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ABSTRACT

The supercritical carbon dioxide, s-CO2, power cycle has emerged as a promising system for clean and
high-efficiency power production. Especially, directly heating system using oxy-fuel combustion
technology called Allam cycle is preparing for demonstration as a next generation new concept
development system. Since this system operates at a high temperature above 1100°C, like a gas
turbine, the design for cooling system is very importance. In this study, the heat transfer characteristics
of supercritical carbon dioxide impinging jet with various inlet conditions are investigated. The conditions
of impinging jet are submerged, unconfined, fully developed round jet. The jet diameter, d, is 25 mm and
height to diameter, h/d, is 2. Jet Reynolds number is set to 50,000. Simulation range of the inlet
pressure which normalized by critical value are from 1.1 to 1.7. The normalized inlet temperature
changes from 1.01 to 1.10. As a result, Nusselt number on the target surface varies greatly depending
on the surface inlet conditions. When the pressure ratio is low, the distribution of Nusselt numbers is
highly volatile with temperature change. Nusselt number on the stagnation point distributes from 250 to
500. However, the distribution of the Nusselt number is merged at the high pressure ratio.

INTRODUCTION

Supercritical power generation systems using direct heating combustion with oxy-fuel is regarded as a
promising technology for next power generation. Allam et al [1] suggested the directly fired oxy-fuel
supercritical CO2 power system called Allam cycle. This system uses the CO:z as a working fluid, and

operate in a high pressure and high temperature above the 300 bar and 1100°C. The s-COz2 turbine inlet

temperature nearly reached the operating temperature of the gas turbine. Various cooling systems have
been applied to prevent damage of high-temperature components and to improve the system efficiency.
According to a report published by IEAGHG [2], Allam cycle also consider the cooling of hot components
of s-COz2 turbine blade. The amount of cooling fluid entering the hot parts of the turbine blade is more
than 11% of the flow rate of mainstream. Scaccabarozzi et al. [3] have reported that The turbine inlet
temperature is limited due to the amount of the cooling flow. They concluded that cooling systems is the
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 internal cooling sys-
tem. The s-CO:z turbine blades has been proposed in the form of a circular tube [4].
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Figure 1 Comparing Prandtl number ratio (Pr/Pro) and density ratio (p /p o) of various working fluid with
temperature change

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 [5]. Thus, advanced types of cooling
system, such as impinging jets, should be considered. That can achieve high levels of heat transfer
coefficients. It will be required in the directly fired oxy-fuel s-COz2 turbine. Heat transfer characteristics of
impinging jets have been studied for various parameters: working fluid, Reynolds number (Re),
normalized nozzle-to-plate distance (H/D), flow confinement, nozzle geometry, profiles of inlet flow and
array jet. Jambunathan et al [6], Viskanta et al [7], Zuckerman and Lior [8], Hong and Cho [9] reviewed
the effects and mechanism of heat transfer characteristics with various parameters.

Most of the heat transfer research conducted using air and water. These working fluids have linear
property changes with temperature and pressure. It is noteworthy that the change in properties of each
working fluid in the single-phase region is not large. However, 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. Figure 1
shows variation of Prandtl number and density ratio with increasing the temperature at constant
pressure. Non-linear characteristics of property for CO2 appear near pseudo-critical temperature region.
Among previous researches, it is 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
[10]. 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 inlet conditions. Jet conditions are submerged unconfined
fully developed round jet. Heat transfer characteristics of the impinging jet with s-CO: in low-pressure
ratio is compared with air. Also, Nusselt number according to the change of the inlet conditions of the
target surface is analyzed.

RESULTS AND DISCUSSION

Diameter of injection hole, d, is 25 mm, and the height of nozzle exit to target surface, H/d, is 2. The
developing region set to 70d 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 2d in the nozzle
inlet direction. Baughn and Shimizu [11] measured heat transfer coefficient by experiment in fully
developed jet and wall controlled thermal boundary condition (i.e., a uniform heat flux) using air. In this
study, setting of domain is based on geometry of Baughn and Shimizu experiments for validate the heat



transfer coefficient and physical phenomena such as peak characteristics.

