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요    약    문 

 
초임계 이산화탄소 Brayton 사이클 에너지 변환계통을 설계개념을 설정하

기 위하여 전산코드를 개발하였다, 이 코드를 이용하여 소듐냉각 고속로인 

KALIMER-600와 연계하여 정상운전 조건을 설정하였다. 최적의 운전 조건을 

설정하기 위하여, 전산코드로써 계통의 효율과 열교환기의 전열면적에 대한 

민감도를  분석하여, LTR후단의 유량분배율을 결정하였다. 

초임계 이산화탄소를 작동유체로 사용하는 터빈 및 압축기를 설계·해석하

기 위한 전산코드를 개발하였다. 터빈은 4단의 축류형으로 결정하였고, 두대

의 압축기는 각각 2단 및 3단의 원심형으로 결정하였다. 개발한 코드를 이용

하여 KALIMER-600과 연계된 초임계 이산화탄소 Brayton 사이클 에너지 변

환계통에 적용할 설계인자를 설정하였다. 이러한 설정인자들을 바탕으로 

ANSYS-BladeGen을 이용하여 3차원 형상을 구현하였으며, CFX를 이용하여 

3차원 유동해석을 수행하여 터보기기의 성능곡선인 유량-압력 및 효율 곡선

을 도출하였다. 

초임계 이산화탄소 적용 사이클의 열교환기로 고온고압에서 고짐적도를 

가진 PCHE를 선정하였다. 기존의 Zigzag형 PCHE 열교환기를 해석하기 위한 

1차원 해석 코드를 개발하고, 이를 이용하여 KALIMER-600 초임계 이산화탄

소 사이클에 대한 PCHE 열교환기의 전열면적 등의 설계인자를 설정하였다. 

FLUENT 코드를 이용하여 PCHE의 열유동 특성을 분석하는 체계를 갖추었으

며, 이를 이용하여 열전달 특성은 유지하면서 압력손실은 획기적으로 줄이는  

신개념의 airfoil fin형 PCHE 열교환기의 설계개념을 도출하였다. 

초임계 이산화탄소 Brayton 사이클에 대한 출력 제어논리를 개발하기 위

하여 MARS 코드를 이용하여, 단순한 출력 감소 및 회복 사건에 대한 비정상 

거동을 분석하였다. MMS-LMR 코드를 개발하여 초임계 CO2 사이클과 연계

한 KALIMER-600에 대한 과도특성을 분석하고 제어논리를 개발하기 위한 기

반을 마련하였다. 

Na-CO2 경계 파손 사건을 평가하기 위하여 Na-CO2 화학반응 모델을 개

발하고, 이 모델을 접목한 전산코드를 개발하였다. 이 코드를 이용하여 shell-

tube형 열교환기에 대하여 압력경계가 파손될 경우에 대하여 계통의 열역학

적 거동을 분석하였다. 
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S U M M A R Y 
 
 

Computer codes were developed to establish a design concept for the supercritical 
CO2 Brayton cycle energy conversion system. Based on these codes, the S-CO2 
Brayton cycle energy conversion system was constructed for the KALIMER-600 
sodium cooled fast reactor concept. In order to establish the optimum operating 
condition, a sensitivity analysis was conducted for the system efficiency and heat 
transfer area by using the codes and a flow-split ratio was determined at LTR 
downstream. 

In order to design and analysis for the S-CO2 turbine and compressor, computer 
codes were developed. The S-CO2 turbine was determined as four stages axial type 
and the S-CO2 compressors were two stages and three stages centrifugal types, 
respectively. Based on the design codes, the design parameters were prepared to 
configure the KALIMER-600 S-CO2 turbomachinery models. Three dimensional 
shapes were configured with the ANSYS-BladeGen and a serious of flow analysis 
was conducted with commercial CFX code. The characteristic curves such as pressure 
difference-flow rate and efficiency were obtained from the CFD analysis. 

The Printed Circuit Heat ExchangerTM (PCHE) was selected for the S-CO2 
Brayton cycle energy conversion system to enhance the safeties and economics. For 
the evaluation of diffusion-bonded heat exchangers similar to previous PCHE models, 
a one-dimensional analysis computer code was developed to evaluate the performance 
of the heat exchangers and design data for the typical type PCHE was produced. In 
parallel with the PCHE-type heat exchanger design, a diffusion-bonded airfoil shape 
fin heat exchanger has been newly designed. The new design concept was evaluated 
by three-dimensional FLUENT CFD analyses, which have showed that the airfoil 
shape fin heat exchangers conserves the total heat transfer rate and reduces 
considerably the pressure drop. 

Possible control schemes for power control in the KALIMER-600 supercritical 
CO2 Brayton cycle were investigated by using the MARS code. A simple power/load 
reduction and recovery event was selected for the transient calculation. Then, the 
transient behavior was analyzed for the KALIMER-600 supercritical CO2 Brayton 
cycle. The MMS-LMR code was also developed to analyze the transient phenomena 
in a SFR with a supercritical CO2 Brayton cycle to develop the control logic. 

For the evaluation of Na-CO2 boundary failure event, a computer was developed 
to simulate the complex thermodynamic behaviors coupled with the chemical reaction 
between liquid sodium and CO2 gas. The long term behavior of a Na-CO2 boundary 
failure event and its consequences which lead to a system pressure transient were 
evaluated for the shell-and-tube type Na-CO2 heat exchanger of KALIMER-600 
employing a supercritical CO2 Brayton cycle. 



 iv

TABLE OF CONTENTS 
 
 Page 
 

 
Summary (Korean)............................................................................................................................... ii 

Summary .......................................................................................................................................... iii 

Table of Contents ................................................................................................................................ iv 

List of Tables........................................................................................................................................ v 

List of Figures ..................................................................................................................................... vi 

 

Chapter 1. Supercritical CO2 Brayton Cycle Energy Conversion System .......................................... 1 

Chapter 2. Supercritical CO2 Turbine Design...................................................................................... 9 

Chapter 3. Supercrtical CO2 Compressor Design .............................................................................. 21 

Chapter 4. Computational Flow Analysis of a Supercritical CO2 Turbine ........................................ 37 

Chapter 5. Computational Flow Analysis of Supercritical CO2 Compressors................................... 57 

Chapter 6. Design of Compact and Innovative Heat Exchanger ....................................................... 74 

Chapter 7. CFD Analysis of Compact and Innovative Heat Exchanger ............................................ 88 

Chapter 8. Identification and Analysis of System Transient with MARS ....................................... 104 

Chapter 9. System Transient Analysis with the MMS-LMR .......................................................... 119 

Chapter 10. Assessment of Na-CO2 Pressure Boundary Failure Accident...................................... 132 

 



 v

LIST OF TABLES 
 

No. Page 
 
1 Table 1-1. Component characteristics of the cycle ............................................................. 4 
2 Table 1-2. Input data for establishing a normal operating condition.................................. 6 
3 Table 1-3. Cycle efficiency and heat-transfer area with a flow-split ratio at 

downstream from the LTR................................................................................ 8 
4 Table 2-1. Conceptual design parameter of the turbine.................................................... 16 
5 Table 3-1. Loss model summary of the centrifugal compressor....................................... 26 
6 Table 3-2. Conceptual design parameters of the compressor ........................................... 29 
7 Table 3-3. Input parameter and initial values of the first stage of compressor 1.............. 30 
8 Table 3-4. Design parameter of compressor 1 .................................................................. 33 
9 Table 3-5. Design parameter of compressor 2 .................................................................. 34 
10 Table 3-6. Design data by Yun’s model (First stage of compressor 1) ............................ 36 
11 Table 4-1. Design parameters for the four stage S-CO2 turbine for the Brayton 

cycle coupled with the KALIMER-600.......................................................... 45 
12 Table 4-2. Detailed design parameters range.................................................................... 47 
13 Table 4-3. Information on the grids and boundary conditions for the CFD 

analysis............................................................................................................ 49 
14 Table 5-1. Design parameters for the S-CO2 gas multi stage centrifugal 

compressors for a Brayton cycle for KALIMER-600..................................... 58 
15 Table 5-2. Information on grids for CFD analysis of S-CO2 compressor ........................ 62 
16 Table 5-3. Information on the boundary conditions analysis of the S-CO2 

compressor ...................................................................................................... 63 
17 Table 5-4. Parameters and ranges for the cases ................................................................ 64 
18 Table 5-5. Information on the revised one dimensional design result .............................. 66 
19 Table 5-6. Results of the three dimensional computational analysis for 

compressor ...................................................................................................... 67 
20 Table 6-1. Experimental conditions in the reference experiments ................................... 76 
21 Table 6-2. Design data of the PCHE used in the reference experiments .......................... 77 
22 Table 6-3. Inputs for producing the design parameters for PCHEs.................................. 85 
23 Table 6-4. Preliminary design parameters for PCHEs...................................................... 86 
24 Table 7-1. Experimental conditions used in the CFD analysis ......................................... 88 
25 Table 7-2. Comparison between published experimental [7-4] and simulation 

data.................................................................................................................. 95 
26 Table 7-3. Mesh specification of zigzag channel and airfoil shape fin PCHEs 

(Mesh generation: Gambit 2.3) ....................................................................... 97 
27 Table 7-4. Fin configurations of the analysis models for the airfoil shape fin 

PCHEs............................................................................................................. 97 
28 Table 8-1. CO2 critical point ........................................................................................... 105 
29 Table 8-2. Summary of the valve input and settings ...................................................... 110 
30 Table 8-3. Summary of the single Volume geometric input items ................................. 110 
31 Table 8-4. Summary of the loop Junction input items.................................................... 111 
32 Table 8-5. States of the closed loop obtained by the pressure boundary run.................. 113 
33 Table 8-6. General gas compressor performance data.................................................... 114 
34 Table 9-1. Summary of the steady state calculation ....................................................... 127 
35 Table 10-1. Design summary of Na/CO2 heat exchanger and related systems .............. 146 



 vi

LIST OF FIGURES 
 

No. Page 
 
36 Figure 1-1. The schematics of the S-CO2 recompression Brayton cycle............................ 2 
37 Figure 1-2. T-s diagram of the recompression S-CO2 Brayton cycle ................................. 2 
38 Figure 1-3. Normal operating condition of the S-CO2 Brayton cycle coupled to 

the KALIMER-600 ........................................................................................... 5 
39 Figure 1-4. Normal operating condition of the S-CO2 Brayton cycle coupled to 

the G4SFR system............................................................................................. 5 
40 Figure 1-5. Cycle efficiency, UA and ∆TLMTD of a LTR and a HTR for the 

flow-split ratio of a LTR downstream .............................................................. 7 
41 Figure 2-1. Schematics of a turbine stage........................................................................... 9 
42 Figure 2-2. Fluid velocities in a stage............................................................................... 10 
43 Figure 2-3. Velocity diagram............................................................................................ 10 
44 Figure 2-4. Geometric parameters of a blade row ............................................................ 11 
45 Figure 2-5. Blade geometry loss factor............................................................................. 12 
46 Figure 2-6. Incidence loss factor....................................................................................... 12 
47 Figure 2-7. Enthalpy-entropy diagram in a turbine stage ................................................. 13 
48 Figure 2-8. Flow diagram of the TURB1D code .............................................................. 14 
49 Figure 2-9. Turbine radius variation with stage number for the fixed average 

radius 0.4m...................................................................................................... 15 
50 Figure 2-10. Turbine radius variation with stage number for the fixed hub 

radius 0.3m...................................................................................................... 15 4
51 Figure 2-11. Turbine efficiency with stage number.......................................................... 16 
52 Figure 2-12. Design point of turbine in the diagram of the specific diameter 

and specific speed ........................................................................................... 17 
53 Figure 2-13. Flow diagram of the TUBODEP code ......................................................... 17 
54 Figure 2-14. Off-Design Characteristics of S-CO2 turbine: Efficiency............................ 18 
55 Figure 2-15. Off-Design Characteristics of S-CO2 turbine: Rotational speed.................. 18 
56 Figure 2-16. Sensitivity analysis of turbine efficiency for the stage number and 

hub diameter.................................................................................................... 19 
57 Figure 2-17. Sensitivity analysis of turbine blade angle for the stage number 

and hub diameter............................................................................................. 19 
58 Figure 3-1. Compressor development process.................................................................. 21 
59 Figure 3-2. Specific diameter and specific speed with the compressor type .................... 22 
60 Figure 3-3. Compressibility factor of S-CO2 with temperature and pressure................... 23 
61 Figure 3-4. Specific heat ratio of the S- CO2 with temperature and pressure................... 23 
62 Figure 3-5. Configuration of multi-stage centrifugal compressor .................................... 25 
63 Figure 3-6. Major design parameters of a centrifugal compressor ................................... 26 
64 Figure 3-7. Flow diagram of the COMP1D code ............................................................. 27 
65 Figure 3-8. Velocity diagram of the compressor .............................................................. 27 
66 Figure 3-9. Enthalpy-entropy diagram of the actual compression process....................... 28 
67 Figure 3-10. The schematics of the S- CO2 Brayton cycle coupled to the 

KALIMER-600 ............................................................................................... 29 
68 Figure 3-11. Design points of compressors 1, 2 during the conceptual design 

process............................................................................................................. 30 
69 Figure 3-12. Sensitivity analysis of centrifugal compressor for the S-CO2 ..................... 32 
70 Figure 3-13. Performance of the first stage of the compressor 1 analyzed with 

a revised COMP1D code ................................................................................ 33 



 vii

71 Figure 3-14. Performance characteristics of compressor 1 for the off-design-
points............................................................................................................... 34 

72 Figure 3-15. Performance characteristics of compressor 2 for the off-design-
points............................................................................................................... 35 

73 Figure 4-1. Comparison of the properties between the NIST and the calculated 
CFX: density, viscosity, enthalpy, entropy, conductivity, sound of 
speed ............................................................................................................... 43 

74 Figure 4-2(a). Performance analysis of the Redlich-Kwong property in CFX 
against the NIST property: mass flow rate variation when pressure 
ratio is increasing ............................................................................................ 44 

75 Figure 4-2(b). Performance analysis of the Redlich-Kwong property in CFX 
against the NIST property: efficiency variation when pressure ratio 
is increasing .................................................................................................... 44 

76 Figure 4-3. Detailed parameters for the three-dimensional turbine shape........................ 47 
77 Figure 4-4. Three dimensional shape of the S-CO2 turbine for KALIMER-600.............. 48 
78 Figure 4-5. Optimized grids shape for the computational analysis .................................. 49 
79 Figure 4-6. Pressure variation through each stage of the turbine ..................................... 51 
80 Figure 4-7. Temperature variation through each stage of the turbine............................... 52 
81 Figure 4-8. Velocity variation through each stage of the turbine ..................................... 52 
82 Figure 4-9. Property contours around the blade................................................................ 53 
83 Figure 4-10. Characteristic curve: mass flow rate vs. pressure ratio ................................ 54 
84 Figure 4-11. Characteristic curve: efficiency vs. pressure ratio ....................................... 54 
85 Figure 5-1. Specific diameter and specific speed with the compressor type .................... 57 
86 Figure 5-2. Meridional plane for the centrifugal compressor in the 

ANSYSBladeGenTM ....................................................................................... 58 
87 Figure 5-3. Angle between the leading edge and the trailing edge and the 

thickness of the centrifugal compressor blade ................................................ 59 
88 Figure 5-4. Information on the meridioanl plane and a schematic the three 

dimensional design.......................................................................................... 59 
89 Figure 5-5. Configuration of the three dimensional S-CO2 gas centrifugal 

multistage compressor for the KALIMER-600 Brayton cycle 
without a diffuser ............................................................................................ 60 

90 Figure 5-6. Conceptual design of the three dimensional S-CO2 centrifugal 
multi stage compressor for the KALIMER-600 Brayton cycle ...................... 60 

91 Figure 5-7. Optimized grids shape for computational analysis ........................................ 61 
92 Figure 5-8. Root mean square at a choking condition ...................................................... 64 
93 Figure 5-9. Root mean square at a surging condition ....................................................... 65 
94 Figure 5-10. Estimation of the one dimensional design results with the 

Rodgers, Casey-Marty, and Casey-Robinson correlations .......................... 65 
95 Figure 5-11. Estimation of the one dimensional design results of re-designed 

with VISTA through Rodgers, Casey-Marty, and Casey-
Robinson correlation.................................................................................... 67 

96 Figure 5-12. Property contours around blade ................................................................... 68 
97 Figure 5-13. Total pressure variation when fluids are flowing through the 

blade of the compressor from the inlet to the outlet .................................... 69 
98 Figure 5-14. Temperature variation when fluids are flowing through the blade 

of the compressor from the inlet to the outlet .............................................. 70 
99 Figure 5-15. Density variation when fluids are flowing through the blade of 

the compressor from the inlet to the outlet .................................................. 70 



 viii

100 Figure 5-16. Velocity variation when fluids are flowing through the blade of 
the compressor from the inlet to the outlet .................................................. 71 

101 Figure 5-17. Mach number variation when fluids are flowing through the blade 
of the compressor from the inlet to the outlet .............................................. 71 

102 Figure 5-18. Characteristic curve: efficiency variation with the mass flow rate .............. 72 
103 Figure 5-19. Characteristic curve: pressure ratio variation with the mass flow 

rate................................................................................................................ 72 
104 Figure 6-1. Typical flow path configuration of PCHE ..................................................... 74 
105 Figure 6-2. Considered geometry for conduction model .................................................. 75 
106 Figure 6-3. Effect of heat transfer coefficient on temperature and pressure 

profiles ......................................................................................................... 78 
107 Figure 6-4. Effect of friction factor on the temperature and pressure profiles ................. 79 
108 Figure 6-5. Distributions of flow resistance coefficients according to friction 

factor models................................................................................................ 80 
109 Figure 6-6. Comparison between the calculation and the experimental data ................... 81 
110 Figure 6-7. PCHE channel configuration and related geometric parameter ..................... 84 
111 Figure 7-1. Flow path configuration used in the CFD analysis ........................................ 88 
112 Figure 7-2. Single channel model in CFD analysis .......................................................... 89 
113 Figure 7-3. Calculated temperature and pressure distributions for the single 

channel CFD analysis .................................................................................. 90 
114 Figure 7-4. Unit cell model in CFD analysis .................................................................... 91 
115 Figure 7-5. Calculated temperature and pressure contours in a unit cell of the 

CFD analysis................................................................................................ 92 
116 Figure 7-6. Calculated area-averaged temperature and pressure distribution................... 93 
117 Figure 7-7. Pressure profiles in the flow direction for (a) hot channels, and (b) 

cold channel ................................................................................................. 94 
118 Figure 7-8. Temperature profiles of the hot and cold channels ........................................ 95 
119 Figure 7-9. Channel configuration of zigzag PCHE......................................................... 96 
120 Figure 7-10. Channel configuration of new PCHE........................................................... 96 
121 Figure 7-11. Fin shape of the new PCHE ......................................................................... 96 
122 Figure 7-12. Analysis model............................................................................................. 97 
123 Figure 7-13. Simulation cases of the airfoil fin PCHE with different fin 

arrangements ................................................................................................ 98 
124 Figure 7-14. Total heat transfer rate (Q) and pressure drop (ΔP) in the cold 

channels of the zigzag channel PCHE and the airfoil fin PCHEs 
(Case (a), (b) and (c))................................................................................... 99 

125 Figure 7-15. Heat transfer area of the zigzag PCHE and the airfoil fin PCHEs............... 99 
126 Figure 7-16. Velocity distribution of CO2 in the zigzag PCHE and airfoil fin 

PCHEs........................................................................................................ 100 
127 Figure 7-17. Velocity profiles at cross sections of zigzag channel PCHE (b)-

(h); (a) Locations of selected cross sections .............................................. 101 
128 Figure 7-18. Velocity distribution of CO2 in the airfoil fin PCHE (case (c)) ................. 102 
129 Figure 7-19. Velocity profile at a cross section (A) of airfoil fin PCHE........................ 102 
130 Figure 8-1. A Schematic of a stage group with idealized flow path between 1 

and 2........................................................................................................... 106 
131 Figure 8-2. A schematic MARS Nodalization for the S- CO2 Brayton  cycle................ 109 
132 Figure 8-3. Schematic diagram of the component pressures variations in the 

pressure ...................................................................................................... 113 
133 Figure 8-4. Diagram of heat flux boundary variation in the transient event................... 114 



 ix

134 Figure 8-5. Pressure of the COMP1 inlet volume in the transient without 
control ........................................................................................................ 115 

135 Figure 8-6. Gas temperature at the turbine inlet and outlet ............................................ 115 
136 Figure 8-7. Pressure of COMP1 inlet volume in transient control case ......................... 116 
137 Figure 8-8. Mass flow rate through the valve 640 .......................................................... 117 
138 Figure 8-9. Recuperator temperatures during the power reduction transient ................. 117 
139 Figure 9-1. GUI feature of the MMS-LMR.................................................................... 120 
140 Figure 9-2. Flowchart of the MMS code ........................................................................ 121 
141 Figure 9-3. MMS-LMR model of KALIMER-600 with a Brayton................................ 123 
142 Figure 9-4-(a). Temperature at the core inlet/outlet for a steady state operation ........... 124 
143 Figure 9-4-(b). PHTS flow rate for a steady state operation........................................... 125 
144 Figure 9-4-(c). Temperature at the IHX inlet/outlet in IHTS for a steady state 

operation .................................................................................................... 125 
145 Figure 9-4-(d). IHTS flow rate for a steady state operation ........................................... 125 
146 Figure 9-4-(e). Temperature distribution in the S-CO2 cycle for a steady state 

operation .................................................................................................... 126 
147 Figure 9-4-(f). Pressure distribution in the S-CO2 cycle for a steady state 

operation .................................................................................................... 126 
148 Figure 9-4-(g). Flow rate in the S-CO2 cycle for a steady state operation...................... 127 
149 Figure 9-5-(a). Flow rate in the PHTS/IHTS for the transient operation........................ 128 
150 Figure 9-5-(b). Temperature change in the PHTS/IHTS and the Na-CO2 

inlet/outlet in the S-CO2 side for the transient operation........................... 128 
151 Figure 9-5-(c). Temperature of the HTR for the transient operation.............................. 129 
152 Figure 9-5-(d). Temperature of the LTR for the transient operation .............................. 129 
153 Figure 9-5-(e). Flow rate through compressors 1 & 2 for the transient 

operation .................................................................................................... 130 
154 Figure 9-5-(f). Flow rate in the S-CO2 cycle and the pressure at the turbine 

inlet for the transient operation .................................................................. 130 
155 Figure 9-5-(g).  Pressure at the outlet and inlet of compressors 1&2 for the 

transient operation...................................................................................... 130 
156 Figure 10-1. Equilibrium compositions of Na-CO2 reaction as a function of 

temperature ................................................................................................ 134 
157 Figure 10-2.  Schematics for obtaining the standard heat of reaction at 

temperature T ............................................................................................. 137 
158 Figure 10-3. Energy balance around the cover gas region (SMET model) .................... 140 
159 Figure 10-4. Nodalization of IHTS sodium loop ............................................................ 143 
160 Figure 10-5. Advanced energy conversion system of KALIMER-600 .......................... 145 
161 Figure 10-6. Design basis leak profile of CO2 gas.......................................................... 147 
162 Figure 10-7. Transient behaviors of Reaction source terms ........................................... 147 
163 Figure 10-8. Reaction energy variation depending on the reaction temperature ............ 148 
164 Figure 10-9. System pressure transient during the tube rupture event ........................... 149 
165 Figure 10-10. Transient temperature variations during the tube rupture event .............. 150 
166 Figure 10-11. Transient hydraulic behaviors for the system pressure relief................... 151 
167 Figure 10-12. Effect of the number of ruptured tubes .................................................... 151 
168 Figure 10-13. Effect of the leak location ........................................................................ 152 
169 Figure 10-14. OP system without IHTS ......................................................................... 154 
170 Figure 10-15. Containment volume ................................................................................ 154 
171 Figure 10-16. OP system with IHTS............................................................................... 155 
172 Figure 10-17. Pressure on SG shell side ......................................................................... 155



 1

CHAPTER 1. SUPERCRITICAL CO2 BRAYTON CYCLE ENERGY 

CONVERSION SYSTEM 

 
 

Establishment of a Normal Operation Condition of the Reference Plant 
 

 Recently, the research on the power cycle for a next generation reactor has been 
conducted and the S-CO2 Brayton cycle is presented as a promising alternative for the 
present Rankine cycle [1-1]. As an advanced power conversion system, the S-CO2 
Brayton cycle has many advantages. The principal advantage is a lower compression 
work compared to an ideal gas such as helium. As a result, a good efficiency at a 
modest temperature, a simplified compressor design and a compact size of the heat 
exchangers and turbines are achieved. The S-CO2 Brayton cycle coupled to the SFR 
excludes the possibilities of SWR (Sodium-Water Reaction) which is the major 
safety-related event, so that the safety of SFR can be improved. 

