfer measurements. 

 Wall temperature measurement are necessary for heat 
transfer measurement. 

 There is no ideal placement of the Coriolis sensor. 
 Use the full potential of Coriolis sensor. 
 Use a differential pressure sensor for level 

measurement, not one using time domain reflectometry. 
 
Collecting data of a certain quality is the heart of experimental 
research. Besides maybe the side quest of gaining operational 
experience, creating data is the sole purpose to build an 
expensive, time-consuming test facility. This is why the 
measurement system must have priority during the entire project. 
Saving an insignificant amount of money on a low-quality 
temperature sensor may not be worth it in the long run. 
 Performing the data reduction and an error calculation early 
on might save money at the correct measurement devices. In 
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other fields, this issue is more prevalent, see for example how 
experimental physicists deal with it [47]. 
When there are possibilities to place measurement devices to 
achieve mathematically over-determined systems, this additional 
information can be used. A correction calculation according to 
VDI-guidelines can show inconsistencies in the data, streamline 
your results and provide smaller error ranges [48].  
 In the current test facility with a leaking pump, there is no 
perfect placement for the Coriolis sensor. For future 
experiments, the position will be changed from the low pressure 
side before the pump to the high-pressure side after the pump. 
The sensor will withstand the pressures from a material 
standpoint but is not recommended to be used by the suppliers. 
The Coriolis sensor comes with the possibility to simultaneously 
measure density and temperature. This information can be used 
to detect gas in the piping where there should be liquid. 
 
Safety measures are necessary and cost intensive. 

 Do not only check technical feasibility but speak to 
suppliers and get a quote. 

 Plan for “in-house” preliminary tests tailored to answer 
project-specific answers. 

 Be aware of possible limitations. 
See Safety in chapter DESIGN – SCARABEUS for more 
information. 
 
A commercial pump with leakage is not suitable for loops. 
Per design, the used piston pump does have leakages over the 
low-to-high pressure sealing and the low-to-ambient pressure 
sealing which provide cooling exactly where heat from friction 
is produced. An estimated loss of less than 1‰ might not seem 
much when the pump is only passed once as it is in its 
commercial application for filling CO2 gas cylinders. For the test 
facility it means losing the inventory over the course of two days. 
 For future experiments, the leakage from the low-to-high 
pressure sealing will be collected in a secondary circuit equipped 
with a cooler to control the pressure. When filled up, it will be 
pumped back to the main circuit by a second pump. 
Unfortunately, the second leakage from the low-to-ambient 
pressure sealing is not collectable. 
 
The pump is not efficient without subcooling. 
Maximizing mass flow rate and reducing the amount of leakage 
are contrary goals. As we use a pump with three pistons, the 
reached mass flow rate should be linearly correlated to the 
number of revolutions. Figure 21 shows that the correlation is 
not linear in comparison to exemplarily shown linear fits of data 
points at lower numbers of revolutions. The explanation for such 
behavior is cavitation issues. In the original configuration, the 
required NPSH value was not reached by far. The state of the 
CO2 was too close to the saturated state we have in the tank. The 
tank is located approx. 1.6 m above the pump. The hydrostatic 
pressure increase is smaller than for water at a similar 
temperature range and was not considered accordingly. The by 
the 1.6 m gained enthalpy difference is probably eaten up by the 
Coriolis sensor located before the pump.  

 

 
Figure 21: correlation of mass flow rate and number of 
revolutions.  
 
The following measures were taken to reduce the cavitation 
issues for the coming SCARABEUS experiments: 

 Water cooling of the pump inlet block and pistons. 
 Reduced amount of sealing material to reduce the heat 

brought in by friction. 
 Increased allowed number of revolutions from 900 rpm 

to 1500 rpm in discussion with supplier. 
 Subcooling the working fluid by 10 K from saturation 

conditions before entering the pump in an additional 
heat exchanger. 

 
CONCLUSION 
The sheer size of the original (national) project made it difficult 
for the small team of scientists to execute it properly within the 
given time and budget constraints, and lots of mistakes were 
made because of it. However, the operational experience and 
lessons learned – in particular the insufficiencies of commercial 
CO2 pumps, design of heat transfer measurement equipment and 
prioritizing measurements and data reduction –  have already 
proved invaluable to the follow-up project SCARABEUS and 
will continue to serve as the knowledge base for every future 
project. We failed fast – at least we failed forward. 
 
NOMENCLATURE 
Abbreviations 
AEGL Acute Exposure Guideline Levels 
BMPC Bechtel Marine Propulsion Corporation 

Computational Fluid DynamicsCFD
CHNG China HuaNeng Group 
CSIRO Commonwealth Scientific and Industrial Research 

Organisation 
Concentrated Solar PowerCSP
Research Center RezCVR
U.S. Department of EnergyDOE
Électricité de FranceEDF
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Equation of StateEoS
Environmental Protection AgencyEPA
General ElectricGE

HAZOP Hazard and Operability Study 
HT2C High Temperature Heat to Power Conversion facility 