This simulation of impinging jet study is assumed to be axisymmetric two-dimensional compressible,
steady state, and turbulent flow. The time-averaged continuous equation, the momentum equation and
the energy equation are given by Eq. (1) - (3).

Mass conservation equations:
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There are mainly Reynolds number and Nusselt number for using the data analysis. In order to
determine the Reynolds number and Nusselt number, bulk mean physical properties are used. The bulk
mean physical properties defined as
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The bulk mean Reynolds number is defined according to the bulk mean physical properties based on
the nozzle exit conditions (i.e., pressure and temperature at the nozzle exit).
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The local heat transfer coefficient is defined as

ho o Tw (6)
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The local Nusselt number is that
hd
Nu=— (7)
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This simulation solved the steady state Reynolds averaged Navier—Stokes equations (RANS) through
the finite control volume method using the commercial package of ANSYS Fluent 17.2. Approximately
0.2 million elements of structured grid have generated in the domain using ICEM CFD 17.2.
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Figure 2 Comparing the heat transfer characteristics between low pressure ratio and high pressure ratio (a) Nusselt
number (b) Nusselt ratio based on Nusselt number of stagnation point
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Figure 3 Nusselt number distribution with various inlet conditions (a) case of P/Pr=1.1 (b) case of P/Pr=1.7

Several turbulence models such as RNG k-g, SST k-®, Reynolds stress and v2-f were applied and
compared. In this study, the SST k-® Intermittency transition model is adapted. Real gas models use
thermodynamic and transport properties database (REFPROP v9.1 [12]) to evaluate thermodynamic
and transport property. Mass flux inlet boundary condition is specified based on the Reynolds number of
50,000. Inlet fluid temperature is from 307.15 K — 334.55 K which is equivalent to temperature ratio
(T/Tr) 1.01-1.10 based on the critical temperature of CO2, 304.13K. Outlet conditions set as constant
pressure 0.101325 MPa — 12.541 MPa. Target surface set as the no-slip wall boundary condition with
constant heat flux. Heat flux range is 1,000 W/m2. Since the analysis domain is axisymmetric about the
central axis, 2D axisymmetric analysis is performed.

Figure 2 shows the heat transfer characteristics between low pressure ratio and high pressure ratio on
the target surface. Local Nusselt number is divided by Nusselt number at the stagnation point of each
fluid. Near the stagnation region (r/d<1.5) Nusselt number of CO2 of low pressure ratio condition is
similar with air. In the transition region where the flow characteristics change from laminar to turbulence.
Therefore, there are two peaks. On the other hand, Nusselt humber has a large variation with high



pressure ratio. Overall shapes of local Nusselt number have a similar pattern of the low h/d jet. First
peak and second peak also appear near r/d~0.5 and r/d~2.0. However, absolute value of local Nusselt
number is lager about 2.2 times than low pressure ratio. The peak value is increase as shown in fig.2(b).

Figure 3 shows the effects of inlet conditions of s-CO2 on the heat transfer characteristics on the target
surface. the case of constant pressure ratio P/Pr=1.1 is shown in fig.3(a). Local Nusselt number are
changed by temperature ratio. Especially, Nusselt number reaches the maximum value at the T/Tr=1.01.
In the case of T/Tr = 1.01, the difference of Nusselt number between the first peak and the second peak
is under 3%. First peak appear on the r/d = 0.46 and second peak indicate around the r/d= 2.3.
However, the value of Nusselt number tends to decrease with increasing T/Tr. When T / Tr = 1.02,
Nusselt number is equal to that when T/Tr = 1.0, and then the value decreases sharply. Nusselt number
on the stagnation point distributes from 250 to 500. In particular, the ratio of the first peak to the second
peak is about 12%, and the position of peak approaches the stagnation point area at the T/Tr=1.10
case. Figure 3(b) shows Nusselt number distribution in the case of P/Pr=1.7. Unlike Fig. 3 (a), it can be
seen that the change in Nusselt number is not sensitive to the temperature change. However, it is not a
form having the maximum value at a specific temperature ratio, and Nusselt number tends to increase
as the T/Tr increases. The heat transfer characteristics due to these pressure changes and temperature
changes allude that the closer the inlet flow is to a pseudo-critical point, the greater the variability. When
Prandtl number is compared based on the condition of the nozzle outlet, it has a maximum value at P /
Pr=1.1and T/ Tr = 1.01. The inlet Prandtl number determines a certain range of change in physical
properties with the temperature at the wall surface due to the influx of heat. The increase of the Prandtl
number means that the thickness of the thermal boundary layer becomes thinner than that of the flow
boundary layer. This difference in fluid and thermal boundary layer scale may induce the increase or
decrease of heat transfer. The results of this study can be used to design the supercritical turbine
cooling system as the basis for the heat transfer behavior of s-COa.