The objectives of this section are to develop S-CO2 Brayton cycle energy 
conversion systems and evaluate the performance of the systems coupled to SFR 
reactor concepts. 

Before the establishment of a normal operating condition, a computational code 
(RECOBA) was developed to determine the design parameter of the S-CO2 Brayton 
cycle. Using this code, the S-CO2 cycle configuration and the optimization of the 
design parameters were carried out. In this report, we established a normal operating 
condition for the S-CO2 Brayton cycle coupled to the KALIMER-600 and G4SFR 
reactor. 

For establishing a thermal balance of the Brayton cycle, it required design 
parameters such as the inlet and outlet temperature and its effectiveness for a Na-CO2 
HEX, the efficiencies of the turbine and compressors, and the flow-split ratio in a 
downstream of the low temperature recuperator (LTR). The required turbomachinery 
data were determined on the basis of the CHAPTER 2 and 3 results, where the 
conceptual and preliminary design of the S-CO2 turbomachinery was implemented. A 
design data of PCHE was established on the published data through Gen-IV 
international collaboration. 

Considering the cycle efficiency and heat transfer area in the PCHE, the flow-split 
ratio is a major parameter for the system efficiency and LTR heat transfer area. From 
the investigation of system efficiency and LTR area, the system efficiency reaches the 
maximum value at 69% of split flow. However at this condition the LTR size is too 
large to implement. As the split flow ratio increase to 71%, the system efficiency 
decrease by 0.3% and the LTR area is reduced to order of 1/10th. Based on this 
investigation, the optimum value of the split was decided to 71%. 

In this chapter, we established a normal operating condition for the S-CO2 Brayton 
cycle coupled to the KALIMER-600 and G4SFR reactor. 

 

Configuration of the S-CO2 Brayton cycle 
 

The recompression S-CO2 Brayton cycle is adopted which has two compressors, to 
avoid the inverse temperature difference in the inlet of the compressor due to a drastic 
variation of the specific heat of S-CO2 near the critical point [1-1]. Figure 1-1 shows 
the schematics of the S-CO2 recompression Brayton cycle. 
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Figure 1-1. The schematics of the S-CO2 recompression Brayton cycle 

 

 
Figure 1-2. T-s diagram of the recompression S-CO2 Brayton cycle 

 

The temperature-entropy diagram of the recompression S-CO2 Brayton cycle is 
depicted in Figure 1-2. In the recompression Brayton cycle, the minimization of the 
discharged heat in the precooler can be achieved with a second compressor (point 9-
10). Therefore, the split fraction of the flow is a significant design parameter. Two 
recuperators (i.e., regenerative heat exchangers) are used for the utilization of the 
remaining S-CO2 thermal energy in the cycle. The compressor inlet temperature 
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(point 1 in Figure 1-2) is set to around 31 °C, near to the critical point of CO2 (7.377 
MPa, 30.97 °C) for the maximization of the cycle efficiency. 

For the assurance of the physical appropriateness of the cycle, a computational 
program, named RECOBA, was developed on the basis of the reference [1-2]. The 
equations of the mass balance and energy balance, and the isentropic efficiency of the 
turbine and the compressors and the effectiveness of the recuperators are formulated 
as follows [1-3]: 
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where hQ is the heat input to the S-CO2 Brayton cycle from the IHTS, h  is the 
enthalpy, tm is the total mass flow rate, rm  is the split mass flow ratio. 
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where tη  is the efficiency of the turbine, 1cη  and 2cη  are the efficiencies of the two 
compressors, 1rε and 2rε  are the effectivenesses of the recuperators, and pc is the 
specific heat of the S-CO2 in each recuperator. 

In Equations (1-1) ~ (1-9), there are nine unknowns h2, h3, h4, h7, T8, T9, h10, mt, and 
mr. The simultaneous equation was solved with the Gauss-Seidel method to determine 
the unknowns. The properties of the S-CO2 were calculated by using the subroutine 
REPROP program of the NIST. 

The practically achievable ranges of the component characteristics are surveyed 
and the pertinent value is applied. The characteristics of the main components are 
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shown in Table 1-1. Despite the varying flow rate, the component efficiencies and 
effectiveness are regarded as constant. 

 

Table 1-1. Component characteristics of the cycle 

Compressor polytropic efficiency [%] 89.0 

Turbine polytropic efficiency [%] 90.0 

HT Recuperator effectiveness [%] 98.0 

LT Recuperator effectiveness [%] 92.0 

 

The cycle efficiency can be calculated by the definition as below. 
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To validate the methodology, the comparison of the cycle configuration with a 
previous research was carried out. Using the system conditions of MacDonald et al [1-
2], the cycle efficiency is calculated as 44.77 %. The cycle efficiency of MacDonald 
et al’s calculation is 44.1%, and the difference between the results is 1.52%. The 
convergence criteria was set to 1.0×10-4. In the same manner, for the conditions of 
Dostal et al [1-1], the deviation is 1.75%. The feasibility of the computational method 
was confirmed. 

 
Normal Operation Condition of the KALIMER-600 System 
 

For establishing a normal operating condition, the total reactor system is composed 
of a primary heat transport system (PHTS), an intermediate heat transport system 
(IHTS), and a S-CO2 Brayton cycle.  Each system is interconnected with a heat 
exchanging system for an energy transfer. The core heat in the PHTS is transferred to 
the IHTS by way of the intermediate heat exchangers and then transferred to the 
Brayton cycle through Na-CO2 heat exchangers (HEX). The supercritical CO2 gas of a 
high pressure and temperature is used to operate the turbine system to generate an 
electrical energy through an expansion process. The topping cycle of the KALIMER-
600 reactor, which has a superheated Rankine cycle as a bottoming cycle, was used to 
establish a normal operating condition for the S-CO2 Brayton cycle. Thus, the steam 
generator heat of the KALIMER-600 reactor (1528.9 MWt) was transferred to the 
power conversion system of the Brayton cyle through the Na-CO2 HEX. While a 
thermal balance between the PHTS and IHTS was calculated by using the 
methodology described in Reference [1-4], it between the ITHS and Brayton cycle 
was established by the RECOBA code [1-5].  

In order to establish a thermal balance of the Brayton cycle, it required design 
parameters such as the inlet and outlet temperature and its effectiveness for a Na-CO2 
HEX, the efficiencies of the turbine and compressors, and the flow-split ratio in a 
downstream of the low temperature recuperator (LTR). In this analysis, the exit 
temperature of the Na- CO2 HEX was assigned as 508oC, which was determined to 
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limit a maximum heat-transfer tube length within 11 m for the shell and tube type heat 
exchanger [1-4]. The efficiencies of the turbine and two compressors and the 
effectiveness of the LTR and HTR were calculated based on the conceptual design of 
turbomachinery since there is no reference value up to now. The flow-split ratio at a 
downstream of the LTR was determined from the preliminary analysis of a correlation 
between the heat transfer area of the LTR and the cycle efficiency. The flow-split 
ratio of the direction to the cooler and the compressor was assigned as 71% and 29%, 
respectively. This is explained in the following pages. 

 
Figure 1-3. Normal operating condition of the S-CO2 Brayton cycle coupled to the 

KALIMER-600 
 
 

 
Figure 1-4. Normal operating condition of the S-CO2 Brayton cycle coupled to the 

G4SFR system 
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For establishing a thermal balance between the PHTS and IHTS, the required 
design parameters such as the Na-CO2 HEX temperature and pressure of the side of 
the Brayton cycle, compression works, a net electric power output, pump efficiencies, 
an inlet and outlet temperature of the core, and a system pressure drop were adopted 
from those values for the KALIMER-600 Rankine cycle. The values for the 
bottoming cycle and electric power output also used those from the thermal analysis 
of the Brayton cycle. The temperature distribution of the IHTS, which is important to 
establish a thermal balance, was determined to minimize the heat-transfer areas of the 
IHX and Na-CO2 HEX and to simultaneously approach the effectiveness of the HEX. 
The input values for the analysis of the thermal balance are summarized in Table 1-2. 
 
 
Normal Operation Condition of the G4SFR System 

 
In order to establish a normal operating condition of the G4SFR system in Figure 1-

4, the same methodology and process for a KALIMER-600 system was used and the 
heat-transfer rate through the Na-CO2 HEX used the value of 3057.4 MWt. The exit 
temperature of the Na-CO2 HEX in Table 1-2 was determined as 508oC to be identical 
with the efficiency of the KALIMER-600 system. 
 
 

Table 1-2. Input data for establishing a normal operating condition 

item Input parameter unit KALIMER-600 G4SFR 

Brayton Cycle 

thermal balance 
Na-CO2 HEX heat transfer rate [MWt] 1528.9 3057.4 

 Na-CO2 HEX exit temperature [oC] 508.0 508.0 

 Turbine efficiency [%] 93.4 93.4 

 Compressor 1 efficiency [%] 89.1 89.1 

 Compressor 2 efficiency [%] 87.5 87.5 

 HTR effectiveness [%] 91.7 91.7 

 LTR effectiveness [%] 94.6 94.6 

 LTR downstream flow-split ratio [-] 71 : 29 71 : 29 

PHTS and IHTS 

thermal balance 
Na-CO2 HEX heat transfer rate [MWt] 1528.9 3057.4 

 Net electric power output [MWe] 627.78 1256.22 

 Core outlet temperature [oC] 545.0 545.0 

 Core inlet temperature [oC] 390.0 390.0 

 PHTS system pressure drop [MPa] 0.45 0.60 

 IHTS system pressure drop [MPa] 0.40 0.40 

 PHTS pump efficiency [%] 85 80 

 IHTS pump efficiency [%] 50 80 

 PHTS heat loss [%] 0.3 0.3 

 Na-CO2 HEX CO2 inlet temperature [oC] 353.9 353.8 

 Na-CO2 HEX CO2 outlet 

temperature 
[oC] 508.0 508.0 

 Na-CO2 HEX CO2 outlet pressure [MPa] 19.74 19.74 

 Na-CO2 HEX CO2 heat-transfer 

tube pressure drop 
[MPa] 0.2 0.2 

 Compression work [MW] 332.48 663.56 
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Estimation of the Flow-Split Rate at the LTR downstream 
 

As mentioned before, the flow-split ratio of the downstream LTR and the heat-
transfer area of the LTR have an effect on the cycle efficiency. Using the RECOBA 
code, the factors such as the cycle efficiency of the Brayton cycle, the overall heat 
transfer rate (UA) of the HTR and LTR, and the ΔTLMTD were calculated along a 
variation of the flow-split ratio. 

As shown in Figure 1-5, the system efficiency tends to decrease linearly and the 
heat-transfer area of the HTR slightly decreases when the cooler-side split flow is 
increasing. However, the heat-transfer area of the LTR considerably decreases up to 
69% and then it gradually decreases. Table 1-3 shows the cycle efficiency and the 
heat-transfer area of the LTR with a split-flow ratio (65%, 69%, 70%, and 71%). 
Although the cycle efficiency shows the maximum when the split-flow ratio is 65% at 
the cooler-side, the length of the flow-path was estimated to exceed the manufacturing 
limit of the PCHE. When the split-flow ratio was 71%, the area of the LTR was 
considerably decreased up to 72% of the area of the 65% flow ratio although the 
efficiency was decreased by only 1%. Considering the cycle efficiency and the area in 
the PCHE, the flow-split ratio for the cooler-side was determined as 71%. 

 
 

  
Figure 1-5. Cycle efficiency, UA and ΔTLMTD of a LTR and a HTR for the flow-split 

ratio of a LTR downstream 
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Table 1-3. Cycle efficiency and heat-transfer area with a flow-split ratio at 

downstream from the LTR 
Flow-split ratio [%] 65 69 70 71 

Cycle efficiency [%] 43.8 43.1 42.9 42.8 

Heat-transfer area of 
LTR [m2] 263868.9 96429.2 83465.7 73969.3 

Area ratio for the 65% 
flow-split ratio 1 0.365 0.316 0.280 

 
 
 
 
Summary 
 

A computational program was developed for the configuration and the analysis of 
the S-CO2 recompression Brayton cycle. The physical suitability of the code was 
shown through a comparison with previous researches. The validity of the coupling S-
CO2 recompression Brayton cycle to KALIMER was shown. The optimal design 
points of the S-CO2 recompression Brayton cycle coupled to KALIMER-600 and 
G4SFR were obtained with a parametric study. The cycle efficiency of 42.8 % and net 
plant efficiency of 40.3 % were calculated. 
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CHAPTER 2. SUPERCRITICAL CO2 TURBINE DESIGN 
 

The supercritical CO2 Brayton cycle has recently been suggested as an alternative 
power conversion system for a sodium fast reactor in view of its economical 
efficiency and a possible sodium-water reaction. In order to ensure the S-CO2 energy 
conversion cycle’s efficiency, the efficiency of the turbomachinery is considered first 
as an important parameter as well as its size. Since there is no practical experience or 
design data for the S-CO2 turbomachinery operated with Brayton cycle, it is necessary 
to establish the methodologies for the design and performance analysis before the 
detailed design and manufacturing stage. 

In this section, we describe the process for the conceptual and preliminary design of 
the turbine to determine the major parameters such as the size of the S-CO2 cycle and 
the methodology for the performance analysis. 

The turbine was designed by using a similar process and methodology applied to 
the compressor design. A one-dimensional design code, named TURB1D, was 
developed to analyze the performance of the S-CO2 at an operation point since its 
efficiency is considered as an important parameter for the S-CO2 Brayton cycle. The 
preliminary performance analysis of the turbine was conducted for the S-CO2 Brayton 
cycle coupled to the Kalimer-600 reactor. A sensitivity analysis for the performance 
parameters was conducted by using the TUBODEP code, which is a modified 
TURB1D code. 

 
One-Dimensional Design Code for the S-CO2 Turbine 

 
A one-dimensional design code for the S-CO2 turbine was developed on the basis 

of the References [2-1][2-2]. In a computational code, the properties of the S-CO2 
were calculated with the subroutine program of NIST REPROP 7. 

Figure 2-1 shows the schematics of a multistage turbine, which is consists of 
several pairs of a stator and a rotor. The working fluid enters into the rotor blade after 
then accelerated in the stator (or nozzle). Figure 2-3 shows the velocity diagram in a 
stage shown in Figure 2-2, which shows relationship between fluid velocities, their 
tangential and axial components and rotation speed of the rotor. 

 

 
Figure 2-1. Schematics of a turbine stage 

 

For the one-dimensional analysis, the fluid properties and velocity are firstly 
calculated for every stage. The conservation of energy equation relates the change in 
the fluid total enthalpy to the work input by the fluid in an adiabatic process between 
two states. In turbine analysis, equations (2-2) and (2-3) are usually written in the 
form of Euler’s equation. Equation (2-4) defines the change in the total enthalpy 0hΔ  
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as a function of the blade speed and the change in the tangential component of the 
fluid speed. The change in tangential component of speed can be related to the so-
called stage reaction. The reaction is defined as the ratio of the change in enthalpy to 
the change in total enthalpy as the fluid passes through the rotor. The reaction can be 
expressed like as Equation (2-5) in terms of the tangential components of fluid speed 
and blade speed. 
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where ρ is the density, C is the velocity, A  is the cross section, h  is the static 
enthalpy, w  is the work input to the turbine, u is the blade rotational speed, θC is the 
circumferential component of fluid velocity, R is the stage reaction. 

 
Figure 2-2. Fluid velocities in a stage 

 

 
Figure 2-3. Velocity diagram 
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For the simplification of the analysis, the axial component of the fluid velocity is 
assumed to be unvarying and the value of the reaction is assumed to equal 0.5. The 
enthalpy change in a stage can be calculated from Equations (2-6). The axial 
component of fluid speed, C, is determined by the mass conservation Equation (2-1). 
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where the index 1, 2, and 3 which are described in Figure 2-2 are a nozzle inlet, a 
nozzle outlet(or rotor inlet), and a rotor outlet, respectively. 

 

  
Figure 2-4. Geometric parameters of a blade row 

 

Since the axial component of speed is assumed a constant in the turbine, the speed 
of last stage and flow area can be easily determined from the continuity. The final 
stage flow area is usually limited by the maximum allowable stress on the blades in 
Figure 2-4. The centrifugal stress on blades can be related to the flow area like as 
Equation (2-7). While centrifugal stresses are typically assumed to be limiting in 
turbine design analysis, bending stresses on the blades could be dominant at the 
relatively small turbine dimensions presently calculated. Thus, the blades need to be 
further analyzed with respect to bending stresses. Since the density of the fluid 
decreases in the turbine, the last stage has the largest flow area and, therefore, the 
largest stress. At the same time, it is desired, for higher efficiency, to have flow areas 
as large as possible. Thus, the last stage flow area is calculated on the basis of the 
maximum permissible stress on the blades and the axial speed can be determined from 
Equation (2-9). 
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The total losses in nozzle blades are calculated by Equation (2-10) and (2-11) 
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where sh2 is the enthalpy for an isentropic process, w is the loss coefficient, and θw  
and iw  are blade geometry and incidence loss factors, respectively [2-3]. The total 
losses in the rotor blades are similarly defined. Figure 2-5 and 2-6 show the blade 
geometry loss factor and incidence loss factor, respectively. Figure 2-7 shows the 
enthalpy change in a turbine stage. 

 

 
Figure 2-5. Blade geometry loss factor 
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Figure 2-6. Incidence loss factor 

 

 
Figure 2-7. Enthalpy-entropy diagram in a turbine stage 

 

Figure 2-8 shows the flow diagram of the TURB1D code to design the S-CO2 
turbine on the basis of one-dimensional analysis. The turbine efficiency is the ratio of 
the change in total enthalpy to the change in enthalpy in an isentropic process. Since 
the change in total enthalpy is equal to the change in internal enthalpy on the basis of 
the previous assumptions, the turbine efficiency can be determined from Equation (2-
12). 
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In addition to the losses associated with the blades, there also exit secondary losses 
including those due to leakage of the fluid flow between the tips of the blades and the 
casing of the turbine. The secondary loss due to leakage between the tips and the 
casing is assumed to be 5%. 

The S-CO2 turbine was designed by using the TURB1D code to optimize the 
turbine design parameters for the KALIMER-600 reactor. For the calculation, the inlet 
condition and the outlet condition were given Pinlet=20 MPa, Tinlet=550 oC and 
Poutlet=7.4 MPa, respectively. The blade permissible stress was assumed to be 300 
MPa. The rotational speed of the turbine and the mass flow rate were 3600 rpm and 
2100 kg/s, respectively. 

Figure 2-9 shows the radius variation according to the change of stage number 
under the average radius 0.4m. Figure 2-10 shows the radius value with the change of 
stage number under the fixed hub radius 0.3m. Figure 2-11 shows the turbine 
efficiency with the stage number. In case of the four stages, the efficiency can be 
attained around 94.5%. From this analysis, the S-CO2 turbine tip diameter was 
determined around 1.6 m under 2.0m length for the KALIMER-600 condition. 

 

 

 
Figure 2-8. Flow diagram of the TURB1D code 

 

 



 15

 
Figure 2-9. Turbine radius variation with stage number 

for the fixed average radius 0.4m 

 
Figure 2-10. Turbine radius variation with stage number 

for the fixed hub radius 0.3m 

 

 



 16

 
Figure 2-11. Turbine efficiency with stage number 

 

Turbine Conceptual and Preliminary Design 
 

The turbine was designed by using a similar process and methodology applied to 
the compressor design. In the conceptual design, the turbine type is previously 
determined together with the overall size from the diagram in Figure 2-12. The 
contour line in the diagram means the same efficiency according to the turbine type. 
After then the specific speed and the specific diameter are roughly selected, the 
compressor type is iteratively determined to maximize the efficiency through tuning 
the specific speed and the specific diameter in Equation (2-13). 
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In Equation (2-13), N is the rotation number of the compressor, D is the diameter, 

H is the head, Vf is the volume flow rate. 
 

Table 2-1. Conceptual design parameter of the turbine 

 

Unit 4 stages 3 stages
Average density kg/m3 97.4 97.4

Pressure difference MPa 3.04 4.05

Head m 3178 4237

Rotational speed rpm 3600 3600

Diameter m 1.60 1.70

Volume flow rate m3/s 87.72 81.43

Specific speed - 79.66 61.86

Specific diameter - 1.283 1.520

Stage 4 3
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Table 2-1 shows the major design factors to perform the conceptual design of the 
turbine for the S-CO2 Brayton cycle coupled to the KALIMER-600 reactor. In order 
to compare the design point between the three-staged turbine and the four-staged 
turbine, the design parameters are depicted in the diagram for the specific diameter 
and specific speed in Figure 2-12. 

 

 
Figure 2-12. Design point of turbine in the diagram of the specific diameter and 

specific speed 

 

 
Figure 2-13. Flow diagram of the TUBODEP code 
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For the calculation, the inlet condition and the outlet condition were given Pinlet=20 
MPa, Tinlet=550 oC and Poutlet=7.4 MPa, respectively. The blade permissible stress was 
assumed to be 300 MPa. 

 
Figure 2-14. Off-Design Characteristics of S-CO2 turbine: Efficiency 

 
Figure 2-15. Off-Design Characteristics of S-CO2 turbine: Rotational speed 

 

Figure 2-16 shows the efficiency change according to the stage number and the hub 
diameter of the turbine. By increasing the stage number, the efficiency of the turbine 
tends to increase and approach a constant value. For the hub diameter, its efficiency 
tends to increase linearly. However, since an increment of the hub diameter results in 
a cost increase for the turbine due to a volume enlargement, the hub diameter should 
be determined at a proper size to optimize its efficiency. 
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Figure 2-16. Sensitivity analysis of turbine efficiency 

for the stage number and hub diameter 

 
Figure 2-17. Sensitivity analysis of turbine blade angle 

for the stage number and hub diameter 

 

Figure 2-17 shows the blade angle variation for the stage number and hub diameter 
of the turbine. The blade angle was linearly increased with the stage number and the 
hub diameter. Compared with the STAR-LM blade angle of ANL, the value is large at 
approximately 10~20 degree, which is estimated from a difference of the flow rate. 
For a change of the blade angle, the efficiency should be checked to find the optimum 
combination for the stage number and hub diameter. Since the blade exit angle was 
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dependent on the loss model in the current method, the Soderberg’s loss model must 
be modified to reduce the uncertainty of the conceptual design of the turbine. 

