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ABSTRACT 

Supercritical power generation systems using direct 

heating combustion oxy-fuel combustion is regarded as a 

promising technology for next power generation. Since this 

system operates at a high temperature above 1100 ° C, like a 

gas turbine, the design for cooling is importance. This study 

investigated the heat transfer characteristics of supercritical 

carbon dioxide, s-CO2, submerged impinging jet with 

various wall heat flux. Since physical properties of 

supercritical carbon dioxide changes with temperature, heat 

transfer characteristics on impinging jet is also different 

depending on the surface conditions. Results show that heat 

transfer coefficient distribution on the target surface is 

similar with air at low heat flux. First peak and second peak 

appear on the r/d ~ 0.5 and 2.0 respectively, but second peak 

delayed 4.8% as compared with air. As increasing the heat 

flux, heat transfer coefficient shifts to the higher value at 

same other conditions. Consequently, area averaged heat 

transfer coefficient has peak characteristics with various heat 

flux conditions. 

INTRODUCTION 

The improvement of energy efficiency and paradigm 

shift of the power generation system are the most important 

keywords of the future energy industry due to the global 

energy mix and the enactment of environmental regulations. 

Transportation and electric power sections occupies more 

than 70% of all anthropogenic CO2 emissions up to now [1]. 

The increase in energy consumption due to industrial 

development and economic growth will cause more CO2 

emissions. To remedy this problem, researches on renewable 

energy such as solar energy, wind power, biomass, hydrogen 

is continuing and products are being developed but it still has 

problems with quality and quantity. From this situation, the 

more attractive possibilities of reduction of CO2 in the 

medium terms of view are reduction of the overall energy 

consumption by increasing the system efficiency of energy 

conversion and utilization using environmental friendly 

technology. 

Supercritical carbon dioxide (s-CO2) power cycle has 

emerged as a promising system for high-efficiency power 

production [2]. Power generation system using supercritical 

carbon dioxide can be divided into two types. One is an 

indirect system using heat exchange with heat sources, and 

the other is a direct system using oxy-fuel combustion 

technology. Allam et al [3] suggested the direct fired oxy-

fuel supercritical CO2 power system called NET power 

cycle. This system utilizes CO2 as the working fluid in a 

high-pressure and high temperature in the range of 200 bar to 

400 bar and 1000℃ to 1200℃. This system also operates in 

a high turbine inlet temperature, so cooling technology, like 

gas turbines, must be applied. According to a report 

published by IEAGHG [4], s-CO2 at 300 bar, 400℃ or less is 

supplied to high-temperature parts for cooling. Scaccabarozzi 

et al. [5] have reported that cooling systems is the most 

important factors for system efficiency in optimization 

studies of directed fired oxy-fuel s-CO2 power generation 

systems. 

Studies on the heat transfer characteristics of s-CO2 

mainly have been focused on circular tubes [6], and internal 

cooling system of supercritical carbon dioxide turbine blades 

has been proposed in the form of a circular tube [3]. 

However, blade cooling using a cylindrical internal forced 

convection system has a limitation in reducing the surface 

temperature in response to a high external heat load [7]. 

Thus, other types of cooling system structures, such as 
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impinging jets that can achieve high levels of heat transfer 

coefficients, will be required in direct fired oxy-fuel s-CO2 

turbine. 

Supercritical fluids are unique substance at a pressure 

and temperature above its critical point, where distinct gas 

and liquid phase do not exist. Supercritical fluids have abrupt 

changes in physical properties near pseudo critical points, 

and thus the change in heat transfer characteristics is unique. 

Among previous researches, it is noteworthy that heat 

transfer enhancement (HTE) and heat transfer deterioration 

(HTD) are observed depending on the operating and surface 

conditions between fluid and wall in tube [8]. Therefore, 

unique heat transfer characteristics are expected to be 

observed in the impinging jet depending on the heat flux on 

the wall surface. 

This study numerically investigated the heat transfer 

characteristics of supercritical carbon dioxide, s-CO2, 

submerged impinging jet with various wall heat flux. 

Submerged unconfined fully developed round jet are 

considered. In this study, heat transfer characteristics of the 

impinging jet with s-CO2 in low heat flux is compared with 

air. Also, heat transfer coefficient according to the change of 

the heat flux of the target surface is analyzed. 

NEMERICAL METHOD 

In this study, heat transfer characteristics of s-CO2 in a 

single submerged impinging jet have studied by a numerical 

method. Figure 1 shows simulation geometry and boundary 

conditions. Diameter of injection hole, D, is 25 mm, and the 

height of injection hole to target surface, H/D, is 2. The 

developing region set to 50D to obtain a fully developed 

velocity profile distribution, and Target surface region is 6D. 

In order to simulate the unconfined jet, the analysis domain 

is extended by 1D in the nozzle inlet direction [9].  

This simulation solved the steady-state Reynolds 

averaged Navier–Stokes equations through the finite control 

volume method using the commercial package of ANSYS 

Fluent 17.2. Since the advection term treatment of the 

governing equations has a great influence on the accuracy of 

 

 
Figure 1 Schematic diagram of simulation domain 

  
Figure 2 Schematic diagram of simulation domain 

 

the numerical analysis results, this study adapted the high 

resolution technique, which is an upwind-based approach 

with numerical stability and second precision. In order to 

determine the turbulence modelling, several turbulence 

models such as RNG k-ɛ, SST k-ɷ, Reynolds stress and V2f 

were applied and compared. In this case, the SST k-ɷ 

Intermittency transition model is most consistent with the 

experimental results [10] and capture the physical 

phenomena of impinging jet. 