Institute of Applied EnergyIAE
IDHL Immediately Dangerous to Health and Life 

Institut für Kernenergie und EnergiesystemeIKE
Integrated System TestIST

iThERM Industrial Thermal Energy Recovery Conversion and 
Management 

KAERI Korean Atomic Energy Research Institute 
KAIST Korea Advanced Institute of Science and Technology 
KIER Korean Institute of Energy Research 
LUT University 
 Lappeenranta-Lahti University of Technology 
NPSH Net Positive Suction Head 
SCARABEUS 

Supercritical CARbon dioxide/Alternative Blends for 
Efficiency Upgrade of Solar power plants 

SCARLETT 
Supercritical CARbon dioxide Loop at IKE Universität 
StuTTgart 

SCIEL Supercritical CO2 Compressor Performance Test 
Facility 

sCO2-HeRO 
 Supercritical CO2 Heat Removal system 
SCO2PE 
 Supercritical CO2 Pressurising Experiment 

Safety and Integrity LevelSIL
Sandia National LaboratoriesSNL

STEP Supercritical Transformational Electric Power Project 
Southwest Research InstituteSwRI

PCHE Printed Curcuit Heat Exchanger 
PHPL Pinjarra Hills High Pressure Test Loop 
POSTECH 
 Pohang University of Science and Technology 

Resistance Temperature DetectorRTD
Tokyo Institute of TechnologyTIT
Xi´an Thermal Power Research InstituteTPRI

 
Variables 
αCO2 heat transfer coefficient as calculated from 

experimental results (W/m2/K) 
αGni heat transfer coefficient as calculated by Gnielinski´s 

correlation (W/m2/K) 
 
ṁThOil mass flow rate of thermal oil (kg/s) 
ṁ, ṁCO2 mass flow rate of CO2 (kg/s) 

revolutions (rpm, revolutions per minute)n
COp 2 pressure (bar) 

pCO2 CO2 pressure in the test facility during filling, measured 
at the tank (bar), see Figure 14 

pH2O water pressure at inlet of test tube (bar), see Figure 6 
pTank CO2 pressure in the tank (representative for the low-

pressure side of the cycle) (bar) 

pPump,Out  
calculated saturation pressure of COpVap 2 with TCO2 as 
input (bar) 

PIN CO2 pressure pump at inlet (bar) 
POUT CO2 pressure pump at outlet (bar) 
pthOil thermal oil pressure (bar) 
Tbulk CO2 temperature at the middle of the heat exchanger of 

the test tube (“bulk temperature”) (°C), see Figure 6 
TCO2 CO2 temperature at the outlet of the water cooler during 

filling (°C), see Figure 14 
TCO2,CO2Heater,Out 
 CO2 temperature at the outlet of the heater (°C) 
TCO2in temperature of CO2 entering the test facility during 

filling (°C), see Figure 14 
TH2O water temperature at the outlet of the water cooler 

during filling (°C), see Figure 14 
TH2O,in water temperature at the inlet of the test tube (°C), see 

Figure 6 
TH2O,1 water temperature at position III of the test tube (°C), 

see Figure 6 
TH2O,2 water temperature at position II of the test tube (°C), see 

Figure 6 
TH2O,out water temperature at the outlet of the test tube (°C), see 

Figure 6 

Tin CO2 temperature (°C) at inlet of test section, Figure 5 
Tmiddle CO2 temperature (°C) at the middle of test section, see 

Figure 5 
Tout CO2 temperature (°C) at outlet of test section, Figure 5 
TTank CO2 temperature in the tank (representative for the low-

pressure side of the cycle) (bar) 
THeater,Out CO2 temperature at the oulet of the heater (°C) 
TThOil,ElHeater,Out  

thermal oil temperature at the outlet of the electrical 
heater of the thermal oil plant (°C) 

TThOil,CO2Heater,In  

thermal oil temperature at the inlet of the CO2 heater 
(°C) 

TthOil,in thermal oil temperature (°C) at inlet of test section, see 
Figure 5 

TthOil,middle 

 thermal oil temperature (°C) at inlet of test section, see 
Figure 5 

TthOil,out thermal oil temperature (°C) at outlet of test section, see 
Figure 57 

Tw,o wall temperature (°C)  at outer wall of inner tube of the 
test tube, see Figure 6, for positions of sensors Tw,o1, 
Tw,o2, and Tw,o3 see Figure 7  

V°H2O volume flow rate of water (l/min) 
V°thOil volume flow rate of thermal oil (l/min) 
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ANNEX A 

DETAILS ON EQUIPMENT 
 
 

DetailManufacturerComponent
200 kW, Shell-and-Tube, COFunkeHeater 2 
tube-side, thermal oil VP-1 shell-
side 

Cooler/ 
condenser 

CO355 kW, Shell-and-Tube,Funke 2 
tube-side, water shell-side 

Speck TriplexPump
Pumpen 

Piston-pump (SPECK-
TRIPLEX-
PLUNGERPUMPE P52/51-
300CZ), max. 50 L/min, 
Pmax=180 bar 

Expansion 
valve 

Pneumatic control valve, typeSamson
3252 
55 LReisenauerTank

 
Measurement 
equipment 

ManufacturerType

Wika,PT100 class AA, A, BTemperature
Endress+Hauser,  
ICCP MesstechnikPressure
GmbH 

flow,Mass
density 

Endress+HauserCoriolis

Level (1st Endress+HauserTime Domain Reflectometrytry)
Level (2nd Endress+HauserDifferential pressuretry)
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