 

Summary 
A one-dimensional design and analysis code was developed to determine the 

configuration of a turbine’s parameters at an operation point. The preliminary 
performance analysis of the turbine was conducted for the S-CO2 Brayton cycle 
coupled to the KALIMER-600 reactor. The off-design characteristics and the 
sensitivity of the turbine configuration were analyzed with the code. 
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CHAPTER 3. SUPERCRTICAL CO2 COMPRESSOR DESIGN 
 

The supercritical CO2 Brayton cycle has recently been suggested as an alternative 
power conversion system for a sodium fast reactor in view of its economical 
efficiency and a possible sodium-water reaction. In order to ensure the S-CO2 energy 
conversion cycle’s efficiency, the efficiency of the turbomachinery is considered first 
as an important parameter as well as its size. Since there is no practical experience or 
design data for the S-CO2 turbomachinery, it is necessary to establish the 
methodologies for the design and performance analysis before the detailed design and 
manufacturing stage. 

In this section, we describe the process for the conceptual and preliminary design of 
the turbomachinery to determine the major parameters such as the size of the S-CO2 
cycle and the methodology for the performance analysis. 
 
Methodologies for the Conceptual Design and the Performance Analysis of the 
Compressor 
 

In general, a compressor has been developed along the process in Figure 3-1. The 
development process of a compressor can roughly be divided into a conceptual design, 
a preliminary design, a detail design, and a performance evaluation. Based on the 
physical properties, the basic design parameters such as the specific speed and the 
specific diameter are established at the conceptual design step. In this step, the 
compressor type and stage number are determined to maximize its efficiency. 

 

 
Figure 3-1. Compressor development process 

 

 In the stage of the preliminary design, the major design parameters of the 
compressor are determined with the methodology of a one-dimensional analysis such 
as a mean streamline analysis method. However, there might be a limitation to using a 
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one-dimensional analysis due to the loss model to be used. Considering the efficiency 
and the surge margin, the operation point was also determined for the next stage of the 
detail design. 

The configuration parameters such as the impeller and diffuser and the inlet guide 
vane are designed at the detail design stage by using lots of correlations and 
experimental tables. The compressor’s performance is estimated through a three-
dimensional flow analysis with the help of a commercial computational code. A 
choking and a surging as well as a leakage are checked. After checking the 
performance, the compressor is redesigned by repeating the stages described above. 

 

Conceptual Design Methodology 
 

In the conceptual design, the compressor type is previously determined together 
with the overall size from the diagram in Figure 3-2. The contour line in the diagram 
means the same efficiency according to the compressor type. After then the specific 
speed and the specific diameter are roughly selected, the compressor type is iteratively 
determined to maximize the efficiency through tuning the specific speed and the 
specific diameter in Equation (3-1). 
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In Equation (3-1), N is the rotation number of the compressor, D is the diameter, H 
is the head, Vf is the volume flow rate. 

 

 
Figure 3-2. Specific diameter and specific speed with the compressor type 
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Figure 3-3. Compressibility factor of S-CO2 with temperature and pressure 

 

 
Figure 3-4. Specific heat ratio of the S- CO2 with temperature and pressure 

 

Preliminary Design Methodology 
 

In order to determine the basic design parameters, the approximate model for the 
performance analysis should be suggested together with the empirical correlations for 
the design parameters. The design methodology suggested by Yun[3-1] was adopted 
as a starting point for the centrifugal compressor design. In this method, the basic 
parameters such as the diameter were calculated to satisfy the performance target by 
using the properties at the inlet and the exit of the blade on the basis of an ideal gas 
assumption. However, the performance prediction with Yun’s model is not enough to 
determine the range of the design parameters since its loss model is very simple. Thus, 
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the basic design parameters should be amended by another methodology including a 
more delicate loss model to complement the previous value calculated with Yun’s 
model. 

Before adopting Yun’s model, it is necessary to estimate the assumption of the 
ideal gas for the S-CO2 gas in the vicinity of the critical point. The compressibility 
factor in Equation (3-2) was investigated first to evaluate the ideal gas behavior of S- 
CO2 gas.  

RT
PVz =                                                   (3-2) 

 

The compression work could also be expressed as Equation (3-3) to compare the 
ideal gas behavior by utilizing the compression factor. 

 

∫ ∫−=−= dP
P

RTzVdPw                                    (3-3) 

 

Figure 3-3 shows the compressibility factor of the S-CO2 gas for a reduced pressure 
and a reduced temperature, which were normalized values with the pressure and the 
temperature at the critical point. In the Figure, the operating areas of the three 
turbomachineries were depicted as square boxes. Compressor 1 shows the largest 
difference from unity since it has an operating point nearby the critical point, while 
the compressibility factor of the turbine is almost unity. Since the variation of the 
compressibility factor was not large, the methodology with an ideal gas behavior 
might be used to determine the design parameters at the preliminary design stage.   

Along the operating curve described with a black line in Figure 3-4, the specific 
heat ratio of the S-CO2 varies extremely nearby the critical point with a pressure ratio. 
However, since the drastic variation is limited to a small area in the vicinity of the 
critical point, the value of the specific heat ratio was treated as an averaged constant 
in the preliminary design. The preliminary design methodology of a centrifugal 
compressor, developed by Yun, suggests diverse correlations for the design of the 
impeller and diffuser and simple correlations for the internal and external loss of the 
compressor. The design parameters could be estimated by its method. 

The design parameter, calculated from the preliminary stage, is used to conduct the 
performance evaluation of the compressor in the next stage. The process is repeated to 
obtain the maximum performance at an operation point. 

 

Performance Analysis Methodology 
 

A centrifugal compressor stage (Figure 3-5) consists of an inlet duct, inlet guiding 
vane (IGV), impeller, diffuser, and volute or collector. In case of a multi-stage 
compressor, the collector/volute is replaced with a crossover and a return channel for 
each stage, except for the last one. 
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The performance analysis code for a centrifugal compressor for the S-CO2 cycle, 
named COMP1D, was developed on the basis of the mean-streamline analysis method, 
which is a one-dimensional analysis method to analyze a flow and the energy along a 
mean-streamline path. Figure 3-6 shows the major design parameter of the centrifugal 
compressor. Since a delicate loss model is required to include the effect of the 
impeller configuration and the flow path parameter, the loss model suggested by Oh 
[3-3] was used to develop the COMP1D code. 

 

 
Figure 3-5. Configuration of multi-stage centrifugal compressor 

 

The performance analysis of the centrifugal compressor was conducted with the 
COMP1D code on the basis of the loss model described in Table 3-1. The loss of the 
compressor could be divided into an internal loss and an external loss. The internal 
loss can be divided into the internal loss of the impeller and the diffuser loss. Since 
the recirculation loss suggested by Oh has an impractical value in the application 
range, the loss model suggested by Jansen was adopted to conduct the performance 
analysis in the code. Figure 3-7 shows the flow diagram of the COMP1D code, which 
includes a change of the operation condition and stage order to obtain the exit 
condition for the next stage. 

The pressure ratio between the inlet and the outlet of the compressor is defined in 
Equation (3-4). 
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where the ideal Euler enthalpy difference is described in Equation (3-5). 

 

 1122 uuEuler VUVUh −=Δ                                         (3-5) 

 

Table 3-1. Loss model summary of the centrifugal compressor 

Loss model
Incidence loss Conrad et al.(1980)
Blade loading loss Coppage et al.(1956)
Skin friction loss Jansen(1967)
Clearance loss Jansen(1967)
Mixing loss Johnston and Dean(1966)
Vaneless diffuser loss Stanitz (1952)
Disk friction loss Daily and Nece (1960)
Recirculation loss Jansen (1967)
Leakage loss Aungier(1995)

Loss mechanism

Internal
loss

Diffuser
loss

External
loss

 
 

 

 
 

Figure 3-6. Major design parameters of a centrifugal compressor 
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Figure 3-7. Flow diagram of the COMP1D code 

 

 
Figure 3-8. Velocity diagram of the compressor 

 

Figure 3-8 is the velocity diagram which shows the inlet and outlet velocity of the 
compressor. 

The Wiesner model was used as a slip coefficient since it was previously estimated 
by S.H. Yun[3-5] for a wide operation range after a comparison with various models. 
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Using the internal loss and the external loss calculated from the velocity relation, 
the isentropic efficiency can be calculated from Equation (3-7) 
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It was assumed that there was an energy relation between the inlet and the exit of 
the impeller (1, 2) and the exit of the diffuser (3).  
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The process happened along path 1-2-3 in Figure 3-9, which shows the enthalpy 
and the entropy relation of the compressor. Since it is not easy to find a model to 
analysis the loss of a scroll between the stages, the loss was assumed to be around 2% 
from an empirical aspect. 
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Figure 3-9. Enthalpy-entropy diagram of the actual compression process 

 

 

Compressor Design and Performance Analysis for the S-CO2 Brayton Cycle 
coupled to the KALIMER-600 Reactor 

 

Conceptual Design of the S-CO2 Compressor 
Figure 3-10 is the conceptual diagram of the S-CO2 Brayton cycle coupled to the 

KALIMER-600 liquid-metal reactor. A conceptual design of the two compressors was 
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conducted by using the methodology which was introduced previously. The design 
parameters are summarized in Table 3-2 for the conceptual design of the two 
compressors. Whereas the parameters such as the averaged density and the rotational 
speed and the volume flow rate were determined from the operation condition, and the 
maximum diameter and the head of the compressor were determined to maximize the 
efficiency in the diagram for the specific diameter and the specific speed. 

  

Table 3-2. Conceptual design parameters of the compressor 
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Figure 3-10. The schematics of the S- CO2 Brayton cycle coupled to the 
KALIMER-600 

 

As a result of the iterative calculation, based on the design parameters in Table 3-2, 
the stages of the two compressors (compressor 1, 2) were determined as two and three, 
respectively. From Figure 3-11 [3-2], the efficiency of the compressor was estimated 
to be more than 80% for the S-CO2 Brayton cycle coupled to the KALIMER-600 
during the process of the conceptual design. The diameter was estimated to be within 
1 m for the two compressors.  

Unit Compressor #1 Compressor #2
Average density kg/m3 466.3 200.8

Pressure difference MPa 6.30 3.13

Head m 1378 1589

Rotational speed rpm 3600 3600

Diameter m 0.90 0.80

Volume flow rate m3/s 12.30 11.66

Specific speed - 55.83 48.84

Specific diameter - 1.564 1.479

Stage 2 3
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Figure 3-11. Design points of compressors #1, #2 during the conceptual design 

process 

 

Preliminary Design of the S-CO2 Compressor 

 

In order to apply the preliminary design methodology to compressor 1, the basic 
design parameters and the initial values were assumed as those in Table 3-3. In the 
input table, the parameters such as a blade thickness were assumed with the data for a 
gas compressor since their effects are not significant. The major parameters such as 
the diameter and the angle of compressor 1 were determined on the basis of the 
resulting data, which was obtained from the design methodology suggested by Yun[3-
1]. 

 

Table 3-3. Input parameter and initial values of the first stage of compressor 1 
N(rotational 

speed) 
P1(inlet 

pressure) 
P3(exit 

pressure) 
T1(inlet 

temperature) 
EAD(isentropic 

efficiency) 

3600 7400000 12165500 32 0.85 

EV(volume 
efficiency) 

G0(mass flow 
rate) 

KAP(specific 
heat ratio) 

RGC(gas 
constant 

DH1(inlet hub 
diameter) 

0.975 5552.667 2.549 188.91 0.1 

THB(blade 
thickness) 

THBE(edge 
thickness) 

THD(diffuser 
thickness) 

THDE(diffuser 
edge thickness) 

ZB(blade 
number) 

0.006 0.002 0.006 0.0005 29 

ZD(diffuser 
number) 

B2(exit blade 
angle) 

A2(exit flow 
angle) 

EM(mechanical 
efficiency) 

MALIM(limit 
Mach number) 

13 57 13 0.98 0.9 

B3(diffuser exit 
velocity) 

VE(inlet 
velocity)    

15 0    
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The parameters for the second stage were iteratively determined with the exit 
condition of the first stage by using the same methodology. Compressor 2 was also 
designed with the same methodology. Table 3-6 shows the calculated output from the 
Yun’s model [3-1]. 

 

Performance Analysis and Design Supplement 
 

The performance analysis of the compressor was conducted with the COMP1D 
code. A sensitivity analysis was conducted for a total of eleven parameters in Figure 
3-6 using the COMP1D code. Figure 3-12 shows the results of the sensitivity analysis 
with the COMP1D code. From the sensitivity analysis, whereas the tip diameter (dit) 
and the exit diameter (dod) had a large affect on the efficiency as well as the exit 
blade angle (alod), the others were not significant. The exit diameter and the exit 
width (wod) and the diffuser exit diameter (ddf) and the exit blade angle had a large 
effect on the pressure ratio.  

Since there is a little difference of the loss models between the COMP1D code and 
Yun’s model, the COMP1D code was slightly modified to obtain the maximum 
efficiency at the operation point through a trial and error method. Figure 3-13 shows 
the result of the performance analysis with a revised COMP1D code, which was 
modified to obtain the maximum efficiency and to satisfy the pressure at the operating 
point. 
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Figure 3-12. Sensitivity analysis of centrifugal compressor for the S-CO2 
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Figure 3-13. Performance of the first stage of the compressor 1 

analyzed with a revised COMP1D code 

 

Table 3-4 and Table 3-5 show the design parameters of the two compressors. The 
performance analysis was conducted for a wide range of the off-design-points with 
the COMP1D code by using these parameters as input values.  

Figure 3-14 shows the characteristics of the off-design point of compressor 1 in the 
range of 50%~130% of the mass flow rate 5734.41 kg/s and in the range of 40% ~ 
120% of the rotational speed 3600 rpm at the operating point. The characteristic 
curves in the figure show the maximum efficiency at the design point and the pressure 
ratio 2.7 as a design requirement. The characteristics of the efficiency and the pressure 
ratio had a similar trend to the previous results of ANL for centrifugal compressors. 

 

 

Table 3-4. Design parameter of compressor 1 
Stage rpm Mass flow rate Pin Tin Pout

2 3.60E+03 5.73E+03 7.40E+06 3.13E+01 2.00E+07
Inlet tip dia. Inlet hub dia. Outlet dia. Outlet width Blade # Axial length

0.72 0.1 1.28 0.21 18 0.7
Inlet tip angleInlet hub angleOutlet blade angleDiffuser dia. Clearance

63 52 75.5 3.68 0.004
Inlet tip dia. Inlet hub dia. Outlet dia. Outlet width Blade # Axial length

0.68 0.1 1.26 0.2 17 0.65
Inlet tip angleInlet hub angleOutlet blade angleDiffuser dia. Clearance

72 55 76 1.2 0.003

1st stage

2nd stage

Compressor
#1
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Table 3-5. Design parameter of compressor 2 
Stage rpm Mass flow rate Pin Tin Pout

3 3600 2342.22 7.46E+06 91.2 2.00E+07
Inlet tip dia. Inlet hub dia. Outlet dia. Outlet width Blade # Axial length

0.47 0.08 1.39 0.14 13 0.48
Inlet tip angleInlet hub angleOutlet blade angleDiffuser dia. Clearance

53 41 55 1.313 0.004
Inlet tip dia. Inlet hub dia. Outlet dia. Outlet width Blade # Axial length

0.46 0.08 1.31 0.13 13 0.44
Inlet tip angleInlet hub angleOutlet blade angleDiffuser dia. Clearance

58 45 57 1.213 0.004
Inlet tip dia. Inlet hub dia. Outlet dia. Outlet width Blade # Axial length

0.435 0.08 1.21 0.12 13 0.42
Inlet tip angleInlet hub angleOutlet blade angleDiffuser dia. Clearance

61 48 57.5 1.11 0.004

Compressor
#2

1st stage

2nd stage

3rd stage

 
 

Using the COMP1D code, the performance analysis was conducted for compressor 
2 with the same method. Figure 3-15 shows the characteristics of the off-design point 
of compressor 2 at the condition of a mass flow rate 2342.22 kg/s and a rotational 
speed of 3600 rpm at the operating point. It is estimated that the difference of the 
efficiency characteristics results from the different operation conditions between the 
two compressors. Since compressor 1 is operated near the critical point, its properties 
are varied greatly. 

 

 
Figure 3-14. Performance characteristics of compressor 1 

for the off-design-points 
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Figure 3-15. Performance characteristics of compressor 2 

for the off-design-points 

 

Summary 

In order to ensure a S-CO2 energy conversion cycle efficiency, the efficiency of its 
turbomachinery is considered first as an important parameter as well as its size. Since 
there is no practical experience and design data for the S-CO2 turbomachinery, it was 
necessary to establish the methodologies of the design and performance analysis 
before the detailed design and manufacturing stages. A one-dimensional design and 
analysis code was developed to determine the configuration of a compressor’s 
parameters at an operation point on the basis of the meanline analysis method and 
Oh’s loss model. The preliminary performance analysis of the compressor was 
conducted for the S-CO2 Brayton cycle coupled to the KALIMER-600 reactor. The 
off-design characteristics and the sensitivity of the compressor configuration were 
analyzed with the code. 
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Table 3-6. Design data by Yun’s model (First stage of compressor 1) 
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 CHAPTER 4. COMPUTATIONAL FLOW ANALYSIS OF A 
SUPERCRITICAL CO2 TURBINE 

 
The Supercritical Fluid(SF) Brayton cycle has recently emerged as a promising 

alternative for the present Rankine cycle. The SF Brayton cycle has been adopted for 
a power conversion in some of the Generation IV Nuclear Energy Systems, and also 
planned to be installed in the high efficiency power conversion cycles of fusion 
reactors. The reason for these welcomed applications is that the cycle can achieve an 
overall energy conversion efficiency exceeding 40%. Moreover, the economic 
competitiveness is increased due to the higher volumetric heat capacity of 
supercritical fluids. One of the SFs, in particular, the supercritical carbon dioxide (S-
CO2) of which the principal advantage is a higher density than other SFs results in a 
lower compression work compared to an ideal gas such as Helium [4-1]. The S-CO2 
power conversion cycle enables a good efficiency at a modest temperature, a 
simplified turbine and compressor design, and a compact size of the heat exchangers 
[4-2][4-3]. Successful development of a S-CO2 Brayton power conversion system by 
way of an optimal turbomachinery design might contribute to the economics of future 
nuclear energy systems. 

 

Computational Fluid Dynamics 
 

Computational Fluid Dynamics (CFD) is a computer-based tool for simulating the 
behavior of systems involving a fluid flow, a heat transfer, and other related physical 
processes. It works by solving the equations of a fluid flow over a regime of interest, 
with specified conditions at the boundary of that regime. 

Computers have been used to solve fluid flow problems for many years. Numerous 
programs have been written to solve either specific problems, or specific classes of 
problems. From the mid-1970’s, the complex mathematics required to generalize the 
algorithms began to be understood, and general purpose CFD solvers were developed. 
Theses began to appear in the early 1980’s and required what were then very powerful 
computers, as well as an in-depth knowledge of fluid dynamics, and large amounts of 
time to set up simulations. Consequently, CFD was a tool used almost exclusively in 
research. Recent advanced in computing power, together with powerful graphics and 
interactive the three dimensional manipulation of models have made the process of 
creating a CFD model and analyzing results much less labor intensive, reducing time 
and, hence, cost. Advanced solvers contain algorithms which enable robust solutions 
of the flow field in a reasonable time. 

As a result of these factors, CFD in now an established industrial design tool, 
helping to reduce design time scales and improve processes throughout the 
engineering world. CFD provides a cost-effective and accurate alternative to scale 
model testing, with variations on the simulation being performed quickly, offering 
obvious advantages. 

For the S-CO2 Brayton energy conversion cycle’s efficiency, the efficiency of the 
turbomachinery is an important parameter. Since there is no practical experience or 
design date for the S-CO2 turbomachinery, it is necessary to establish the primary data 
for the design and performance analysis before the detailed design and manufacturing. 
However, experimentation for a first-of-a-kind-engineering turbomachinery design is 
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costly as well as complicated enough on account of the involved thermo and 
hydrodynamic condition of a very high pressure and temperature and the complex 
structure of the turbomachinery. Therefore, a three dimensional flow analysis was 
conducted with the help of a commercial CFD code. 

Computational analysis of a S-CO2 flow around turbomachinery blades is 
performed by utilizing CFX® to check on the potential efficiency of the turbine which 
determines such basic design values as the blade (or rotor) and nozzle (or stator) types, 
blade height, and the minimum and maximum radii of the hub and the tip. In this 
work, a four stage axial turbine and multistage centrifugal compressors are designed 
and analyzed for a performance study. 

 

Turbulent Modeling 
 
Turbulence consists of fluctuations in a flow field in time and space. It is a complex 

process, mainly because it is three dimensional, unsteady and consists of many scales. 
It can have a significant effect on the characteristics of a flow. Turbulence occurs 
when the inertia forces in a fluid become significant compared to the viscous forces, 
and is characterized by a high Reynolds number. 

Heat transfer and viscous work are involved, and can be modeled by using the total 
energy heat transfer model and enabling the viscous work term option. The industry-
standard k-ω turbulence model in widely used and the shear stress transport (SST) 
model is also a good choice for turbomachinery. 

One of the advantages of the k-ω formulation is the near wall treatment for low –
Reynolds number computations. The model does not involve the complex non-linear 
damping functions required for the k-ω model and is therefore more accurate and 
more robust. A low Reynolds number k-ω model would typically require a near wall 
resolution of y+<0.2, while a low Reynolds number k-ω model would require at least 
y+<2. In a flow model used in the industries, even y+<0.2 cannot be guaranteed in 
most applications and for this reason, a new near wall treatment was developed for the 
k-ω models. It allows for a smooth shift from a low Reynolds number form to a wall 
function formulation. 

The k-ω model assumes that the turbulence viscosity is linked to the turbulence 
kinetic energy and the turbulent frequency via the relation: 

ω
ρμ k

t =                                                 (4-1) 

The starting point of the present formulation is the k-ω model developed by Wilcox 
[4-4]. It solves two transport equations, one for the turbulent kinetic energy, k, and 
one for the turbulent frequency, ω. The stress tensor is computed from the eddy 
viscosity concept. 
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ω-equation: 
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In addition to the independent variables, the density, ρ , and the velocity vector, U , 
are treated as known quantities from the Navier-Stokes method. kP is the production 
rate of a turbulence, which is calculated as in the k-ω model. The model constants are 
given by: 

 

2,2,075.0,9/5,09.0' ===== ωσσβαβ k  

 

The unknown Reynolds stress tensor,τ , is calculated from: 

kst δρμτ
3
22 −=                                           (4-4) 

In order to avoid a build up of turbulent kinetic energy in stagnation regions, two 
production limiters are available. If kbP is positive, the buoyancy production term is 
included in the k equation for the buoyancy turbulence option. It is also included in 
the ω equation if the option is set to a production and a dissipation. 

The main problem with the Wilcox model is its well known strong sensitivity to 
free stream condition. Depending on the value specified for ω  at the inlet, a 
significant variation in the results of the model can be obtained. This is undesirable 
and in order to solve the problem, a blending between the k-ω model near the surface 
and the k-ε model in the outer region was developed. It consists of a transformation of 
the k-ε model to a k-ω formulation and a subsequent addition of the corresponding 
equations. 