Working fluid are dry air (N2=0.7812, Ar=0.0092, 

O2=0.2096) and CO2. Real gas models use thermodynamic 

and transport properties database (REFPROP v9.1 [11]) to 

evaluate thermodynamic and transport property. The 

REFPROP v9.1 database is loaded dynamically into the 

solver, and is used to solve for the fluid flow and heat 

transfer where the working fluid behaviour deviates from the 

ideal-gas assumption like supercritical state. 

Approximately 1.5 million elements of structured grid 

are generated for fluid domain due to evaluate the properties 

changes near the wall and shear layer. In the vicinity of the 

wall, the grid size is gradually increased by 10% from the 

target surface, and the effect of the mesh size is minimized. 

In order to improve the accuracy of the turbulent flow and 

capture of properties changes, the y+ of the target surface is 

kept below 1.0. 

Mass flux inlet boundary condition is specified based on 

the Reynolds number of 24,000. Inlet fluid temperature is 

301.1K which is equivalent to temperature ratio (T/Tr) 0.99 

based on the critical temperature of CO2, 304.13K. Outlet 

conditions set as constant pressure 8.11 MPa (P/Pr = 1.1). 

Target surface set as the no-slip wall wall boundary 

condition with constant heat flux. Heat flux range is 1,000 

W/m2–15,000 W/m2. Since the analysis domain is 

axisymmetric about the central axis, 2D axisymmetric 

analysis is performed. 
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RESULTS AND DISCUSSION 

In order to compare and analyse the heat transfer 

characteristics in the impinging jet with supercritical carbon 

dioxide, the analysis was performed on the air in advance. 

Figure 2 shows the contour plot of Nusselt number 

distributions on target surface. When the working fluid is air, 

the heat transfer characteristics at H/D=2, as reported in 

previous studies, is observed. There are two peaks. The first 

peak is shown by the flow acceleration near r/D=0.5, and the 

second peak appears in the transition region due to flow 

characteristics changes from laminar flow to turbulent flow 

near r/D=2. For the s-CO2 impinging jet on the target 

surface, the Nusselt number distribution is similar to air but 

about 1.8 times higher than air.  

Comparison of the normalized local Nusselt number in 

impinging jet between air and CO2 is shown in fig. 3. Local 

Nusselt number is divided by Nusselt number on the 

stagnation point of each fluid. Nusselt numbers at stagnation  

 

  
Figure 3 Comparison of the normalized Nusselt number 

in imping jet 

  
Figure 4 Averaged heat transfer coefficient on target 

surface with various heat flux 

point of air and CO2 are 136 and 240, respectively. Near the 

stagnation region (r/D<1.5) normalized Nusselt number of 

CO2 is similar with air. In the transition region where the 

flow characteristics change, the Nu of CO2 was about 9% 

larger and the peak point was delayed about 5% in the radial 

direction than air case. 

When the surface heat flux at the target surface is 

changed from 1,000 W/m2 to 15,000 W/m2, the heat transfer 

coefficient is changed. In case of air, the difference of heat 

transfer coefficient is less than 5% at r/D > 1.5 and 1.5% at 

r/d<1.5. Mainly this deviation appears on the transition 

region. As increased the wall heat flux, the 2nd peak values 

are decreased.  

On the other hand, heat transfer coefficient of CO2 has a 

large variation in heat transfer coefficient value with various 

constant heat flux. Overall shapes of local heat transfer 

coefficient have a similar pattern of air, but the heat transfer 

coefficient increases and then decreases near the 9,000 W/m2 

in the stagnation point region. The absolute value differs by 

more than 32%. Near the r/D=2, heat transfer coefficient 

varies up to 67%. These results can be attributed to changes 

in the properties of the supercritical fluid near the wall. As 

increasing the wall heat flux, temperature on the target 

surface is increased. This mean that physical properties 

change near the wall. Especially, thermal conductivity deeply 

relative with temperature gradient.  Different effective 

thermal conductivity makes different heat transfer 

coefficient. Figure 4 shows averaged heat transfer coefficient 

on target surface with various heat flux. As the heat flux 

increases, the heat transfer coefficient has a maximum value 

near 7,000 W/m2. This result implies that the heat transfer 

characteristics of s-CO2 in the impinging jet can be limited 

by the heat flux, and the s-CO2 condition at the nozzle 

should be determined according to the heat flux range when 

designing the cooling system. 

 

NOMENCLATURE 

D     Injection hole diameter 

H/D    Height of injection hole to target surface ratio 

r/D    Normalized distance to radial direction 

T/Tr   Temperature ratio based on critical temperature 

       of CO2 (Tr = 304.13 K) 

P/Pr   Pressure ratio based on critical pressure of CO2 

       (Pr = 7.3773 MPa) 

Nu    Nusselt number 

s-CO2  Supercritical carbon dioxide 
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