REFERENCES

[1] Allam, R. J., Palmer, M. R., Brown, G. W., Fetvedt, J., Freed, D., Nomoto, H., Itoh, M., Okita, N., and
Jones, C., 2013, “High Efficiency and Low Cost of Electricity Generation from Fossil Fuels While
Eliminating Atmospheric Emissions, Including Carbon Dioxide,” Energy Procedia, 37, pp. 1135-1149.

[2] N. Ferrari & L. Mancuso, 2015, “Oxy-Combustion Turbine Power Plants”, Foster Wheeler's IEAGHG
Report

[3] Roberto Scaccabarozzi, Manuele Gatti, Emanuele Martelli, 2016, “Thermodynamic Analysis and
numerical optimization of the NET Power Oxy-Combustion cycle” Applied Energy 178 pp. 505-526

[4] Dan Huang, Zan Wu, Bengt Sunden, Wei Li, 2016, “A brief review on convection heat transfer of
fluids at supercritical pressures in tubes and the recent progress”, Applied Energy, Vol 162 (15), pp.494-
505

[5] Horlock, J. H., Watson, D. T., and Jones, T. V., 2001, “Limitations on Gas Turbine Performance
Imposed by Large Turbine Cooling Flows,” J. Eng. Gas Turbines Power, Vol. 123 (3), pp. 487—-494.

[6]Jambunathan, K., Lai, E., Moss, M. A., and Button, B. L., 1992, “A Review of Heat Transfer Data for
Single Circular Jet Impingement,” International Journal of Heat and Fluid Flow, 13(2), pp. 106—115.

[71Viskanta, R., 1993, “Heat Transfer to Impinging Isothermal Gas and Flame Jets,” Experimental
Thermal and Fluid Science, 6(2), pp. 111-134.

[8]Zuckerman, N., and Lior, N., 2006, “Jet Impingement Heat Transfer: Physics, Correlations, and
Numerical Modeling,” Advances in Heat Transfer, J.P.H. George A. Greene Avram Bar-Cohen and
Young I. Cho, ed., Elsevier, pp. 565-631.



[9]1Sung Kook Hong, Hyung Hee Cho. (2005). The Review of Studies on Heat Transfer in Impinging Jet.
International Journal of Air-Conditioning and Refrigeration, 13(4), 196-205.

[10] Rao, N. T., Oumer, A. N., and Jamaludin, U. K., 2016, “State-of-the-Art on Flow and Heat Transfer
Characteristics of Supercritical CO: in Various Channels,” The Journal of Supercritical Fluids, 116, pp.
132-147.

[11] Baughn, J. W., and Shimizu, S., 1989, “Heat Transfer Measurements From a Surface With Uniform
Heat Flux and an Impinging Jet,” J. Heat Transfer, 111(4), pp. 1096-1098.

[12] E. W. Lemmon, M. L. Huber, and M. O. McLinden, REFPROP: Reference Fluid Thermodynamic
and Transport Properties, NIST Standard Reference Database 23, Version 9.12 (National Institute of
Standards and Technology, Gaithersburg, MD, 2013).b

ACKNOWLEDGEMENTS
Human Resources Development program (No 20174030201720) of the Korea Institute of Energy

Technology Evaluation and Planning (KETEP) grant funded by the Korea government Ministry of Trade,
Industry and Energy.