The Wilcox model is thereby multiplied by a blending function F1 and the 
transformed k-ε model by a function 1-F1. F1 is equal to on near the surface and 
switches over to zero inside the boundary layer. At the boundary layer edge and 
outside the boundary layer, the standard k-ε model is therefore recovered. 

Now the equations of the Wilcox model are multiplied by function F1, and 
transformed k-ε  equations by using a function 1-F1 and the corresponding k-ω 
equations are added to give the Baseline model: 
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The coefficients of the new model are a linear combination of the corresponding 
coefficients of the underlying models: 

 

( ) 21113 1 Φ−+Φ=Φ FF                                    (4-7) 

 

All coefficients are listed: 
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The Baseline model combines the advantages of the Wilcox and k-ε model, but still 
fails to properly predict the onset and amount of low separation from smooth surfaces. 
The reasons for this deficiency are given in detail in Menter [4-5]. The main reason is 
that models do not account for the transport of the turbulent shear stress. This is the 
result from an over prediction of the eddy viscosity. The proper transport behavior can 
be obtained by a limiter to the formulation of the eddy viscosity.  

 

( )21
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,max SFa
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=                                               (4-8) 

 

where  

ρμ /ttv =                                                 (4-9) 

 

Again F2 is a blending function similar to F1, which restricts the limiter to the wall 
boundary layer, as the underlying assumptions are not correct for free shear flows. S 
is an invariant measure of the strain rate. 

The blending functions are critical to the success of the method. Their formulation 
is based on the distance to the nearest surface and on the flow variables. 
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with: 
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where y is the distance to the nearest wall, v is the kinematic viscosity and: 
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A disadvantage of a standard two equation turbulence model is the excessive 
generation of a turbulence, kP , in the vicinity of stagnation points. In order to avoid 
the build up of turbulent kinetic energy in stagnation regions, a formulation of limiters 
for the production term in the turbulence equations is available. The formulation 
follows Menter: 

 

( )ρεlim,min CPP kk =                                    (4-15) 

 

The coefficient limC is called a clip factor and has a value of 10 for ω based models. 
This limiter does not affect the shear layer performance of the model, and has 
consistently avoided a stagnation point build up in aerodynamic simulations. Using 
the standard Boussinesq approximation for the Reynolds stress tensor, the production 
term kP can be expressed for an incompressible flow as: 
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where S denotes the absolute value of the strain rate and Sij the strain rate tensor.  

Kato and Launder noticed that the very high levels of the shear strain rate S in 
stagnation regions are responsible for the excessive levels of the turbulence kinetic 
energy. Since a deformation near a stagnation point is nearly irrotational, i.e. the 
vorticity rate Ω is very small, they proposed the following replacement of the 
production term: 
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where Ω denotes the absolute value of the vorticity rate and the Ωij vorticity tensor. In 
a simple shear flow, S and Ω  are equal. Therefore, a formulation recovers in such a 
flow, as seen in the first parts of Equations (4-16) and (4-17). 

The SST based k-ω model accounts for the transport of the turbulent shear stress 
and provides highly accurate predictions of the onset and the amount of a flow 
separation under adverse pressure gradients. When using the SST model, one must 
ensure a resolution of the boundary layer of more than 10 points. 

 

Computational Flow Analysis for a S-CO2 Turbine 
 

The research for the S-CO2 turbomachinery is not enough to design a power 
conversion system since the research has been focused on a one dimensional analysis. 
Recently, some researchers have worked on the optimal Brayton cycle and its 
economics [4-6][4-7][4-8]. Their researches about S-CO2 turbomachinery are mainly 
focused on the development of a one dimensional design code. However, one 
dimensional analysis of a system and turbomachinery is lacking of experimental data 
and manufacturing experience. Therefore, a three dimensional performance analysis 
should be conducted for the development and application of S-CO2 turbomachinery. 

 

Input of S-CO2 Properties to CFX® 
 

CFX® needs to be supplied with accurate S-CO2 thermophysical properties. The S-
CO2 properties may be input to CFX® via such a method as a lookup table or a user 
defined mode. Since these methods are difficult to use, a real gas property (RGP) file 
which was made by KAERI is adopted instead. The National Institute of Standards 
and Technology (NIST) properties are decided for the international standard. The 
simulation of the S-CO2 gas turbine with CFX® is found to produce proper results 
when compared with the results calculated with the NIST. Figure 4-2 differentiates 
the calculated properties in CFX® and NIST, and then effectiveness of a property 
difference is depicted in Figures 4-2 (a) and (b). Redlich-Kwong properties have a 
good simulating density against NIST’s density. This is the reason why the mass flow 
rate which is related with the mass conservation for a continuity is very similar. On 
the contrary, the efficiency is quite different. The efficiency is connected with the 
reaction working fluid and blade. In addition, the reaction is coupled with the velocity 
and viscosity. There are about 3% errors compared to NIST’s case in the properties 
such as the velocity, viscosity, etc. From the results of a comparison, the sensitivity is 
analyzed by using different properties in the performance curve [4-9][4-10]. 
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Figure 4-1. Comparison of the properties between NIST and the calculated 

CFX: density, viscosity, enthalpy, entropy, conductivity, sound of speed 
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Figure 4-2(a). Performance analysis of the Redlich-Kwong property in CFX 

against the NIST property: mass flow rate variation when pressure ratio is 
increasing 

 

 
Figure 4-2(b). Performance analysis of the Redlich-Kwong property in CFX 

against the NIST property: efficiency variation when pressure ratio is increasing 
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Three Dimensional Configuration of KALIMER-600 S-CO2 Turbine 
 

Basic design values of the turbine are generated by ANSYS BladeGenTM on the 
basis of the TURB1D turbine design code. Three dimensional four stage turbine is 
designed pursuant to the numerical data provided in Table 4-1. 

 

Table 4-1. Design parameters for the four stage S-CO2 turbine for the Brayton 
cycle coupled with the KALIMER-600 

First Stage Stator Rotor 

Hub radius [cm] 53 

Shroud radius [cm] 69~70 70~71 

Depth [cm] 7.2 

Blade angle [°] 60~65 

Second stage Stator Rotor 

Hub radius [cm] 55 

Shroud radius [cm] 72.5~73.5 73.5~74.5 

Depth [cm] 7.8 

Blade angle [°] 60~65 

Third stage Stator Rotor 

Hub radius [cm] 57 

Shroud radius [cm] 76~77 77~78 

Depth [cm] 8.4 

Blade angle [°] 60~65 

Fourth stage Stator Rotor 

Hub radius [cm] 59 

Shroud radius [cm] 79.5~80.5 80.5~81.5 

Depth [cm] 9 

Blade angle [°] 60~65 

Number of blades 40 

 

The three dimensional design parameters of the S-CO2 turbomachinery for the 
KAIMER-600 are based on a one dimensional design. For an optimal three 
dimensional turbine shape, however, more detailed design parameters are required as 
shown in Figure 4-4. Detailed design parameters, which do not exist in the one 
dimensional design, are based on the equations in “The Design of High-Efficiency 
turbomachinery and Gas Turbine,” [4-11]  

tan n
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R u
u

α
φ
⋅

=
⋅                                             (4-18) 
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where inα  and outα  are the inlet and outlet flow angles, respectively, and nR  is the 
stage reaction. 

The stage reaction of the general turbine is 0.5. The flow and work coefficients are 
denoted by φ  and ψ , respectively. Two factors should be determined to establish the 
appropriate inlet and outlet flow angles. One of the popular methods to determine 
these factors is to use the Smith diagram in “A Simple Correlation of Turbine 
Efficiency” [4-12]. The Smith diagram presents the work coefficient and the flow 
coefficient for a designed turbine efficiency. 

The ratio of the pitch to blade axial chord can be obtained from the inlet and outlet 
flow angles as 

2 sin2 cos tan
cos

in in
out out

L out out

Ws
b C W

α
α α

α
⎡ ⎤⎛ ⎞⎛ ⎞ = −⎢ ⎥⎜ ⎟⎜ ⎟

⎝ ⎠ ⎢ ⎥⎝ ⎠⎣ ⎦
                 (4-20) 

where LC  is the tangential lift coefficient, and inW  and outW  are the mainstream 
velocities at the inlet and outlet, respectively. 

A guide is suggested for obtaining the setting angle from the nominal blade inlet 
and outlet angle in “A Mean-line Prediction Method for Axial-flow-turbine 
Efficiency” [4-13]. The nominal blade inlet angle is given by 

 

in in indβ α θ= + Δ                                           (4-21) 
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=                                               (4-23) 

where indθΔ  represents the induced incidence, c is the blade chord, and λ  is the setting 
angle. 

Equation (4-22) is suggested in “Investigation of a Related Series of Turbine-blade 
Profiles in Cascade” [4-14]. The blade chord is a function of the setting angle, but it is 
also a variable in determining the setting angle. The blade axial chord and blade chord 
are related to the pitch length, which is determined by the number of blades and the 
hub diameter. Design parameters are determined by resorting to Equations (4-18) 
through (4-23), which are based on a theoretical analysis, as presented in Table 4-2. 
Hub and shroud are increased through each stage, because the density of the working 
fluid is decreased and the volume is expanded. This is the reason why the reaction 
between the working fluid and blade will be decreased. Also, the working fluid is 
forced by a rotation and then willing to away from the center of a rotation with the 
axis of a shaft. Therefore, in order to increase the reaction, the blade height and 
diameter are increased. In other words, the hub and shroud of blade should be 
increased through each stage [4-15][4-16][4-17][4-18]. Three dimensional 
configuration of a turbomachinery is generated by ANSYS BladeGen™ as depicted in 
Figure 4-4. 
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Figure 4-3. Detailed parameters for the three-dimensional turbine shape 

 
Table 4-2. Detailed design parameters range 

Number Range 

1 0.1~0.2 

2 0.2~0.3 

3 -0.2~-0.3 

4 1.0~3.0 

5 0.04~0.05 

6 60~70 

7 30.0~40.0 

8 40 
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Figure 4-4. Three dimensional shape of the S-CO2 turbine for KALIMER-600 

 

Grids and Boundary Conditions 

 
Optimal conditions are determined for the grid, time step, topology, and inflation 

through case studies. Grid is a very important parameter for the propriety of the 
results in a computational analysis. For the optimized grid, the grid total number is 
increased from 100,000 to 2,000,000. About 1,000,000 grids are determined for the 
optimal grids number. In this case, the grid number of each passage -just one blade in 
one stage- was about 100,000. To make a good shape grid, particularly, it is very 
difficult near a leading edge and a trailing edge. Therefore, an O-type grid is adopted. 
O-type grid is made to follow the blade line. 

Share stress model is adopted with a turbulent model. Share stress model is based 
on the k-ε model, and then revised with a recently reliable correlation. Y+ is a very 
important value in a share stress model. Y+ should be less than 1. Therefore, an O-
type grid near the blade is adopted with an inflation and divided by a tenth as 
illustrated in Figure 4-5. 

The boundary conditions are applied based on the secondary loop design. The 
absolute inlet pressure is 20 MPa at a total temperature of 787 K. The revolution of 
the rotor is 60 per second. The average static pressure at the outlet is 7.6 MPa. A good 
estimate of the time step is within the region of 0.1/ω to 1/ω, where ω is the angular 
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velocity of the rotating domain in radians per second. Selecting an automatic time step 
will result in a time step of 0.2/ω. The second order resolution advection scheme is 
generally recommended. Time scale in this work is about 4.167×10-4. The result of the 
steady state is the initial value for the transient analysis. Information on the grids and 
boundary conditions are described in Table 4-3. 

 

 
Figure 4-5. Optimized grids shape for the computational analysis 

 

Table 4-3. Information on the grids and boundary conditions for the CFD analysis 

Grids 

Number of stator and rotor grids [#] 1,098,048 (137,256) 

Hub to shroud distribution 
parameter: end ratio [-] 200 

O- grid: end ratio [-] 50 (200) 

O- grid distance factor [-] 0.1 (inflation: 10) 

Topology type H-K-L grid 

Total number of hexahedrons [#] 1,020,096 (127,521) 

Boundary conditions 

Inlet total temperature [ K ] 787 

Inlet total pressure [MPa] 20 

Outlet static pressure [MPa] 7.6 
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CFD Analysis Results 

 
The average pressure drop in each stage is 3.1 MPa as shown in Figure 4-6, and the 

overall pressure drop is 12.4 MPa. The total temperature difference is 100 K between 
the inlet and outlet as described in Figure 4-7. Velocity result graph is remarkable. 
Energy of a decreased pressure as depicted in Figure 4-6 is changed to a momentum 
energy. In the Bernoulli equation, momentum energy should compensate for a 
pressure loss. Therefore, the velocity is increased through each stage as illustrated in 
Figure 4-8. Three dimensional turbine shape and thermodynamic contours of the 
working fluid which are related with the efficiency are described in Figure 4-9. From 
the results of the vector velocity and streamline, a vortex and a swirl are found at the 
trailing edge of the blade. For a good performance and high efficiency, the flow of the 
working fluid should follow the line of a blade. It is assumed that the root mean 
square is oscillated between 10-4 and 10-5. To check on a detailed flow of the working 
fluid around the blade, a transient analysis is conducted. Vortex and swirl, and a 
backward flow are found at the trailing edge of the blade. It means that the flow line 
of the blade should be modified. The mass flow rate is obtained as 8800 kg/s at 85 % 
of the turbine’s static-to-static isentropic efficiency. The isentropic efficiency is 
computed for the turbine and compressors as 
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The temperature and pressure at each location are unknown, however, the specific 
heat at a constant pressure depends on the temperature. The pressure or compression 
ratio of the cycle is defined as 
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The thermodynamic states for an isentropic process with an ideal gas are related as 

 
1Tv contantγ − =                                               (4-27) 

1
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−
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The following holds for an ideal gas 

 

ph c TΔ = Δ                                                (4-29) 
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This result for hΔ  being plugged in Equations (4-27) and (28), the turbine and 
compressor isentropic efficiencies are given as 
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Turbine and compressor isentropic efficiencies are calculated with Equations (4-30) 
and (31), respectively. The NIST code named REFPROP 7 is provided with the S-
CO2 isentropic enthalpy. 

This is the reason why the efficiency, which is calculated through the three 
dimensional CFX® analysis, is slightly lower than the design property. This means 
that the turbine shape needs to be modified to increase the efficiency up to the optimal 
condition. The characteristic curves in Figures 4-10 and 11 determine the operating 
point at the pressure ratio of 2.25. This indicates that the mass flow rate and efficiency 
are independent of the pressure ratio. Generally, the turbine is operated around this 
point [4-19]. 

 

 
Figure 4-6. Pressure variation through each stage of the turbine 
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Figure 4-7. Temperature variation through each stage of the turbine 

 

 

 
Figure 4-8. Velocity variation through each stage of the turbine 
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Figure 4-9. Property contours around the blade 



 54

 
Figure 4-10. Characteristic curve: mass flow rate vs. pressure ratio 

 

0

10

20

30

40

50

60

70

80

90

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
Pressure ratio between inlet and outlet [#]

Ef
fic

ien
cy

 [%
]

 
Figure 4-11. Characteristic curve: efficiency vs. pressure ratio 
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Summary 

 
From the CFD analysis of a S-CO2 turbine, the optimal S-CO2 turbine blade shapes 

were determined and a performance analysis of the turbine was computed. The 
possibility of a computational analysis was evaluated and an optimal turbine shape 
was determined. Boundary conditions were the required values for the optimized high 
efficiency Brayton power conversion cycle for the KALIMER-600. Therefore, the 
efficiency of each component has to satisfy these values, at least. But the efficiency of 
the turbine is slightly low. This is why the detailed design parameters for an optimal 
turbine shape are required such as the angle, thickness of blades, and shape of stage 
connector etc. However, the calculated electric power which is about 716 MW was 
slightly higher than the required. In view of the efficiency, the S-CO2 turbine should 
be modified a little bit. In view of the power, the S-CO2 turbine was determined as 
optimal. Until now, a three dimensional performance analysis and characteristic 
curves of S-CO2 turbine have been not conducted. Therefore, the propriety of a 
performance analysis for a turbine should be established. 
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CHAPTER 5. COMPUTATIONAL FLOW ANALYSIS OF SUPERCRITICAL 
CO2 COMPRESSORS 

 
There are two compressors in the supercritical CO2 Brayton cycle power 

conversion system coupled with the KALIMER-600 to enhance the efficiency and to 
avoid the reverse temperature in the recuperator.  

The flow analysis of a centrifugal compressor has been difficult because of a 
complex fluid behavior due to a high speed rotation and a twisted blade angle. 
Additionally, a surging and a choking have been observed in performance curves, 
which are related with the mass flow rate. Choking is a phenomena which the mass 
flow rate is a forbidden flow and can happen at a large mass flow rate. On the 
contrary, a surging implies that the mass flow rate is decreased dramatically in an 
uncontrolled situation. Since the compressor 1 is operated near a critical point, in this 
case, a flow analysis of the compressor 1 is very difficult because of a sharp variation 
of the properties [5-1][5-2]. This is the reason that it is difficult to determine the 
optimal high efficiency of a S-CO2 compressor. Therefore, the optimal shape of a S-
CO2 centrifugal compressor and a successful computational analysis are clues for the 
development of a S-CO2 Brayton power conversion system. The objectives of this 
work are to develop an optimal S-CO2 compressor blade shape to attain a high 
efficiency up to 85 %. 

 

Centrifugal Multistage Compressors 

 

In the conceptual design stage, the compressor type was previously determined 
together with the overall size by using the characteristic diagram in Figure 5-1. The 
contour line in the diagram means the same efficiency according to the compressor 
type. After the specific speed and the specific diameter are roughly selected, the 
compressor type is iteratively determined to maximize the efficiency through tuning 
the specific speed and the specific diameter in Equation (5-1) 
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where N is the specific speed, Ω  is the rotational speed, D is the diameter, H is the 
head, and V&is the volume flow. 

 
Figure 5-1. Specific diameter and specific speed with the compressor type 
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From the analysis of Equation (5-1) and Figure 5-1, compressors for a Brayton 
power conversion cycle for KALIMER-600 are determined as a centrifugal type. In 
order to reduce the load, the compressors are designed as multistage types [5-3][5-4]. 

 
 

Three Dimensional Design 
 
The basic design values of the compressor such as the hub, shroud, and length etc., 

based on a one dimensional design code named COMP1D, are described in Table 5-1. 
A three dimensional multistage compressor was designed on the basis of the data, 
which depicts the results of a one dimensional design and analysis. 

 
Table 5-1. Design parameters for the S-CO2 gas multi stage centrifugal 

compressors for a Brayton cycle for KALIMER-600 

Stage [-] RPM [-]
Mass 

Flow Rate 
[kg/s] 

Pin [MPa] Tin [°C] Pout 
[MPa] Compressor 

1 
2 3600 5730 7.4 31.3 20 

In tip dia. 
[m] 

In hub 
dia. [m] 

Out dia. 
[m] 

Out width 
[m] 

Blade # 
[-] 

Axial 
length [m] 

0.72 0.1 1.28 0.21 18 0.7 
In tip 

angle [°] 
In hub 

angle [°] 
Out blade 

angle [°] 
Diffuser 

dia. [m] 
Clearance 

[m] . 
1st stage 

63 52 75.5 3.68 0.004 . 
In tip dia. 

[m] 
In hub 

dia. [m] 
Out dia. 
[m] 

Out width 
[m] 

Blade # 
[-] 

Axial 
length [m] 

0.68 0.1 1.26 0.2 17 0.65 
In tip 

angle [°] 
In hub 

angle [°] 
Out angle 

[°] 
Diffuser 

dia. [m] 
Clearance 

[m] . 
2nd stage 

72 55 76 1.2 0.003 . 
 

The three dimensional design is operated with ANSYS BladeGenTM. After the 
compressor type was determined, details like the radial impeller and the basic 
parameters such as the hub and shroud diameter are used and drawn in the meridional 
plane as illustrated in Figure 5-2. In this process, the radius of the impeller at the 
inlet/outlet, and the length values are selected from the one dimensional design results. 

 
Figure 5-2. Meridional plane for the centrifugal compressor in the ANSYS 

BladeGenTM 
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Thickness

Angle

Leading edge

Trailing edge

 
Figure 5-3. Angle between the leading edge and the trailing edge and the thickness 

of the centrifugal compressor blade 

 

In turbomachinery, in view of its safety, thickness is a very important parameter. Of 
course the thickness should be determined through a structural analysis. Until now, a 
structural analysis of a centrifugal compressor using a high density S-CO2 has not 
been carried out. This is the reason that a thickness is selected as a default in the 
ANSYS BladeGenTM. Finally, the thickness should be modified a little bit through a 
blade stress analysis.  

For turbomachinery design, reactions of a working fluid against a blade are 
important parameter to achieve a high efficiency. In order to increase the reaction of a 
compressor, the angle between the leading edge and the trailing edge is used. With an 
increasing angle, however, the behavior of a fluid is very complex and the control of a 
compressor is very difficult. Therefore, the thickness and angle should be determined 
through an optimization process. During this process, the angle value could be 
obtained from the one dimensional design data. In the one dimensional results, there 
are various angle values. But only one angle between the leading and trailing edges is 
needed for the three dimensional design. That is why the mean angle is selected. 
Determined values are depicted in Figure 5-3. 

(a) (b)

(c) (d)

 
Figure 5-4. Information on the meridioanl plane and a schematic the three 

dimensional design 



 60

Total information on the determined values and a schematic of the three 
dimensional configuration are shown in Figure 5-4. Meridional plane which is 
described in Figures 5-4 (a) and (b) shows various radius and schematic blade shapes, 
respectively. And a variation of the angle and thickness from the inlet to the outlet is 
described in Figures 5-4(c) and (d). In this process, more detailed optimal information 
should be applied to obtain a high efficiency for an optimal turbomachinery design. 
However, one dimensional analysis results are lacking for a high efficiency 
compressor. This is the reason why default values are adopted in the ANSYS 
BladeGenTM. 

As mentioned above, the S-CO2 centrifugal compressor for a power conversion 
system of KALIEMR-600 is designed as a multistage type. Three dimensional 
configuration of a multistage compressor is designed according to the design data 
provided from the one dimensional results. Basic design values of the compressor are 
generated by ANSYS BladeGenTM as depicted in Figure 5-5. 

 
Figure 5-5. Configuration of the three dimensional S-CO2 gas centrifugal 

multistage compressor for the KALIMER-600 Brayton cycle without a diffuser 

 

 
Figure 5-6. Conceptual design of the three dimensional S-CO2 centrifugal multi 

stage compressor for the KALIMER-600 Brayton cycle 
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For the configuration of the compressor described in Figure 5-5, the flow direction 
at the exit of the first stage is the radii axis. In other words, fluids could not enter into 
the second stage. This means that a diffuser should be designed to interconnect 
between the stages. Since an information a relevant diffuser from the one dimensional 
results for a multistage centrifugal compressor is not mentioned, it is impossible to 
draw a three dimensional configuration with the one dimensional design results. 
Therefore the configuration of the three dimensional multistage S-CO2 centrifugal 
compressor is generated schematically, with default values, as shown in Figure 5-6. 

 

 
Figure 5-7. Optimized grids shape for computational analysis 

 

Grid generation 

 

Optimal conditions were determined for the grid, time step, topology, and inflation 
through case studies. Grid is a very important parameter for the propriety of the 
results in a computational analysis. 

Above all, the tip clearance between the shroud and the casing was determined. 
This value is expressed in Figure 5-7 (a). Since in general most of the leakage and loss 
happen at this gap, the value of clearance is very important. In this work, the tip 
clearance was assumed as 5 mm. In order to increase the quality of the grids, the grid 
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type should be considered.  A H-J-L grid type which is shown in Figure 5-7 (b) was 
adopted. Making a good shape grid, especially, it is very difficult near a leading edge 
and a trailing edge. Therefore, an O-type grid was adopted. O-type grid is made by 
following the blade line. For the optimized grid, the grid total number is increased 
from 50,000 to 800,000. Total grid number is determined in Figure 5-7 (c). About 
400,000 grids are determined for the optimal grid number. Quality and number of 
grids are presented Figures 5-7 (d) and (e), respectively. 

Shear stress model is adopted with a turbulent model. Shear stress model is based 
on the k-ε model, and then revised with a recently reliable correlation. Y+ is a very 
important value in a shear stress model. Y+ should be less than 1. Therefore, the O-
type grid near the blade is adopted with an inflation and divided by ten. Information 
on the grids is presented in Table 5-2. 

 

Table 5-2. Information on grids for CFD analysis of S-CO2 compressor 

Grids 

Number of stator and rotor grids [#] 400,000 

Hub to shroud distribution parameter 40/20 

O- grid distance factor [-] 0.1 (inflation: 10) 

Topology type H-J-L grid 

Total number of hexahedrons [#] 390,000 

 

The “hub to shroud distribution parameter” is “40/20”. This value shows a total 
grid number “40” and just one side grid number “20” at the reaction area of the blade. 
It means that the grids are assigned as symmetric at a blade. In other words, the blade 
shape of the compressor is designed as symmetric. 

 

Boundary Conditions and Analysis 

 
The capacities of the two compressors were previously calculated to be 167.01 

MWth and 165.47 MWth for the S-CO2 Brayton cycle power conversion system. The 
compressor 1(167.01 MWth) compresses the S-CO2 flow at 7.40 MPa and 304.25 K 
by the precooler up to 20.00 MPa and 357.80 K. The compressor 2(167.47 MWth) 
compressor drives the S-CO2 flow coming from the Low Temperature Recuperator at 
7.46 MPa and 364 K to 19.98 MPa and 463 K. The compressor 2 is responsible for 
only 29 % of the exiting S-CO2 mass flow rate from the LTR whereas the compressor 
1 is responsible for 71 % of that. The imbalance between the two compressors’ 
capacities and the compressed quantity of the S-CO2 flow is due to the large 
compressibility difference between the different working conditions such as the 
pressure and the temperature. These determined values are applied to the boundary 
conditions for the computational analysis.  

The optimized environment for the computational analysis was established with 
developed methodology through a S-CO2 turbine CFD analysis. The detailed 
information on the grid and boundary conditions is presented in Table 5-3. 
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Table 5-3. Information on the boundary conditions analysis of the S-CO2 
compressor 

Boundary conditions 

Inlet temperature [ K ] 365 

Inlet total pressure [MPa] 7.5 

Outlet static pressure [MPa] 10.5 

 

The boundary condition will be chosen as below.  

- Total pressure and temperature at the inlet, static pressure at the outlet 
- Total pressure and temperature at the inlet, mass flow rat at the outlet 
- Mass flow rate and temperature at the inlet, static pressure at the outlet 

 

A boundary condition is based on various environments of a computational analysis. 
Nevertheless, a first boundary condition is recommended. As the pressure ratio is 
changed, the mass flow rate and efficiency are calculated, respectively. This condition 
will be good for an estimation of a turbomachinery performance. If the initial 
condition at the inlet and outlet is unknown, an arbitrary boundary condition is 
selected. In this case, the boundary condition with a pressure ratio, it is very difficult 
for a convergence root mean square below 10-4. In order to converge, a mass is given 
to the initial boundary condition as the second and the third conditions. 

The boundary conditions are applied based on the secondary loop design. The inlet 
total pressure is 7.5 MPa at a temperature of 365 K. The revolution of the rotor is 60 
per second. The average static pressure at the outlet is 20.0 MPa. A good estimate of 
the time step is within the region of 0.1/ω to 1/ω, where ω is the angular velocity of 
the rotating domain in radians per second. Selecting an automatic time step will result 
in a time step of 0.2/ω. The second order resolution advection scheme is generally 
recommended. Time scale in this work is about 2.6×10-4. 

 

 

 

CFD Analysis Results 

 

The characteristic curve is analyzed to optimize the S-CO2 compressor geometry 
which is to yield a high efficiency. In order to find optimal the three dimensional 
design, shape of compressor is modified as stage, diffuser, angle of blade etc. It is 
difficult to determine an optimal compressor because there are many design 
parameters. Moreover, environment for computational analysis of CFX® should be 
considered.  Parameters and ranges which effect computational results are mentioned 
in Table 5-4. Nevertheless, performance and characteristic curves are not determined. 
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Table 5-4. Parameters and ranges for the cases 

Parameters Ranges Parameters Ranges 

Stage One stage 
Multi stage Mesh quality 5,000~800,000 

(per component) 

Diffuser 
Short 
Long 
Swirl 

Time step 
Auto time scale (0.001~10)
0.01/ω, 0.1/ω, 1/ω, 10/ω

RPM 1200~7200 Property 
Ideal gas 

Redlich Kwong 
NIST 

Boundary 
Condition 

Pressure & pressure
Pressure & mass flow 

rate 
Mass flow rate & 

pressure 

Compressibility

Subsonic 
(compressibility) 

Mixed 
Supersonic 

 

According to the experience of a turbomachinery expert, the compressor design 
might be located at a choking and surging point. Since, mentioned in the above 
paragraph, the operation range of compressor should be kept away from a choking 
and surging point, the root mean square does not converged as shown in Figures 5-8 
and 9. Figure 5-8 means there is a choking situation, and Figure 5-9 implies that there 
is a surging environment. 

 

 
Figure 5-8. Root mean square at a choking condition 
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Figure 5-9. Root mean square at a surging condition 

 
As mentioned in the above paragraph, a choking and a surging are related with the 

mass flow rate. If the mass flow rate is changed, the power should be modified. As the 
power is modified, a boundary condition will be changed. Finally, the optimal design 
of the compressor is needed for a modified boundary condition. Therefore, a 
modification and a re-analysis of a one dimensional compressor should be conducted. 

 
 

Modified One Dimensional Results with VISTA 
 

In order to establish the optimal compressor design, one dimensional shape and 
boundary conditions are estimated with the Casey-Robinson, Rodgers, and Casey-
Marty correlations as in Figure 5-10. In the graph of the correlation, x-axis is the flow 
coefficient and y-axis is the efficiency [5-5][5-6][5-7]. 

 
Figure 5-10. Estimation of the one dimensional design results with the Rodgers, 

Casey-Marty, and Casey-Robinson correlations 
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For the development of the optimal centrifugal multistage S-CO2 compressor, three 
dimensional shapes of the compressor blades are modified with VISTA in CFX® 
WorkbenchTM. Boundary conditions such as the pressure ratio, temperature, mass 
flow rate, specific heat ratio, kinematic viscosity etc. are fixed. Basic parameters like 
the hub diameter, shroud diameter, and number of the blades are based on the one 
dimensional code results. On the other hand, some information on the aerodynamic 
data and detailed geometry angle are complemented. Additionally, the thickness and 
axial length fraction, and so on are modified. 

From the estimation, the one dimensional design results in a dramatic variation of 
the efficiency. It means that the one dimensional design results might be deviated 
from the design point. This is the reason why the one dimensional design data are 
modified with design equations in VISTA. Several design parameters, such as the 
velocity ratio and back sweep angle etc., are additionally added compared with the 
one dimensional design data. Modified and added information are illustrated in Table 
5-5. 

On the basis of the above revised information, one dimensional design value is also 
evaluated with the Casey-Robinson, Rodgers, and Casey-Marty correlations as in 
Figure 5-11. With this modification, one dimensional design data could be located in 
the highest efficiency region. Of course these values are not optimal results for the 
three dimensional design of the S-CO2 compressor, but the one dimensional design is 
close to the optimized configuration. 

 

Table 5-5. Information on the revised one dimensional design result 

Parameters Values Parameters Values 

Merid. velocity gradient 1.15 Impeller shroud Shrouded 

Choke margin 0 Axial clearance 
Tip 

clearance, 
0.005 mm 

Velocity ratio 0.52 Main vane 13 

Incidence at shroud 1.5 
degree Inter vane 0 

Vane normal thickness, 
hub 

1.8 
mm Back sweep angle 0 

Vane normal thickness, 
shroud 

0.5 
mm Rake angle 0 

LE inclination to radial 0 
degree Axial length fraction 35 

Impeller leading edge 0 
degree Stage efficiency Efficiency 

correlations 
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Figure 5-11. Estimation of the one dimensional design results of re-designed with 
VISTA through Rodgers, Casey-Marty, and Casey-Robinson correlation 

 
 

Results of the Modified Three Dimensional Computational Analysis 
 

From the 3D analysis, the performance of the revised compressor could be located 
in the safe region from the choking and surging points. The static-to-static isentropic 
efficiency is calculated to be about 25 %, and the mass flow rate is computed to be 
about 1,040 kg/s. These results do not satisfy the required values. These results imply 
that the compressor is far from the optimal design. The analysis results are shown 
graphically in Figure 5-12 and the data is summarized in Table 5-6. A sketch of the 
meridional view of the designed impeller appears in the sketch window. 

 

Table 5-6. Results of the three dimensional computational analysis for compressor 
Quantity Inlet Outlet 

Temperature 364.008 K 391.234 K 
Total temperature 364.993 K 402.126 K 

Pressure 7.44656 MPa 9.81925 MPa 
Total pressure 7.53115 MPa 11.0557 MPa 

Enthalpy 512032 m2/s2 531.426 m2/s2 
Total enthalpy 512663 m2/s2 538579 m2/s2 

Parameters Values Required values 
Power 63.0 MWth 165.47 MWth 

Mass flow rate 1,040 kg/s 2432 kg/s 
Isentropic efficiency 25 % 87.5 % 
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Figure 5-12. Property contours around blade 

 
As mentioned above, the performance of the revised compressor avoided choking 

and surging points. The average total pressure from the inlet to the outlet is raised to 
steadily about 3.5 MPa as shown in Figure 5-13 and the average static pressure from 
the inlet to the outlet is raised to about 2.4 MPa as mentioned in Table 5-6. The total 
temperature difference is about 30 K between the inlet and outlet as described in 
Figure 5-14. Variation of the density related with the pressure and temperature is 
similar to the graph of the pressure and temperature as depicted in Figure 5-15. 
Velocity and Mach number result graphs are expressed in Figures 5-16 and 17, 
respectively. Since the velocity is a very important parameter in a turbomachinery, a 
specific velocity which is related with velocity should be considered to determine the 
blade shape. Additionally, a variation of the velocity from the inlet to the outlet 
should be controlled because of the Mach number with compressibility. In general, if 
the velocity is over 103 m/s, it is considered as a compressible flow. The S-CO2, 



 69

which has a velocity variation from about 60 to 115 m/s as described in Figure 5-16, 
should be considered as a compressible flow. 

From the result of the vector velocity, a vortex and a swirl are found around the 
blade. For a good performance and a high efficiency, the flowing of the working fluid 
should follow the line of a blade. It is supposed that the root mean square is oscillated 
between 10-5 and 10-6. To check on a detailed flow of the working fluid around a 
blade, a vector velocity analysis is carried out as shown in Figure 5-12. Vortex and 
swirl, and a backward flow are found at the trailing edge of a blade. It means that the 
flow line of a blade should be modified. The mass flow rate is obtained as 1,040 kg/s 
(require: 2432 kg/s) at 25 % (require: 87.5 %) of the turbine’s static-to-static 
isentropic efficiency. Turbine and compressor isentropic efficiencies are calculated 
with Equation (5-14), respectively. The NIST code named REFPROP 7 provides with 
the S-CO2 isentropic enthalpy. The Power is calculated as 63 MWth (require: 165 
MWth). Computed results in CFX® do not satisfy the requirements for the energy 
balance. 
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Figure 5-13. Total pressure variation when fluids are flowing through the blade of 

the compressor from the inlet to the outlet 
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Figure 5-14. Temperature variation when fluids are flowing through the blade of 

the compressor from the inlet to the outlet 
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Figure 5-15. Density variation when fluids are flowing through the blade of the 

compressor from the inlet to the outlet 
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Figure 5-16. Velocity variation when fluids are flowing through the blade of the 

compressor from the inlet to the outlet 
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Figure 5-17. Mach number variation when fluids are flowing through the blade of 

the compressor from the inlet to the outlet 

 

From the results of thermo-hydraulic analysis, the performance of the S-CO2 
compressor was estimated. In order to determine characteristic curves, the estimation 
of compressor performance is operated in various boundary conditions, which various 
conditions mean off-design points including operating point. 

Variations of the pressure ratio and efficiency against the mass flow rate are 
described in Figures 5-18 and 5-19, respectively. The efficiency is increased in the 
regime where the mass flow rate is from 3,000 to 1,000 kg/s. On the contrary, the 
efficiency is decreased in the regime where the mass flow rate is from 1,000 to 0 kg/s. 
This phenomenon is considered due to the reactions between the fluids and 
compressor blades. The efficiency graph against the mass flow rate has a peak point 
as a compressor performance. The efficiency variation as a distorted parabola, effects 
on the compress ratio of compressor. In the ideal environment, the pressure ratio has 
to be increased continuously when the mass flow rate is to be decreased at the same 
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power of the compressor. However, the pressure ratio is to be narrow due to decreased 
efficiency as depicted in Figure 5-19. 
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Figure 5-18. Characteristic curve: efficiency variation with the mass flow rate 
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Figure 5-19. Characteristic curve: pressure ratio variation with the mass flow rate 

 

 

Summary 
 

The possibility of a simulation of an exact S-CO2 property at a critical point and the 
performance analysis of optimal S-CO2 turbomachinery using a commercial 
computational fluid dynamics code such as CFX® were checked. 

The necessity to modify and re-analysis a one dimensional compressor for the 
KALIMER-600 Brayton cycle was checked. The results of the three dimensional 
analysis were supplemented for an optimal centrifugal multistage compressor, 
because a three dimensional analysis has been carried out. The results for the 
performance of compressor operation were not satisfactory. Especially, the calculated 
electric power which was about 20 MW was lower than the required power. Also, the 
first compressor which was operated near a critical point could not be analyzed due to 
an error in a property. The propriety of a performance analysis from the point of a 
safety should be conducted and evaluated. 
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CHAPTER 6. DESIGN OF COMPACT AND INNOVATIVE HEAT 
EXCHANGER 

 
 
Development of the one-dimensional analysis code 
 

A one-dimensional heat and fluid flow analysis code has been developed to 
evaluate the heat transfer performance and pressure drop characteristics of the PCHE. 
A typical geometric configuration of the PCHE flow passage is shown in Figure 6-1. 
The cross section of the flow path is semi-circular, the flow path is corrugated along 
the flow direction, and each flow path is separated by a solid wall. The hot and cold 
fluids flow in counter-flow direction at separated plates.  
 

       
(a) Front view              (b) Top view (PCHE plate)  

Figure 6-1. Typical flow path configuration of PCHE 
 

In the developed model, the PCHE is represented by a hot channel and a cold 
channel which are connected through solid wall. The flow is assumed to be steady, 
one dimensional and horizontal. The axial conduction through the solid wall along the 
flow direction is neglected. Also, the enthalpy changes due to a pressure change and a 
viscous dissipation are not considered.  Under these assumptions, the governing 
equations which are composed of the balances for the mass, momentum and energy 
are given including the state relation as follows. 
   

 0u
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 ( , )P hρ ρ=  (6-4) 
 

In Equations (6-1)~(6-4), ρ, u, z, P, f, De, h and Q are the density, the velocity, the 
axial coordinate, the pressure, the friction factor, the hydraulic diameter, the enthalpy 
and the heat transfer rate per unit fluid volume, respectively. The heat transfer rate 
(QV, V=fluid volume) can be represented by using the log-mean temperature 
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difference (ΔTLMTD), the overall heat transfer coefficient (U) and the heat transfer area 
(A) as, 

 LMTDQV UA T= Δ  (6-5) 

and the overall heat transfer coefficient (U) is defined  using the hot channel heat 
transfer coefficient (Hh), the cold channel heat transfer coefficient (Hc), the thermal 
resistance of the wall (Rw) and the heat transfer area (A) as follows. 
 

 [ ]h c wU R R R A= + +  (6-6) 

where 

 1 1, , tanh c
h h c c

R R Rw thermal resis ce of wall
H A H A

= = =   

The thermal resistance of the wall is calculated by only considering a transverse 
conduction across the wall as shown in Figure 6-2.   
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Figure 6-2. Considered geometry for conduction model 
 

Based on the assumption that the cold channel wall temperature in the upper part is 
approximated by the temperature at r t= , and that in the lower part is approximated 
by the temperature at (4 2 / 3) cx t r= −  which corresponds to the average chord 
length of a semi-circle, the one-dimensional conduction analysis results in the 
following thermal resistance of the wall. 
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= Δ = Δ  

In Equation (6-7), '
wR  and Δz indicate the thermal resistance of the wall per unit 

length and the length increment along the flow direction, respectively and other 
parameters are indicated in Figure 6-2. 

With the given geometric parameters and boundary conditions for the hot and cold 
channels, Equations (6-1) ~ (6-7) are numerically solved by using the finite difference 
method. Here, the geometric parameters are related to the geometric configurations of 
the flow paths of the hot and cold channels, which include the semi-circle diameters, 
the bending angles, the lengths, the pitches, the number of channels and the plate 
thickness. Also, the boundary conditions mean the inlet flow conditions of each hot 
and cold channel such as the temperature, the pressure and the mass flow rate. 

In order to assess the applicability of the developed model, the calculated results by 
the model were compared with the existing experimental data. Actually, the 
experimental data for the PCHE is extremely limited in the literatures and only a few 
data [6-1, 6-2, 6-3] are currently available. The experimental conditions in References 
[6-1], [6-2] and [6-3] and the design data of the PCHE and are indicated in Table 6-1 
and Table 6-2 respectively. As shown in Table 6-2, a detailed geometry of the flow 
path is only available in Ishizuka et al.’s work [6-3]. Also, in those experiments, they 
presented the experimental relations for the heat transfer coefficients and the friction 
factors to fit their data.  

 
Table 6-1. Experimental conditions in the reference experiments 

Hot Side Cold Side 
Data Base 

Fluid Press. 
[MPa] 

Temp.
[oC] 

Flow 
[kg/hr] Fluid Press. 

[MPa] 
Temp. 
[oC] 

Flow 
[kg/hr]

H. Song et al. CO2 7.46 87.4 280.4 Water 0.101 30.9 681.6 

Ishizuka et al. CO2 
2.26 ~ 
3.23 280.0 42.8 ~ 

87.0 CO2 
6.59 ~ 
10.09 108.0 42.8 ~ 

87.0 

S.C. Song Air 0.13 ~ 
0.22 

98.3 ~ 
350.0 

50.0 ~ 
174.0 Air 0.13 ~  

0.23 
24.5 ~ 
203.2 

55.2 ~ 
186.5 
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Table 6-2. Design data of the PCHE used in the reference experiments 

 
H. Song et al. [6-1]             S.C. Song [6-2] 

 
Ishizuka et al. [6-3] 

 
As shown in Equations (6-2) and (6-6), the friction factor and the heat transfer 

coefficient should be supplied to perform the calculation. However, the friction factor 
and the heat transfer coefficient depend strongly on geometry and no general 
correlations for corrugated flow channel exist at present. Thus, before proceeding to 
the comparison between the calculation results and the experimental data, the effect of 
the friction factor and the heat transfer coefficient was evaluated using the available 
experimental correlations. The correlations to be considered are those by Song et al. 
[6-1], Ishizuka el al. [6-3] and Hesselgreaves [6-4].  In the case of Song et al.’s work 
[6-1], the related correlations were produced by fitting their experimental results. For 
the evaluation, Song et al.’s [6-1] data was chosen as a reference data because the 
effect of the correlation can be seen easily in a hot channel with supercritical CO2 
while maintaining a cold channel with water as a nearly constant condition. However, 
as shown in Table 6-2, the geometric information such as the bending angle and the 
pitch is not available. For these parameters, the data of Ishizuka’s et al. [6-3] were 
applied in the evaluation. 

Figure 6-3 shows the effect of heat transfer coefficient on the temperature and 
pressure profiles. In the figure, HTC, F, Q and DP mean the heat transfer coefficient, 
the friction factor, the heat transfer rate and the pressure drop, respectively. The 
calculated temperatures at the channel outlets show good agreement with the 
experimental data for all the evaluated models. The measured temperatures at the 
channel outlets are 31.86 oC for hot channel and 44.47 oC for the cold channel. The 
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prediction errors for the hot and cold channel outlet temperatures are 5.6% and 4.7% 
for Song et al.’s [6-1] model, 1.0% and 1.1% for Ishizuka et al.’s [6-3] model and 
0.6% and 0.6% for Hesselgreaves’s [6-4] model. However the percentage difference 
between the maximum and minimum heat transfer rate is 16 %. The difference in the 
heat transfer rate is caused by the distribution of the driving temperature potential 
along the flow path. Since the total heat transfer rate is an important design parameter, 
an appropriate selection of the heat transfer coefficient should be considered in the 
design of a heat exchanger. The predicted pressures at the hot channel outlet are 
shown to be almost the same independent of the used heat transfer coefficients. The 
pressures measured at the hot and cold channel outlets are not available in their work.  
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Figure 6-3. Effect of heat transfer coefficient on temperature and pressure profiles  
 

Figure 6-4 shows the effect of friction factor on the temperature and pressure 
profiles. The temperature distributions and thus the heat transfer rates are found to be 
irrelevant for the friction factor models if the same heat transfer coefficient is used for 
all cases. On the other hand, the predicted pressure drops at the hot channel have some 
discrepancies according to the used models although the order of this difference can 
be considered to be minor when compared with the high operating pressure. The 
distribution of the calculated flow resistance coefficient is also shown in Figure 6-5. 
The flow resistance coefficient (K) is defined as follows. 
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 / eK f L D=         (6-8)
 
In Equation (6-8), L is the channel length, and the other parameters defined 

previously. As shown in the figure, the maximum flow resistance coefficient deviates 
from the minimum flow resistance coefficient by a factor of two and half. Although 
the calculation result could not be validated with the experimentally measured data, 
the calculated results shows that more studies on the friction factor for a corrugated 
flow channel are necessary and a reliable model should be developed. 
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Figure 6-4. Effect of friction factor on the temperature and pressure profiles  
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Figure 6-5. Distributions of flow resistance coefficients according to friction factor 
models 

 
For the evaluation of the applicability of the developed model, the experiments in 

Table 6-1 were analyzed and the calculated results were compared with the measured 
data. Because some geometric information is not available in the works of H. Song et 
al. [6-1] and S.C. Song [6-2], Ishizuka et al.’s [6-3] data was referred to the 
unavailable information when analyzing their experiments. As for the heat transfer 
coefficient and friction factor, the empirical relations presented in each experimental 
work in Table 6-1 were adopted. For example, in the analysis of Ishizuka et al.’s [6-3] 
experimental data, the empirical correlations proposed by them were used. The 
comparisons between the calculated results and the measured data are presented in 
Figure 6-6.  The prediction accuracies are within ±5.8 % for the temperatures and 
within ±3.2 % for the pressure drops. Thus it can be considered that good accuracies 
were obtained by using the correlations presented in the reference experimental works, 
and that the developed model can be utilized for the evaluation of heat transfer 
performance and pressure drop characteristics.  
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Figure 6-6. Comparison between the calculation and the experimental data 
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Development of PCHE design methodology 
 

In order to analyze the system performance of KALIMER-600 coupled with the S-
CO2 Brayton cycle, the design data for the Na-CO2 heat exchanger, the high 
temperature recuperator (HTR), the low temperature recuperator (LTR) and the cooler 
are required. The PCHE was chosen for the heat exchangers in S-CO2 Brayton cycle. 
Also, these heat exchangers should be sized to meet the normal operating conditions 
given by the inlet and outlet flow conditions. However, the developed one-
dimensional analysis code calculates the outlet conditions for the given inlet 
conditions. Therefore, the code is not appropriate since a great deal of computing time 
is required to exactly fit the design conditions. Moreover, in the case of the PCHE, 
some geometric parameters in the hot and cold channels should be related to each 
other within some geometric constraints to fulfill the pressure drop and heat load 
requirements. In this regards, the necessity to set up the design methodology of heat 
exchanger has been raised, and the methodology was developed for the PCHE.  

Analytical model to produce the design data such as the heat transfer area and the 
flow channel configuration for the given inlet and outlet conditions was developed 
under the following assumptions.  
 

- semi-circular cross section of the flow channel 
- zig-zag flow path along the flow direction 
- single banking type 
- to only consider the pressure drop through the zig-zag flow path while 

neglecting the pressure drop at the header and nozzle 
- to only consider the enthalpy change between the inlet and outlet for an energy 

balance 
- manufacturing limit of  0.6 m (width) x 1.5 (length) for the PCHE plate    
- SS316 for the PCHE material 

 
The balance equations for the fluid mass, momentum and energy are given 

including the state relation as follows. 
. .

,i i k
k

m m i hot or cold channel= =∑          (6-9) 

2 2. .
1 1 1, , ,

, , , 2, , , , , , , , , ,

L m mi k i k i kP f Ki k form i kD A Ae i k i k avg i k i k out i k in i kρ ρ ρ

⎛ ⎞ ⎛ ⎞⎛ ⎞⎛ ⎞ ⎛ ⎞⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟Δ = + + −⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎜ ⎟⎜ ⎟ ⎜ ⎟⎝ ⎠ ⎝ ⎠⎝ ⎠⎝ ⎠ ⎝ ⎠

(6-10) 

. .

, ,( )
i

i out i in i h LMTDQ m h h U A T= − = Δ      (6-11) 

( , )P hρ ρ=         (6-12) 

In Equation (6-9), 
.

m is the mass flow rate, and the subscripts i and k mean the hot 
or cold channels and the total number of channels, respectively. In Equation (6-10), 
ΔP, f, De, Kform, A, ρ are the pressure drop, the friction factor, the hydraulic diameter, 
the form loss factor, the flow area and the density, respectively. Also, the subscripts 
avg, in and out indicate the average value, the inlet and the outlet respectively. In 
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Equation (6-11), 
.

i
Q , h , U, Ah and ΔTLMTD are the heat transfer rate, the fluid enthalpy, 

the overall heat transfer coefficient, the heat transfer area and the log-mean 
temperature difference. The overall heat transfer coefficient is approximated by using 
the plate thickness as follows. 

 1
1 1

h w c

U t
H k H

=
+ +

 
(6-13) 

In Equation (6-13), Hh, t, kw and Hc indicate the heat transfer coefficient for the hot 
channel, the plate thickness, the thermal conductivity of the wall and the heat transfer 
coefficient for the cold channel, respectively. An approximation of the wall thermal 
resistance using the plate thickness causes an error in the estimation of the overall 
heat transfer coefficient.  Actually, in the design conditions of the HTR and the LTR 
which are described later, an increase of the plate thickness by 50 % was found to 
cause about 7.5 % reduction in the overall heat transfer coefficient. 

In addition to the balance equations for the fluid, several geometric relations for the 
PCHE channels are required to produce the flow channel configuration. The 
geometric parameters related with the channel configuration are shown in Figure 6-7. 
In the developed model, if the channel diameter (D), the bending angle of the hot 
channel ( hθ ), the pitch of the cold channel (Pc), the width of the PCHE plate (Y) and L 
in Figure 6-7 are given, then the geometric parameters such as the bending angle of 
the cold channel ( cθ ), the number of bendings (Nb) along the flow path for the hot and 
cold channels, the total number of PCHE plate, the number of channels on each the 
PCHE plate and the length of PCHE plate (X) are calculated by the  following 
relations. 
 

– Number of cold channels on each cold plate and the total number of cold 
plates, 

no. of cold channel pitches on each cold plate =
c

180sin( )
2

P

c
cY L Dθ−

− −
 

no. of cold channels on each cold plate= no. of cold channel pitches + 1 
no. of cold plates=total no. of cold channels/no. of cold channels on each cold 
plate 

– Number of hot channels on each hot plate and the total number of hot plates, 
no. of hot plates= no. of cold plates (single banking PCHE) 
no. of hot channels on each hot plate= total no. of hot channels/no. of hot 
plates 
no. of hot channel pitches on each hot plate= no. of hot channels on each hot 
plate-1 

pitch of hot channel (Ph)= 

180sin( )
2

no. of hot channel pitches on each hot plate 

h
hY L Dθ−

− −
 

– Number of bendings (Nb)  along the flow path for the hot and cold channels,  
no. of bendings for the hot channel (Nb,h)=length of each hot channel/(2 x L)  
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no. of bendings for the cold channel (Nb,c)= length of each cold channel/(2 x 
L) 

– Length of the hot PCHE plate (X) 
h

b,h

b,h

180-2 L COS( ) N =
2

2 L N length of each hot channel

Xθ

=
 

dividing the first equation by the second equation, 
h180-length of each hot channel COS( )

2
X θ
= ×  

– Length of the cold PCHE plate and (X) and the bending angle of the cold 
channel ( cθ ), 

  length of the cold PCHE plate (X)= length of he hot PCHE plate(X) 

 c
b,c

180-2LCOS( ) N =
2

Xθ  

 

 
 

Figure 6-7. PCHE channel configuration and related geometric parameter 
 

Using the developed methodology, the preliminary design parameters for the 
PCHEs in the S-CO2 Brayton cycle of KALIMER-600 were produced. The input 
parameters used in the analysis are indicated in Table 6-3. Among the input 
parameters, the geometric input parameters such as Dc, Dh, t, Pc and hθ were assumed, 
and the width of the PCHE plate (Y) was set to be 0.6 which corresponds to the 
manufacturing limit. 
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For the heat transfer coefficient, the model of Hesselgreaves [6-4] was used except 
for the Sodium flow in the Na-CO2 heat exchanger, and the model of Seban and 
Shimazaki [6-5] was applied to the Sodium flow in the Na-CO2 heat exchanger. The 
model of Idelchik [6-6] was adopted as a friction factor since this model is widely 
used over the entire Reynolds number range. For the form loss factor (Kform), by 
considering the zig-zag flow path as a series of elbows, the following model proposed 
by Ishizuka et al. [6-3] was used.  

 2 4
,

180 1800.946 sin ( ) 2.047 sin ( )
2 2

i i
b iK Nform

θ θ− −⎛ ⎞= +⎜ ⎟
⎝ ⎠

 (6-14)

 
 

Table 6-3. Inputs for producing the design parameters for PCHEs  

Parameter Na-CO2 HX HTR LTR Cooler 

Dc and Dh,  [mm] 2.0 1.5 1.5 2.0 

hθ ,   [deg] 180 170 170 100 
Pc,   [mm] 3.0 2.5 2.5 2.5 
t,   [mm]  2.0 2.0 2.0 1.66  
L,   [mm] 5.0 5.0 5.0 5.0 
Y,   [m] 0.6 0.6 0.6 0.6 
Hot channel configuration Straight Zig-Zag Zig-Zag Zig-Zag 
Cold channel configuration Zig-Zag Zig-Zag Zig-Zag Zig-Zag 
Hot channel fluid Sodium CO2 CO2 CO2 
Cold channel fluid CO2 CO2 CO2 Water 
Hot channel inlet  temperature, [oC] 526.0 394.2 203.1 91.2 
Hot channel outlet temperature, [oC] 364.0 203.1 91.2 31.25 
Cold channel inlet  temperature, [oC] 353.9 185.8 84.8 30.0 
Cold channel outlet temperature, [oC] 508.0 353.9 184.2 46.0 
Hot channel inlet pressure, [MPa] 0.1094 7.60 7.53 7.46 
Hot channel outlet pressure, [MPa] 0.1014 7.53 7.46 7.40 
Cold channel inlet pressure, [MPa] 19.94 19.98 20.0 0.147 
Cold channel outlet pressure, [MPa] 19.74 19.94 19.98 0.101 
Hot channel flow rate, [kg/s] 7400.2 8076.6 8076.6 5734.4 
Cold channel flow rate, [kg/s] 8076.6 8076.6 5734.4 13076.4 

 
Table 6-4 shows the calculated design parameters for the PCHEs. The heat transfer 

area of the LTR is larger than that of the HTR in spite of its smaller heat transfer 
capacity than the heat transfer capacity of the HTR. This is due to the fact that the 
ratio of the heat transfer capacity to the log-mean temperature difference for the LTR 
is larger that that for the HTR ((Q/ΔTLMTD)LTR > (Q/ΔTLMTD)HTR). The design data 
shown in Table 6-4 should be considered preliminary because the data were 
calculated by assuming the geometric parameters and the applicability of the used 
models of heat transfer coefficient and friction factor to the corrugated flow path of 
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PCHE is still uncertain. More studies on the heat transfer and pressure drop 
characteristics by considering a variation of the flow path configuration should be 
performed to produce the optimized design parameters. 

 
 

Table 6-4. Preliminary design parameters for PCHEs 
Heat 

Exchanger 
Na-CO2 HX HTR LTR Cooler 

Channel Hot Cold Hot Cold Hot Cold Hot Cold 

Heat Transfer 

Capacity [MW

t] 

1528.7 1746.6 1070.3 873.7 

Total Heat 

Transfer 

Area  [m2] 

42607.4 51615.2 82023.6 48900.4 

Single Channel 

Length    [m

m] 

1046.6 1254.5 790.6 845.2 1235.7 1357.1 1271.7 1163.5

Total Number 

of Channel 

7,917,24

7 

6,605,59

3 

16,929,87

5 

15,836,82

9 

17,213,02

8 

15,673,30

1 

7,478,70

6 

8,174,33

1 

Number of 

Channel on 1 

Plate 

179 149 256 239 263 239 218 239 

PCHE 

Dimension 

Assuming 1 

UNIT (L×W×

H) [m] 

1.05×0.60×176.3 0.79×0.60×264.3 1.23×0.60×261.7 0.97×0.60×113.5

Characteristics 

of Corrugated 

Channel 

 

Bending Angle 

along Flow 

Direction  [De

g] 

180 113 170 137 170 130 100 114 

Number of 

Turns along 

Flow Direction 

0 125 79 86 123 135 127 116 

Pitches across 

Flow Direction 

[mm] 

3.3 4.0 2.3 2.5 2.3 2.5 2.7 2.5 

Distance 

between Plate 

Edge & 

Channel [mm] 

0 2.8 0.4 1.8 0.4 2.1 3.2 2.7 
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CHAPTER 7. CFD ANALYSIS OF COMPACT AND INNOVATIVE HEAT 
EXCHANGER 

 
Computational fluid dynamic (CFD) analysis was performed to develop an 

improved design concept of the PCHE. For this purpose, the following works were 
conducted. 

– assessment of the applicability of the CFD method by using the available 
experimental data 

– investigation of the heat transfer and pressure drop characteristics for various 
flow path configurations 

– establishment of an improved design concept to enhance the heat transfer and 
to reduce the pressure drop 

 In order to assess the applicability of the CFD method, the FLUENT code was 
chosen as the CFD tool, and the calculated results were compared with available 
experimental data. As stated previously, the detailed geometry of a flow path is only 
available in Ishizuka et al.’s work and the data was produced in a supercritical CO2 
loop. Thus, their experimental data was selected as the reference data. The 
geometrical data in the experiment is summarized in Table 6-2 and the detailed flow 
path configuration is shown in Figure 7-1. An experimental condition used in the 
analysis is presented in Table 7-1. 

 
 

Figure 7-1. Flow path configuration used in the CFD analysis 
 
 

Table 7-1. Experimental conditions used in the CFD analysis 

Test No. Th,in 
[oC] 

Th,out 
[oC] 

Tc,in 
[oC] 

Tc,out 
[oC] 

DPh 
[kPa]

DPc 
[kPa]

mh 
[kg/hr]

mc 
[kg/hr] 

Q 
[kW] 

614-1 279.9 110.3 107.9 256.0 24.18 73.22 74.9 74.9 3.661
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In Table 7-1, T, DP and m are the temperature, the pressure drop and the mass flow 
rate, respectively. The subscripts like h, c, in and out indicate the hot channel, the cold 
channel, the inlet and the outlet, respectively. 

A single channel analysis was performed firstly for the cold channel to evaluate its 
pressure drop characteristics. The CFD model has about 400,000 computational cells 
for a whole single channel. A part of the channel modeling is shown in Figure 7-2. 
The boundary conditions consist of the flow rate (velocity) and the temperature at the 
channel inlet, the pressure at the channel outlet and the wall heat flux. The boundary 
conditions at the channel inlet and outlet were assigned using the data shown in Table 
7-5. The wall heat flux was assumed to be constant, and it was calculated from a 
simple heat balance by using the heat transfer rate and the mass flow rate in the table.  

  

 
Figure 7-2. Single channel model in CFD analysis 

 
The calculated results are shown in Figure 7-3. The temperature and pressure in the 

right graph of Figure 7-3 are the area-averaged values. The area-averaged pressure at 
the channel inlet was calculated to be 8.3 MPa which deviates from the measured 
pressure by 0.6 %. And the calculated area-averaged temperature at the channel outlet 
is 252.9 oC which is less than the measured temperature by 1.2 %. It is interesting to 
note that the calculated channel outlet temperature shows a good agreement with the 
measured value in spite of assuming a uniform wall heat flux. This assumption may 
also result in a linear temperature distribution along the flow path. However, it is 
expected that the temperature distribution would not be linear due to the non-uniform 
heat flux distribution caused by the reduction of the driving temperature potential 
along the flow path in a counter flow type heat exchanger.  The non-linear 
temperature distribution is described in the following unit cell analysis which 
considers the hot and cold channels together. As shown in Figure 7-3 (b), the pressure 
distribution is shown to be linear with nearly a constant slope, which means that the 
entrance effect is negligible. Because the calculated pressure drop allows us to predict 
the measured pressure drop well, the applied CFD model could be used in the 
evaluation of pressure drop characteristics.  
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(a) Temperature distribution 
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(b) Pressure distribution 

 
Figure 7-3. Calculated temperature and pressure distributions for the single channel 

CFD analysis 
 
 
Unit cell analysis was performed for one of the test conditions in Table 7-1. The 

unit cell is composed of two hot channels and one cold channel because the PCHE 
used in the experiment is a double banking type. The CFD model has about 2,000,000 
computational cells for a unit cell as shown in Figure 7-4. The boundary conditions at 
the channel inlet and outlet were set using the data shown in Table 7-1. Also, periodic 
boundaries were assigned for four side surfaces of the top, bottom, right and left and 
adiabatic conditions were applied to the front and back sides. 
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Figure 7-4. Unit cell model in CFD analysis 

 
The calculated temperature and pressure contours are shown in Figure 7-5 and the 

axial distributions of the area-averaged temperature and pressure are presented in 
Figure 7-6. In Figure 7-6, the temperature and pressure distributions calculated by the 
one-dimensional analysis code are shown. The calculated values of the temperatures 
at the hot and cold channel outlets and the pressure at the hot and cold channel inlets 
by the CFD analysis predict the experimental data very well. Thus, the developed 
CFD methodology is applicable for the establishment of an improved design concept 
of the PCHE. Also, the calculated pressure distributions by the one-dimensional 
analysis code and the CFD analysis agree well with each other. 

 On the other hand, the temperature distributions exhibit nearly the same trend 
while the predictions by the one-dimensional code are somewhat higher than those by 
the CFD analysis. However, because the calculated temperatures and pressures at the 
inlet and the outlet by the one-dimensional analysis almost coincide with those by the 
CFD analysis, the difference in the heat transfer rates between the two analyses is 
almost negligible. Although the comparisons between the two analyses show a good 
agreement, the predicted result by the one-dimensional analysis code depends on an 
appropriate selection of the heat transfer coefficient and the friction factor. Henceforth, 
it is necessary to study the heat transfer and pressure drop characteristics for different 
flow channel geometries by using the CFD analysis and to evaluate the produced heat 
transfer coefficient and the friction factor. 
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(a) Temperature of cold channel 

 

 
(b) Pressure of cold channel 

 

 
(c) Solid temperature 

Figure 7-5. Calculated temperature and pressure contours in a unit cell of the CFD 
analysis 
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Figure 7-6. Calculated area-averaged temperature and pressure distributions 
 

Figure 7-7 (a) and (b) show the pressure profiles in the flow direction (z axis) of 
the hot and cold channels, respectively, of the PCHE analysis model. In figures, z=0 
point of the x-axis is inlet for the hot channels and outlet for the cold channel. The 
pressures of CO2 in the hot and cold channels decrease linearly in the flow direction, 
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as seen in Figure 7-7 (a) and (b). These results agree well with pressure drop 
characteristics of a single phase internal flow. Figure 7-8 shows the temperature 
profiles of CO2 in the hot and cold channels. Temperature of CO2 decreases in the 
flow direction in the hot channel and increases in the flow direction in the cold 
channel; both of these trends are nonlinear. This result is due to the reason that the 
CO2 fluids in the hot and cold channels have different values for their specific heat.  

Table 7-2 shows a comparison between the numerical analysis and previous 
experiment data for the in-outlet pressure drop and the temperature difference of CO2 
in the hot and cold channels. In Table 7-2, the error is calculated by Eq. (7-1) 

 

100(%) ×
−

=
dataalExperiment

dataNumericaldataalExperimentError              (7-1) 

 
The results show that the numerical data of the in-outlet pressure drop of CO2 in 

the hot channel and the temperature difference of CO2 in the hot and cold channels 
agree well with published experimental data, with a maximum error of 2.4 %. 
However, the simulated pressure drop of CO2 in the cold channel is 10.7 % less than 
in the experimental data. None the less, considering the different conditions between 
the numerical analysis model and real experiments, this 10.7 % error seems 
acceptable. These results validate the three-dimensional numerical analysis model of 
this study. 

  

 
Figure 7-7. Pressure profiles in the flow direction for (a) hot channels, and (b) cold 

channel 
 



 95

 
Figure 7-8. Temperature profiles of the hot and cold channels 

 
 

Table 7-2. Comparison between the published experimental [7-4] and simulation 
data 
 Experimental data Numerical data Error (%) 

Cold channel 
pressure difference (Pa) 73220 65404.6 10.7 

Hot channel  
pressure difference (Pa) 24180 24609.5 1.8 

Cold channel 
Temperature difference (0C) 140.38 141.1 0.51 

Hot channel 
Temperature difference (0C) 169.6 165.46 2.4 

 
 

Figure 7-9 shows the zigzag channel configuration of the zigzag PCHE. The 
channels of the zigzag shape are arranged sequentially. 

Figure 7-10 shows the new channel configuration developed in this study. To 
increase the heat transfer area in the channels, the insertion of several fins in a channel 
is proposed instead of a zigzag channel configuration. To reduce the flow resistance 
due to an insertion of several fins, the fins are designed as an airfoil shape. The 
configuration of the channels in this new PCHE (airfoil fin PCHE) is defined by the 
horizontal and vertical distances between the airfoil shape fins, Lh, Lv, respectively, as 
seen in Figure 7-11. The total number of airfoil fins on each channel plate is 
determined by Lh, Lv. Both the hot and cold channels have the same configuration of 
the airfoil shaped fins. 
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Figure 7-9. Channel configuration of zigzag PCHE 

 

 
Figure 7-10. Channel configuration of new PCHE 

 
 

 
Figure 7-11. Fin shape of the new PCHE 
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Analysis models and conditions 

Analysis model of the zigzag PCHE is similar to the model described in Figure 7-
12. In this numerical analysis procedure, the zigzag PCHE model is composed of two 
hot channel plates and one cold channel plate. All the plates contain three zigzag 
channels. Analysis model of the airfoil fin PCHE is also similar to the model 
described in Figure 7-12. The airfoil fin PCHE model is composed of two hot 
channels and one cold channel. All the channels in this design contain airfoil shaped 
fins. Table 7-3 shows the dimensions and information of the mesh generation for the 
zigzag and airfoil fin PCHEs. 

 
Figure 7-12. Analysis model 

 
Numerical analysis of the airfoil fin PCHE was performed for three channel 

configurations with different values of Lh and Lv as seen in Figure 7-13 (a), (b) and (c). 
Table 7-4 shows the data of the horizontal and vertical distances, Lh, Lv, respectively, 
between the airfoil fins. 

Boundary conditions of the in-outlet pressure and temperature were the same as in 
the previous numerical analysis, as seen in Table 7-1. Outside wall conditions and 
other numerical conditions were also all the same as in the previous numerical 
analysis. 
 

Table 7-3. Mesh specification of the zigzag channel and airfoil shape fin PCHEs 
(Mesh generation: Gambit 2.3) 

Channel 

configuration 
Size(mm) Mesh shape 

Number of 

meshes 

Zigzag 
14.25(W) x 

4.89(H) x 108(L)
Tetra/Hybrid 

About 

1,800,000 

Airfoil shape 

fin 

14.25(W) x  

4.89(H) x108(L)
Tetra/Hybrid 

About 

1600,000 

 
Table 7-4. Fin configurations of the analysis models for the airfoil shape fin PCHEs 

Case (Figure 7-12) Lh (mm) Lv (mm) 

(a) 3.34 4.0 

(b) 3.34 2.0 

(c) 3.34 1.0 
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Figure 7-14 shows the total heat transfer rate (Q) and pressure drop (ΔP) in the 

cold channels of the zigzag channel PCHE  and the airfoil fin PCHEs (Case (a), (b) 
and (c)). The pressure drop (ΔP) between the inlet and outlet in the airfoil fin PCHEs 
is much smaller than in the zigzag PCHE as seen in Figure 7-14. In the airfoil fin 
PCHEs, the pressure drop increased gradually from case (a) to (b). The reason is to be 
considered because the flow resistance increased as the number of fins increased. In 
Figure 7-14, the pressure drops of cases (a) and (b) in the airfoil fin PCHE model are 
much smaller than in the zigzag PCHE model, and the total heat transfer rates of cases 
(a) and (b) are smaller than in the zigzag channel PCHE model. However, in the case 
(c) model of the airfoil fin PCHEs, the total heat transfer rate is almost the same as the 
zigzag channel PCHE model, but the pressure drop is reduced to a one-fourteenth 
value of that in the zigzag PCHE model.  

Figure 7-15 shows the heat transfer area of the zigzag PCHE and the airfoil fin 
PCHEs. The heat transfer area of all cases of the airfoil fin PCHEs is more than 20 % 
greater than in the zigzag PCHE. In the case (c) the model of airfoil fin PCHEs, the 
heat transfer area is about 30 % larger than a zigzag PCHE.  

 
 
 
 

 
Figure 7-13. Simulation cases of the airfoil fin PCHE with different fin 

arrangements 
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Figure 7-14. Total heat transfer rate (Q) and pressure drop (ΔP) in the cold channels 
of the zigzag channel PCHE and airfoil fin PCHEs (Case (a), (b) and (c)) 

 
 
 
 

 
Figure 7-15. Heat transfer area of the zigzag PCHE and the airfoil fin 

PCHEs 
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Figure 7-16. Velocity distribution of CO2 in the zigzag PCHE and airfoil fin 

PCHEs 
 

Figure 7-16 shows the velocity distribution of CO2 in the zigzag PCHE. In this 
zigzag PCHE, the flow of CO2 shows local regions of a flow velocity enhancement 
and a separated flow as seen in Figure 7-16. Figures 7-17 (b)-(h) show velocity 
profiles at the cross sections indicated in Figure 7-17 (a). In the separated flow regions, 
the local heat transfer ability is expected to decrease. Furthermore, because this 
separated flow causes a flow resistance, the pressure drop is expected to increase 
considerably in these regions. In the local flow velocity enhancement region seen in 
Figure 7-17, the local heat transfer ability is enhanced because of a localized increase 
in the local convective heat transfer coefficient. 

Figure 7-18 shows the velocity distribution of CO2 in the airfoil fin PCHE (case 
(c)). In this model, the flow velocity is uniformly distributed compared to the zigzag 
PCHE model, and no separated flow region exists. Figure 7-19 shows the velocity 
profile at cross section (A) in Figure 7-18. Because of the streamlined shape of the 
airfoil fins, the pressure drop of the flow passing through the fins is expected to be 
much smaller than the zigzag PCHE. Also, because no separated flow regions exist, a 
uniform heat transfer ability of the flow is obtained.  
In the airfoil fin PCHE model, an enhancement of the heat transfer area and a uniform 
flow configuration contributed to yielding the same heat transfer performance as the 
zigzag PCHE model. The streamlined shape of the airfoil fins also suppressed the 
generation of a separated flow. Thus, the airfoil shape fin model resulted in much a 
smaller pressure drop (one-fourteenth) than observed in the zigzag PCHE. 
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Figure 7-17. Velocity profiles at cross sections of zigzag channel PCHE (b)-(h); (a) 

Locations of selected cross sections 
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Figure 7-18. Velocity distribution of CO2 in the airfoil fin PCHE (case (c)) 

 

 
Figure 7-19. Velocity profile at a cross section (A) of airfoil fin PCHE 

 
 

Summary 
 
In this study, a model for a three-dimensional analysis of PCHEs was developed 

and validated, then we used it to analyze a PCHE with a new channel configuration 
that incorporates airfoil shaped fins instead of zigzag channels. The heat transfer and 
pressure drop performance of this new design were validated numerically by a 
comparison to a conventional zigzag channel PCHE. Because of the increased heat 
transfer area and the streamlined shape of the airfoil fins, this new PCHE model 
obtained the same heat transfer performance and a pressure drop of only one-
fourteenth compared with that in the conventional zigzag channel PCHE. 
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CHAPTER 8. IDENTIFICATION AND ANALYSIS OF SYSTEM TRANSIENT 
WITH MARS 

 
The objective is to identify the accidents involving the super-critical CO2 Brayton 

cycle power and to assess the impact of those accidents on the reactor system safety 
performance. There may be several kinds of cycle accidents in S-CO2 Brayton power 
conversion system. Also, the reactor transient effects on the S-CO2 Brayton cycle. The 
coupled reactor-Brayton cycle probably shows complicated behavior.  

As the first step of the whole system transient analysis, the S-CO2 Brayton cycle is 
analyzed assuming it is decoupled from the reactor system except the Na-CO2 heat 
exchanger boundary. The Na-CO2 heat exchanger provides the heat flux conditions 
for the analysis. 
 
Numerical Method 
 

The MARS code has been chosen to analyze the S-CO2 Brayton cycle. The MARS 
code is a thermal hydraulic reactor system analysis code made by combining the 
RELAP5 and CBRA-TF code. In addition to the mutual combining of the RELAP5 
and COBRA-TF, KAERI modified the physical models and correlations to enhance 
the best estimation capability even for the advanced reactors. Also, the MARS has the 
capability to model and analyze the multi-dimensional aspect of the thermal hydraulic 
systems.  

The following equations are the continuity, momentum and energy equations. Since 
the MARS code is originated from the RELAP5, the MARS code adopts the 2-fluid, 
2-phase model. Here, only the gas phase equations are presented. 
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Above equations are solved by the ICE (Implicit Coupled Energy) method which is 

well described in Reference [8-1].  
Since only the CO2 gas is used in the current Brayton system, the mass and energy 

transfer between phases are ignored and the related terms are omitted. However, there 
is a possibility of moisturizing of CO2 gas when the pressure decreases below the 
critical point. Table 8-1 shows the thermodynamic critical point of CO2 gas. 
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Table 8-1. CO2 critical point 

Property US-British Units SI Units 
Critical Pressure 1,071 psia 7,382 kPa abs 

Critical Temperature 87.9 oF 304.25 K 
Critical Density 29.2 lbf/ft3 468 kg/m3 

 
The input text of MARS for the KALIMER-600 S-CO2 Brayton cycle has the form 

of the modular components. The components consist of a combination of the regular 
volume and junction, which are the basic elements of the continuity and momentum 
equations. The modular components are single volume (SNGLVOL), time dependent 
volume (TMDPVOL), turbine (TURBINE), compressor (PUMP), pipe (PIPE), valve 
(VALVE), branch (BRANCH), single junction (SNGLJUN), and time dependent 
junction (TMDPJUN), etc. In addition to these, a shaft component is used to connect 
one turbine and two compressors. It is possible to make any configuration of power 
conversion system with the component-wise input structure. For each component, the 
simplified geometrical description and thermal states are required for the initial 
condition [8-2]. 

With the initial condition and geometrical descriptions, a steady run at the 100 % 
power is performed by the MARS. After the 100% power state condition is reached, 
the transient calculation is conducted. The transient scenario is assumed that the heat 
flux of the Na-CO2 heat exchanger boundary decreases from 100% to 80 % of full 
power in 100 seconds. Holding the 80% level for 900 seconds, the heat flux increases 
to 100% level again in 100 seconds.  
 
 
TurboMachinery Model 
 
Turbine model 
 

The turbine model of the MARS performs a simple calculation for the energy 
source terms. For a given pressure difference between the inlet and outlet, mass flow 
rate is calculated first. The turbine performance data, for example the mechanical 
efficiency, stage type, mean radius, etc., are used to obtain the output power and 
torque of the turbine component. The equation (8-4) shows the total energy balance 
across the turbine component (see Figure 8-1). In the turbine model, the inlet junction 
represents a representative nozzle throat area. And the last stator nozzle throat 
discharge area is represented by the outlet junction area. 
 

( )2 2
1

1 2

1 1
2 2

vA v h vA v h vA Wρ ρ ρ⎡ ⎤ ⎡ ⎤⎛ ⎞ ⎛ ⎞+ = + +⎜ ⎟ ⎜ ⎟⎢ ⎥ ⎢ ⎥⎝ ⎠ ⎝ ⎠⎣ ⎦ ⎣ ⎦
  (8-4) 

 
where, 

ρ = density 
V = velocity 
H = enthalpy 
A = cross-sectional area 
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Figure 8-1. A Schematic of a stage group with idealized flow path between 1 and 2 
 

The term W represents the shaft work per mass flow rate extracted from the gas 
flow. Heat loss is neglected in this ideal turbine model. From equation F-4,  
 

( )2 2
2 1 2 1

1 1
2 2

v v h h W− = − − −     (8-5) 

 
In this way, the energy balance is converted into an equivalent force balance 

(power = force x velocity).  
If the turbine expansion process is isentropic,  

 
1dh dP
ρ

=      (8-6) 

 
The actual work, W, is usually written as an efficiency factor times the isentropic 
enthalpy change across the stage and it becomes 
 

.

1
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Combining the equation F-7 with F-5, the momentum equations becomes 
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For the reaction fraction r (user input), the general actual efficiency is obtained by 
the real factor to the ideal efficiency. Because of the nozzle loss and blade loss, etc., 
the actual efficiency is 
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where vt is the tangential or rim velocity of the moving blades, and v is the gas 
velocity at the nozzle exit. The constant b is related to the reaction fraction r as shown 
below. 
 

( )1/ 21b r= −      (8-10) 
 

The torque from the turbine is calculated by  
 

( )2 1
t

RvA P P
v

ητ ρ
ρ

= −     (8-11) 

 
where R is the mean stage radius at the nozzle (user input). For the given shaft 
rotational speed (ω ), the rim velocity and mean stage radius is related as follows. 
 

tv Rω=     (8-12) 
 
 
Compressor Model 
 

Since the MARS code mainly used in the PWR analysis, the pump component is 
the only pressure rising component used for water or water-air mixture. In the MARS 
code, the head rise term acts as a gravity body force. The term added to the 
momentum equation is 1/ 2 gHρ , where H is the total head rise of the pump (m), ρ is 
the volume fluid density (kg/m3) and g is the acceleration due to gravity (m/s2). The 
factor 1/2 is needed because the term is applied at both the suction and discharge 
junctions. 

The pump head is coupled implicitly to the velocities through its dependence on the 
volume flow rate, Q. The volumetric flow rate is defined as the volume mass flow rate 
divided by the volume density. It is assumed that the head depends on the volumetric 
flow rate, and can be approximated by a two-term Taylor series expansion, 
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Thus, the numerical equivalent of the head rise source term is 
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The pump dissipation is calculated for the pump volume as 

 
g ggH v Aτω ρ−      (8-15) 

 
where τ  is the pump torque and ω  is the rotational speed. 

The basic pump performance data must be generated experimentally. The basic 
parameters that characterize the pump performance are the rotational speed, ω  or N, 
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the volumetric flow, Q, the head rise, H or PR(pressure ratio), and the shaft torque,. 
These four parameters are generally used as the ratio values rated against the 
performance rating point values. Generally, the values of parameter are closely 
grouped, and the single curve can not cover the whole performance data. But it 
provides a good approximation for the pump (i.e. compressor) performance. 

In this analysis, the compressors are assumed as always connected to the shaft. 
Thus, the torque-inertia calculation after the trip is not necessary.  
 
 
Preparing System Input 
 
System Modeling 
 

The diagram of S-CO2 Brayton cycle modeling is shown in Figure 8-2. The Na-
CO2 heat exchanger is postulated as a heat flux source. The heat flux value is assigned 
as a boundary condition. In order to set up the steady run condition of this system, the 
whole system should be confined by the pressure boundary. Before the detail 
geometrical cycle inputs are not prepared yet, a closed loop steady run state requires 
the pressure boundary run first. 

After successful pressure boundary run and assuming the states of both single 
volume 510 and 003 are the same, the trip valve 600 is open. Simultaneously, the 
valve 002 and 900 are shut closed. By doing this, the closed loop state is established 
for any further transient calculations. 

The time dependent volume 001 and 910 provides the pressure boundary, which is 
controllable by the user. Initially 19.74MPa, 781.15 K is assigned as the thermal 
conditions for the time dependent volume 001. The pressure and temperature 
condition of time dependent volume 910 are later set the same to those of 001. After 
the turbine component, the HTR(High Temperature Recuperator), LTR(Low 
Temperature recuperator), COOLER, COMP1, and COMP2 are set to have the state 
as 9.5MPa and 781.15K initially. The temperature of the all heat structures are the 
same as 781.15K. 

The turbine and compressors are set to rotate at 188.5 rad/s. The rotational velocity 
is maintained for the whole calculation. It is assumed that the generator produces 60 
Hz electricity with the dual phases.  
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Figure 8-2. A schematic MARS Nodalization for the S- CO2 Brayton cycle
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The inventory tank is divided into two volumes for the convergence of modeling 
and calculation. The inventory volumes are modeled as the time dependent volumes. 
The thermal states for the inventory 700 are 19.0 MPa, 357.95K and for the inventory 
710 are 8.46MPa, 364.35K. By opening the valve 640, CO2 gas flows into Brayton 
cycle through the branch volume 160. Similarly, CO2 gas is removed from the 
Brayton cycle through the branch 260 by opening the valve 630. The flow driving 
pressure difference is 1.0MPa for both valve components. During the steady run 
process, the valve 600, 630, 640 are all closed. The valve 105, 200, and 300 are 
always open. Other two valves 620, 650 are always closed. Table 8-2 is the summary 
of the valve components input items and open-close settings. 
 

Table 8-2. Summary of the valve input and settings 
Valve Component From Volume To Volume Area Setting & Trip 

002 001 003 10.0 open, close at 502 
105 100 110 7.5 Always open, 501 
200 170 210 3.0 Always open, 501 
300 170 320 10.0 Always open, 501 
600 510 003 1.0 Closed, Open at 603 
610 100 280 1.0 Always closed, 504 
620 260 140 1.0 Always closed, 505 
630 240 700 1.0 Closed, open at 506 
640 710 160 1.0 Closed, Open at 507 
650 280 126 1.0 Always closed, 508 

 
The loop consisting of single volume inputs are summarized below in Table 8-3. 

The single volumes provide the valve connecting points and connecting role of main 
components.  
 

Table 8-3. Summary of the single Volume geometric input items 
Volume 

Component Area Length Volume 

003 10.0 1.0 0.01 
100 10.0 1.0 0.0 
110 7.5 2.0 0.0 
126 15.0 10.0 0.0 
170 15.2 1.0 0.0 
220 6.0 1.0 0.0 
235 6.0 1.0 0.0 
280 14.0 1.0 0.0 
510 10.0 1.0 0.0 
320 10.0 1.0 0.0 
335 10.0 1.0 0.0 

 
The loop consisting of single junctions and branch junctions is also summarized in 

Table 8-4. The junction component has the role of connecting two components. The 
main input for junction is the flow area. It has no physical volumes.  
 

                                                 
1 Only two input items make the sufficient volume configurations. 



111 

Table 8-4. Summary of the loop Junction input items 
Junctions From Volume To Volume Area 

005 003 100 10.0 
125 120 126 15.0 
127 126 130 15.0 

140-1 130 140 15.0 
140-2 140 150 15.2 
160-1 150 160 15.2 
160-2 160 170 15.2 
215 210 220 6.0 

240-1 235 240 6.0 
240-2 240 250 6.0 
260-1 335 260 10.0 
260-2 250 260 10.0 
260-3 260 270 14.0 
275 270 280 14.0 
290 280 500 14.0 
505 500 510 10.0 
900 510 910 7.5 

 
 
Heat Exchanger Modeling 
 

The S-CO2 Brayton cycle has four heat exchangers; the Na-CO2 Heat Exchanger, 
HTR, LTR, and COOLER. Among these, the HTR and LTR are the recuperating heat 
exchanger. The recuperator means that the heat receiving and providing fluids are on 
the same paths so that they make one closed loop. 

The model of the recuperator consists of two pipes and a combined heat structures. 
For the high temperature recuperator, each pipe has 20 nodes and 15.0 m2 for CO2 
flow area. Twelve nodes and 15.2 m2 area are assigned at the low temperature 
recuperator. The 1.0 m length is assigned for all recuperator pipe nodes. The total heat 
transfer area of high temperature recuperator is 206,460.0 m2. And an area of 
196,848.0 m2 is assigned for the low temperature recuperator. These values are 
determined to get the design temperatures of inlet and outlet. Thus, the geometric 
design values are independent of the MARS inputs. The hydraulic diameter is 2.0 mm 
for all recuperator gas flowing channels. 

The COOLER model consists of a pipe and a heat structure. The pipe has 5 nodes 
with 12.0 m2 area and 2.0 m length for each node. The heat structure is modeled that 
outer boundary is kept at the constant temperature. The designed value of the coolant 
water temperature is 304.0K. In this modeling, however, the coolant temperature is 
assumed as 314.0K. The total heat transfer area is 48,900 m2. The hydraulic diameter 
is 1.66 mm. 

The Na-CO2 heat exchanger has 10.0 m2 flow passage area and 0.2 m length for 
each 15 nodes. The hydraulic diameter is 1.222 mm. The total heat transfer area of 
combined heat structure is 42,610.5 m2. The boundary heat flux is 29,850 W/m2. This 
value determined in the MARS calculation process so that the pressure boundary 
performed completely. The design value of boundary heat flux is 35,880.83 W/m2 to 
fulfill the heat capacity of 1,528.9 MW.  
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Turbine Input 
 

The turbine input includes the area, length, and volume. It contains single junction 
which represents the stator nozzle. Thus the inlet junction area is also required. The 
basic inputs are summarized below. 
 
 Area : 7.5 m2,  
 Length : 1.07 m, 
 Nozzle area : 0.375 m2, 
 Mechanical efficiency (friction and dissipation) : 0.98, 
 Reaction fraction : 0.5, 
 Mean radius : 0.17 m 
 

The dynamic characteristics are not used in this transient because the turbine axis is 
always connected to the shaft and grid. The dynamic characteristics are as below. 
 
 Inertia : 740.722 kgm2 
 Rotational friction :0.1616 Nms 
 

The dynamic characteristics of turbine and compressors are determined by the size 
equivalence to the STAR-LM turbo-machinery.  
 
Compressor Input 
 

In order to adapt the pump component in the S-CO2 Brayton cycle, the pump 
Homologous curve is modified using the general gas compressor performance data. 
Table 8-4 shows the compressor performance chart in general. In addition to the 
performance input, each compressor has its own characteristic inputs. For the 
compressor 1, the characteristics are as follows, 
 
 Area: 10.0 m2 
 Length: 1.0 m 
 Rated volume: 17.5 m3 
 Rated head: 3211.991 m 
 Rated torque: 6.37 Nm 
 Inertia: 16.34585 kgm2 
 Rated density: 400 kg/m3 
 

Similarly, the inputs of compressor 2 are  
 
 Area: 10.0 m2 
 Length: 1.0 m 
 Rated volume: 12.5 m3 
 Rated head: 6293.513 m 
 Rated torque: 6.37 Nm 
 Inertia: 47.92044 kgm2 
 Rated density: 269.73 kg/m3  
 

The CO2 gas flow is divided at volume 170 and the splitting ration is designed as 
71% and 29%. The divided CO2 flow has different amounts of head rise and 
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temperature variations. The CO2 gases are mixed again at the branch 260. The 
characteristics of compressors are adjusted to have minimum thermal state 
discrepancies at the branch 260. 
 
 
Pressure Boundary Run 
 

With the MARS system modeling, it is usual to separate the whole simulation 
calculation into two parts; the steady state run and transient restart. The steady state 
run is found by performing the pressure boundary run. The pressure boundary run 
starts from the null state of the system. As describes earlier, the system component 
pressures are set as in Figure 8-3. And the valve 002 and 900 are open, while the 
valve 600 is closed. After start, the outlet boundary pressure is controlled to 
moderately increase up to 19.74MPa, the same level of inlet boundary. Besides, the 
temperature of the COOLER heat structure is controlled to decrease from 741.15 K to 
314.0 K. These two exterior boundary values can not be assigned as the initial values 
because of the MARS code stability. The moderate boundary adjusting method 
prevents the subcritical state at the COOLER outlet and compressor 1 inlet. If the 
whole system pressure and temperature are maintained at the normal operation states, 
the valve 002 and 900 are closed. The valve 600 is open, simultaneously. The final 
valve operation completes the preparation of the steady state run. 

Table 8-5 represents the final steady states of closed loop obtained by the pressure 
boundary run. The next step is transient restart. The power reducing event can be 
assigned in the transient restart run.  
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Figure 8-3. Schematic diagram of the component pressures variations in the pressure 

boundary run 
 

Table 8-5. States of the closed loop obtained by the pressure boundary run 
Pressure Temperature  

MARS 
(MPa) 

|Deviation| 
(%) 

Design
(MPa) 

MARS
(K) 

|Deviation| 
(%) 

Design 
(K) 

A-turbine inlet 19.7376 0.01 19.74 779.55 0.21 781.15 
B-turbine outlet 9.09107 19.6 7.6 689.42 3.31 667.35 
C-mid of HTR & LTR 8.01102 6.38 7.53 483.70 1.56 476.25 
D-outlet of LTR 7.53262 0.97 7.46 392.49 7.72 364.35 
E-cooler outlet 7.41399 0.19 7.4 314.25 3.24 304.4 
F-COMP1 outlet 19.9912 0.04 20.0 373.93 4.46 357.95 
G-COMP2 outlet 19.9710 0.05 19.98 455.11 0.49 457.35 
H-Na- CO2 HX inlet 19.8685 0.36 19.94 648.44 3.41 627.05 
 MARS Design 
Mass flow split (kg/s) 7880.7 (5359.6/2521.3) 8076.6(5734.4/2342.2) 
Turbine work (MW) 451.89 900 
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The deviation of the turbine work comes from the simple single stage turbine model. 
If the turbine is modeled as multiple stage turbines that describe the turbines more 
realistic manners, the turbine work asymptotically approaches the design values. The 
pressure deviation of the turbine outlet will be decreased with the multiple stage 
turbine models. 

 
Table 8-6. General gas compressor performance data 

Rotation 
Velocity [rpm] 
(ratio to rating 

point) 

Mass Flow 
[kg/s] 

(ratio to rating 
point) 

Pressure Ratio 
[Pa] Efficiency 

Rotation 
Velocity [rpm]
(ratio to rating 

point) 

Mass Flow 
[kg/s] 

(ratio to rating 
point) 

Pressure Ratio 
[Pa] Efficiency 

0.1 0.1 5.25 0.01 0.8 0.65 5.4 0.25 
 0.15 3.25 0.01  0.75 5.6 0.245 

0.2 0.2 5.05 0.02  0.82 5 0.22 
 0.31 3.5 0.02  0.9 5.35 0.2 

0.3 0.29 5.5 0.05  1 4.75 0.175 
 0.32 5.4 0.04  1.05 4.2 0.16 
 0.48 3.48 0.03 0.9 0.72 5.4 0.3 

0.4 0.4 5.5 0.06  0.85 5.6 0.295 
 0.41 5.4 0.055  1 5.4 0.26 
 0.64 3.4 0.05  1.1 4.48 0.22 

0.5 0.45 5.6 0.1  1.12 4.2 0.2 
 0.48 5.65 0.09 1 0.82 5.4 0.38 
 0.5 5.5 0.08  1 5.6 0.35 
 0.75 3.5 0.05  1.1 5.4 0.32 

0.6 0.51 5.5 0.14  1.2 5 0.28 
 0.56 5.65 0.135  1.25 4.3 0.25 
 0.61 5.5 0.12 1.1 0.92 5.4 0.45 
 0.7 5.3 0.11  1.1 5.6 0.41 
 0.85 3.8 0.09  1.2 5.49 0.38 

0.7 0.6 5.5 0.18  1.3 5.2 0.35 
 0.66 5.6 0.18  1.35 4.35 0.3 
 0.7 5.51 0.175 1.2 1.04 5.45 0.52 
 0.8 5.25 0.16  1.2 5.6 0.48 
 0.9 4.6 0.14  1.4 5.2 0.4 
     1.5 4.4 0.35 

 
Transient Run 
 

The postulated 80 % power reducing event starts by the decrease of the heat flux 
assigned to the Na-CO2 heat exchanger boundary. Total 100 second elapsed to 
decrease the power from 100% to 80% level. The 80% power level maintains for 900 
second. After 900 second later, the power increase again to 100% level in 100 second. 
Figure 8-4 illustrates the power reduction and recovery controls. 

 
Power 
level

100.0

80.0

Time 

To To+100 To+1000 To+1100

Transient start

 
Figure 8-4. Diagram of heat flux boundary variation in the transient event 
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Transient Run without Control 
 

In order to investigate the proper control points and logics, a transient calculation 
without any controls is performed first. The major monitoring is focused on the inlet 
volume of the compressor 1 to find out the proper margin of the compressor safety.  
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Figure 8-5. Pressure of the COMP1 inlet volume in the transient without control 

 
Figure 8-5 shows the pressure history after the power reduction transient start at 

16000 second point. Note that the volume pressure continues to decrease after the 
power level starts to drop and maintains at 80% level. From the calculation result, the 
lower limit of the system pressure has been decided as 7.4MPa. The trip 507, the 640 
valve open signal will be ‘True’ when the pressure of volume 220 becomes lower than 
7.4MPa. Note that the calculation results begin to fluctuate when the pressure 
approaches to the critical point. 
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Figure 8-6. Gas temperature at the turbine inlet and outlet 
 

Figure 8-6 shows the gas temperature at the Na-CO2 heat exchanger outlet and 
turbine outlet. Although the power reduction ends, the gas temperature continues to 
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decrease. The reduced gas temperature makes the turbine rotating constant speed with 
more mass flow rate because the turbine is connected to external grid system.  
 
 
Transient Control 
 

The same power reduction process is assigned to the ‘control’ cases as the previous 
‘no control’ transient run, as in Figure 8-4. As noted above, the valve open action is 
initiated when the pressure of COMP1 inlet volume reaches 7.4MPa. Figure 8-7 
shows the pressure variation of the COMP1 inlet volume. The power reduction starts 
at 16,000 second and continues to decrease to 80 % level in 100 second. At 16,100 
second, the reduction stops and the power is maintained at 80% level for 900 second. 
During that period, the sv220 pressure continues to decrease. At 16,600 second, the 
valve 640 open signal actuated and the CO2 gas is supplied from the inventory tank at 
8.46 MPa, 364.35K. There are fluctuations because of the different thermodynamic 
properties of the CO2 gas from inventory tank. 

Figure 8-8 shows the mass flow rate of valve 640. Note that there is a time delay 
between the power reduction and the valve open signal actuation. Although the valve 
640 is connected at far upstream of the COMP1, the pressure behavior of the sv220 
and mass injection time reveals a coincident trends. The total amount of the supplied 
mass from inventory is 2272.5 kg, that is 1.62 % of the initial closed system CO2 mass 
140,243 kg. The total amount of supplied mass is calculated by accumulating the 
instantaneous mass flow rate at valve 640. 
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Figure 8-7. Pressure of COMP1 inlet volume in transient control case 
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Figure 8-8. Mass flow rate through the valve 640 

 
As shown in Figure 8-8, the mass supply is maintained after the power level 

reaches 100% again at 17,100 second. The last valve open action is observed at 
17,350 second. The time delay is a function of the mass of the solid structure; for 
example the pipe thicknesses, and the working fluid volumes and velocities. Thus, it 
provides the qualitative trends of time delay. This is also true for the settling time of 
the whole transient event. In this MARS modeling, the transient settling time is 
observed as approximately 3,000 seconds. 

The gas temperatures of the inlet and outlet volumes of HTR and LTR are 
represented in Figure 8-9. The decreasing of temperature is more severe in the HTR 
than LTR. In the low pressure HTR region (symbolized), the temperature goes down 
from 700K to 540K, approximately. This temperature glide occurs during about 1,000 
second period. The recovery of the gas temperatures needs more time. Approximately 
3,000 second is elapsed after power recovery. But, the temperature recovery trend is 
more apparent than pressure or mass flow; the power recovery and the temperature 
rise looks occur instantaneously. 
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Figure 8-9. Recuperator temperatures during the power reduction transient 
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Conclusion 
 

The S-CO2 Brayton cycle is modeled by using the MARS code. The cycle is 
working as a power conversion system employed in KALIMER-600. Based on the 
thermodynamic cycle design parameters, the component models are provided. With 
the component models, a preliminary cycle model is constructed. The normal steady 
run conditions for all components are found as the result of the pressure boundary run. 

Simple power reduction and recovery event is selected for the transient calculation. 
In order to mitigate the subcritical state of compressor inlet volume, a valve is 
connected at the upstream of the cooler, and designed to open when the compressor 
inlet pressure reached at 7.4MPa. The pressure margin from the critical point is 18 
kPa.  
The subcritical state and abnormal MARS calculation is successfully prevented by 
using the CO2 supplying valve. It means that the compressor is protected from the 
subcritical CO2 entrance. 
The MARS code result shows the time delay of system behaviors. The time delay 
phenomena are usual for the system calculations. In order to find out the exact time 
delay amounts, more detail system modeling is required. 
Because the MARS is a best-estimate nuclear thermal hydraulic code, undesirable gas 
velocity fluctuations are propagating to the abnormal calculation results. A simple 
system simulation platform is required so that further development of the transient 
control logic of the Brayton cycles. 
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CHAPTER 9. SYSTEM TRANSIENT ANALYSIS WITH THE MMS-LMR  
 
Characteristics of the MMS-LMR 
 

The MMS-LMR code was developed to analyze the transient phenomena of a 
liquid metal reactor with a supercritical CO2 Brayton cycle. The code was based on a 
commercial MMS code which has been developed for various plants like nuclear and 
chemical plants and has been proved with those plants [9-1]. Also, it has its own 
thermodynamic equations with a pressure/flow solver and an enthalpy equation as 
well as a comfortable GUI (graphic user interface) feature based on the MS-windows 
system. As shown in Figure 9-1, a module for each component is provided by the 
MMS code and the modules are located in a proper position, and finally a junction can 
represent the flow path in a model. When the parts or the components of a loop are 
changed, one can easily change the developed model with various pre-developed 
modules in the MMS code through a GUI interface. So, the MMS-LMR model has a 
good maintainability. Figure 9-2 shows the flowchart for an execution of the MMS 
code.  

The governing equations of the MMS code are represented as bellow. The first 
equation is pressure flow equations with modeled flow inertia. The governing 
differential equation for a flow in a section of a piping is  
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riseoutin −+−=                         (9-1) 

 
where 

w  mass flow rate (Kg/sec) 
L/A length to area ratio, also called the flow inertia (1/m) 
Pin pressure at inlet (Pa) 
Pout pressure at outlet (Pa) 
Prise elevation pressure rise (positive for a downsloping pipe) (Pa) 
K flow resistance (Pa/(kg/sec)^2) 
T time (sec) 

 
Modeling density changes that have to do with the conservation of a mass equation 

are formulated. 
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And, the conservation of the energy equation used in the MMS takes into account a 

forward and a reverse flow through input and output ports of a module as the 
following. 
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where 
 h average bulk specific enthalpy of a fluid in a pipe 
 win sum of all the flows directed into a pipe 
 wout sum of all the flows directed out of a pipe 
 hin flow weighted average specific enthalpy of the inflows 
 q rate of a heat addition out of a pipe 
 vt total volume of a pipe 
 dP/dt time derivative of an average pressure of a pipe 
 dt time step size 
 P average pressure 
 ρ average bulk density 
 

The energy addition term is a sum of the energy from all the energy streams that are 
connected plus a term for a direct addition of a heat to a fluid.  

 
 

∑−=
i

iLin qqq ,                                              (9-6) 

where 
 qL,i rate of a heat transfer leaving a fluid (W) 
 qin rate of a heat addition directly to a fluid (W) 

 
Using the above governing equations, the MMS model can be analyzed with user 

defined loop model.  
 

 
Figure 9-1. GUI feature of the MMS-LMR 
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Figure 9-2. Flowchart of the MMS code  

 
 

Development of the MMS-LMR modules for a liquid metal reactor and a 
Supercritical CO2 Brayton cycle 
 

The basic MMS modules have been developed for water and general gas plants like 
PWRs. Accordingly, the material properties in the MMS code are based on water 
including steam and ideal gas. We need the sodium and supercritical CO2 properties 
for the MMS-LMR code [9-2][9-3]. Firstly, the property tables for sodium and the 
supercritical CO2 have been developed and implemented in the MMS code through 
user of Fortran routines, and we called it the MMS-LMR code with those properties. 
The developed modules are a pipe module for a fluid flow in a loop, a pump module 
(compressor), a pipehx module for a fluid in a heat exchanger, a Qmetal module for a 
heat structure and finally, pressure boundary modules among various MMS modules. 
Those are basic modules for a loop or a cycle modeling. 

For a simulation of the heat transfer between a heat structure and a liquid metal, 
several heat transfer correlations related to liquid metal were implemented into the 
MMS-LMR code. Modified Schad correlation was applied in the rod bundle region in 
a core and a Graber-Rieger correlation was implemented for the sodium of the heat 
exchanger shell side. For the inside of the pipe or tube, the Aoki model was applied 
[9-4]. 
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Graber-Rieger 
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Aoki correlation 
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The heat transfer correlation for the supercritical CO2 Brayton cycle, the 

Hesselgreav correlation was implemented for the supercritical CO2 side of the heat 
exchangers of the Brayton cycle like the LTR, HTR and cooler. In the sodium side of 
the Na-CO2 PCHE heat exchanger, the Lockart-Martinelli correlation was used.  
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Lockart-Martinelli 
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Development of the KALIMER-600 Model with the Brayton Cycle  
 

Based on the MMS-LMR modules, we have developed the KALIMER-600 loop 
model for analyzing a sodium-cooled fast reactor, the KALIMER-600, which has a 
600 MW electric capacity. The model is composed of a reactor module, various pipe 
modules, an IHX as well as Na-CO2 PCHE, a HTR and LTR heat exchangers. The 
developed model is shown in Figure 9-3. For a simple analogy, we have modeled each 
loop (PHTS, IHTS and Brayton cycle) as a single loop, respectively. The model is 
composed of a core module, a loop module with various pipe modules including a 
pump module, an IHX and various PCHE heat exchangers. Since a gas turbine has not 
been developed yet, we assumed the turbine/generator as a heat sink in this model. 
The Na-CO2 cycle is modeled separately and, finally, linked to the PHTS/IHTS model. 
Additionally, the cooler in the supercritical CO2 Brayton cycle was assumed to be an 
ideal cooler. That means the cooler’s outlet condition is always the same condition 
(7.4MPa and 31.25℃)  
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Figure 9-3. MMS-LMR model of KALIMER-600 with a Brayton Cycle 
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The core module was developed from a point kinetics equation for a nuclear core. 

The kinetic parameters are the prompt neutron generation time, the delayed neutron 
fraction, the poisoning effect from the poison materials like Xeon and Iodine and the 
reactivity coefficients from the sodium density change and the Doppler phenomena. 
In a fast reactor, the reactivity effect from the poisoning materials can be negligible 
due to the fast neutron spectrum. The coefficient for the sodium density is represented 
by a change of the reactivity due to a change of the sodium density in the core region. 
It can be expressed easily as follows [9-5]. 
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We represented all the heat exchangers like an IHX, Na-CO2 PCHE, HTR and LTR 

PCHE by using a pipehx module, a qmetal module and another pipehx module in the 
MMS-LMR code. The pipehx module can simulate the heat transfer from a metal 
surface of a heat exchanger and the qmetal module can analyze the heat transfer in a 
metal. Each component and pipe data were retrieved from the heat balance of 
KALIMER-600. Figure 9-4 and Table 9-1 show the analysis results for a steady state 
with a full power operation of KALIMER-600. 

 
 
 

 
            Reactor power                         Temperature at core inlet/outlet 

Figure 9-4-(a). Temperature at the core inlet/outlet for a steady state operation 
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PHTS pressure at core inlet/outlet                                 PHTS flow rate              
Figure 9-4-(b). PHTS flow rate for a steady state operation 

 

  
             Heat transfer rate through IHX               Temperature at IHX inlet/outlet in IHTS 

Figure 9-4-(c). Temperature at the IHX inlet/outlet in IHTS for a steady state 
operation 

 

    
Pressure at IHX inlet/outlet in IHTS                                 IHTS flow rate 
Figure 9-4-(d). IHTS flow rate for a steady state operation 
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Temperature distribution in S-CO2 cycle 

Figure 9-4-(e). Temperature distribution in the S-CO2 cycle for a steady state 
operation 

 
 

 
Pressure distribution in S-CO2 cycle 

Figure 9-4-(f). Pressure distribution in the S-CO2 cycle for a steady state operation 
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Flow rate in S-CO2 cycle 

Figure 9-4-(g). Flow rate in the S-CO2 cycle for a steady state operation 
 
 

Table 9-1. Summary of the steady state calculation 

 
Since we have not designed a detail specification for the components in the S-CO2 

Brayton cycle, yet, we assumed some characteristics for the performance like the 
compressor and turbine.  Also, we didn’t consider the piping in the S-CO2 cycle. So, 
the analysis results show some difference between the reference values and the 
calculated values. Especially, the S-CO2 thermal properties through compressor 2 

parameters reference result remark

Reactor Power  
Temperature at core inlet/outlet 

PHTS flow rate 
 

Temperature at IHX inlet/outlet in IHTS 
IHTS flow rate 

 
Temp at Na-CO2 PCHE S-CO2 cycle 

Temperature at turbine outlet  
Temperature at HTR 

Hot side 
Cold side 

Temperature at LTR 
Hot side 
Cold side 

Pressure at HTR 
Hot side 
Cold side 

Pressure at LTR 
Hot side 
Cold side 

Flow rate in S-CO2 cycle 
 
 

100% 
390/545 
7731.3 

 
364.0/526.0 

7400.2 
 

353.8/508 
394.2 

 
394.2/203.1 
185.8/353.9 

 
203.1/91.20 
84.8/184.2 

 
7.6/7.53 

19.98/19.94 
 

7.53/7.46 
20.0/19.98 

8076.6 
5734.42 
2342.21 

100.08 
390.2/545.3 

7732.5 
 

364.1/526.1 
7401.9 

 
353.9/508 

394.8 
 

394.8/204.9 
192.6/353.8 

 
204.9/85.6 
68.2/167.8 

 
7.59/7.46 

19.83/19.79 
 

7.46/7.4 
19.85/19.83 

8076.7 
5707.0 
2369.8 

% 
C 

Kg/sec
 

C 
Kg/sec

 
C 
C 
 

C 
C 
 

C 
C 
 

MPa 
MPa 

 
MPa 
MPa 

Kg/sec
Kg/sec
Kg/sec
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show some errors. It could be easily overcome by using a detailed design of a 
supercritical CO2 cycle. 

Using the MMS-LMR code, we have studied some transient phenomena. When the 
turbine load was decreased, we examined the system performance. Becuase we don’t 
have a temperature program and an accurate turbine model yet, we only examined the 
turbine leading mode for a load following operation by decreasing the rate of the heat 
sink through the turbine. That is to say, we decreased the rate of the heat sink through 
the turbine as the following graph, then, we examined the system behavior. The 
postulated 70% power reducing event starts by decreasing the heat removal rate 
through the turbine at 1000 sec. A step power reduction was assumed, and then, the 
70% power level was maintained during 2000 sec.  After that, the power was 
recovered to the rated full power by assuming that the heat removal rate through the 
turbine was recovered to the rate of a full power. The result of the transient analysis is 
shown in Figure 9-5. 

 

         
Power level (%) and turbine load                         Flow rate in PHTS/IHTS 

Figure 9-5-(a). Flow rate in the PHTS/IHTS for the transient operation 

   
         Temperature change in PHTS/IHTS and Na-CO2 inlet/outlet in CO2 side 

Figure 9-5-(b). Temperature change in the PHTS/IHTS and the Na-CO2 inlet/outlet 
in the S-CO2 side for the transient operation 
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                              Temperature of HTR 

Figure 9-5-(c). Temperature of the HTR for the transient operation 
 
 

 
                                   Temperature of LTR 

Figure 9-5-(d). Temperature of the LTR for the transient operation 
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Flow rate through compressor 1      Flow rate through compressor 2 

Figure 9-5-(e). Flow rate through compressors 1 & 2 for the transient operation  
 

        
Flow rate in S-CO2 cycle                                        Pressure at turbine inlet 

 Figure 9-5-(f). Flow rate in the S-CO2 cycle and the pressure at the turbine inlet for 
the transient operation 

 

       
Pressure at outlet of compressor 1&2                        Pressure at inlet of compressor 1&2 

Figure 9-5-(g).  Pressure at the outlet and inlet of compressors 1&2 for the transient 
operation 

At present, the temperature and control program for a load following operation as 
well as detailed design data of a turbine have not been developed yet. Additionally, a 
cooler design has not been finalized for a support component such as an ultimate heat 
reservoir and a control sequence for cooling the CO2 cycle. We assumed an ideal 
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cooler which meant the outlet condition in the S-CO2 side through the cooler was 
always fixed at a pressure of 7.4MPa and a temperature of 31.25 ℃. With these 
constraints, the analysis results were somewhat limited. However, the transient results 
showed the MMS-LMR’s capability. The reactor power followed the turbine power 
well through the reactivity feedback model. As shown in the temperature change 
according to the load reduction, the Na-CO2 inlet temperature in the supercritical CO2 
Brayton cycle was increased, and then the temperature in the IHTS cold leg was 
increased. Accordingly, the temperature of the PHTS cold leg temperature was 
increased. So, a negative reactivity was generated in the core due to a change of the 
primary sodium density and the fuel temperature. Finally, the reactor power followed 
the turbine power well (heat removal rate). We have concluded that the MMS-LMR 
has a good capability to simulate the KALIMER-600 with a supercritical CO2 Brayton 
cycle even though it doesn’t have turbine design data and an ideal cooler model yet. 

   
Summary 

 
The KALIMER-600 with a supercritical CO2 Brayton cycle was model based on 

the MMS code. A steady state with some component data was obtained from the heat 
balance of the plant with a thermodynamic analysis. We verified the MMS-LMR code 
with a heat balance, with the given component data and MARS-LMR analysis results. 
Then, we analyzed the transient behavior of KALIMER-600 with a supercritical CO2 
Brayton cycle. A simple power reduction and recovery event were chosen for the 
transient analysis. As previously mentioned, the analysis results were limited due to 
the lack of some component data. Especially the design data of the turbine was 
lacking and the cooler design was not developed with a support component like a heat 
reservoir and a control mechanism. However, we concluded that the developed model 
had a good capability to simulate the KALIMER-600 plant. After an appropriate 
turbine and cooler design including a support mechanism are designed, we can 
finalize the MMS-LMR code. Using the developed code, we will develop the optimal 
control logics and various events for an operation of the KALIMER-600 with a 
supercritical CO2 Brayton cycle. 
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CHAPTER 10. ASSESSMENT OF NA-CO2 PRESSURE BOUNDARY 
FAILURE ACCIDENT 

 
The supercritical CO2 Brayton cycle option for an effective energy conversion of a 

sodium-cooled fast reactor (SFR) has been highlighted recently due to its high thermal 
efficiency and its potential compactness of the BOP equipments, e.g. small-sized 
turbo-machineries. The proposed option is also very attractive from the aspect that it 
can achieve a more reliable system design completely free from an essential risk of 
the sodium-water reaction (SWR) phenomena possibly occurring in a conventional 
Rankine cycle energy conversion system. Although this novel approach will yield 
significant improvements in an overall plant energy utilization, it raises issues 
regarding the consequences of a heat exchanger boundary failure, resulting in an 
intermixing of CO2 and liquid sodium. 

The potential tube rupture of a Na/CO2 heat exchanger would generally involve the 
following technical issues. A high-pressure blowdown of CO2 gas into the liquid 
sodium in a Na/CO2 heat exchanger would cause a system pressurization coupled with 
a significant chemical reaction between the liquid sodium and CO2 gas, which may 
threaten the structural integrity of the heat exchanger itself and its related systems. 
Since these features would depend on the amount and the rate of reaction heat release 
as well as on the type of reaction products, e.g. gaseous and non-gaseous, a boundary 
failure accident should be assessed to confirm the impact upon the plant safety and the 
effectiveness of its protective methods. In previous works [10-1][10-2], it has been 
reported that the chemical interaction between CO2 and liquid sodium has less serious 
potential risks than those of a SWR. However, the consequences of this type of 
chemical interaction needs to be evaluated to achieve a more feasible and reliable 
system design. 

In this task, a simple and reasonable numerical method to simulate the complex 
thermodynamic behaviors coupled with the chemical reaction between liquid sodium 
and CO2 gas was developed, and the computer code, STASCOR (System Transient 
Analyzer for Sodium and Carbon-diOxide Reaction) was formulated by implementing 
a detailed chemical reaction model and various system models. The long term 
behavior of a Na/CO2 boundary failure event and its consequences which lead to a 
system pressure transient were evaluated for the shell-and-tube type Na/CO2 heat 
exchanger of the KALIMER-600[10-3] employing a supercritical CO2 Brayton cycle. 
From the viewpoint of the plant safety, the performance of the over-pressure 
protection system (OPS) was assessed as well. 
 
Chemical Reaction Model 
 

When S-CO2 leaks into a shell-side liquid sodium during a tube rupture event 
occurring at a Na/CO2 heat exchanger, various intermediate or elementary chemical 
reactions should be taken into account. Primary concerns are associated with the 
nature and extent of the chemical interaction between liquid sodium and CO2. We 
have tried to understand the fundamental mechanism of this type of gas-liquid 
reacting system based on thermodynamic data bases, and obtained major reaction 
combinations from the chemical equilibrium calculation. The detailed descriptions for 
the basic methodology for a boundary failure analysis and the system models coupled 
with thermodynamic considerations are provided in the following sections. 

 
Major combinations of the chemical reaction 
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In the case of complicated chemical reactions between liquid sodium and CO2 gas, 

various reaction combinations could be deduced from the fundamental considerations 
of the reciprocal ternary system of Na, C, and O. Previous experimental and 
theoretical studies have reported the formation of solid particles and little gaseous 
species as reaction products, and thus the following reaction formula for the sodium-
carbon dioxide chemical interactions have been proposed. 
 

o
r HCONagCOlNa Δ++→+ 22 2)()(4   molkJH o

r /5.442−=Δ          (10-
1) 

o
r HCCONagCOlNa Δ++→+ 322 2)(3)(4   molkJH o

r /0.1081−=Δ       (10-
2) 

o
r HgCOgCOsC Δ+→+ )(2)()( 2    molkJH o

r /4.172+=Δ         (10-
3) 

o
r HCONagCOONa Δ+→+ 3222 )(    molkJH o

r /3.319−=Δ          (10-
4) 

o
r HgCOCONagCOlNa Δ++→+ )()(2)(2 322  molkJH o

r /3.454−=Δ          (10-
5) 

o
r HCNaONagCOlNa Δ++→+ 222 5.02)()(5  molkJH o

r /4.432−=Δ         (10-
6) 

 
In these formulas, o

r HΔ  means the standard enthalpy changes of each reaction, and 
)(l  and )(g  indicate the liquid and gas phase respectively. The negative value of the 

standard enthalpy change means an exothermic heat generation and the positive one 
represents an endothermic reaction. Available data seem to indicate that the chemical 
reaction between liquid sodium and CO2 would likely produce sodium oxides, sodium 
carbonate, carbon and perhaps carbon monoxide. Note that most of the reaction 
products are a solid state and none of these are explosive compounds. Also, 
thermodynamic consideration suggests that the heat of reaction for the sodium-carbon 
dioxide interaction would be comparable to that of the sodium–water reaction (SWR), 
and this reaction may not reach a completion as readily as the SWR. The overall 
reaction rate would depend on the extent of a sodium-CO2 mixing, specifically on the 
gas-liquid interfacial area, since this interface is where the reaction occurs. In addition, 
the reaction products may differ, depending on the temperature and pressure at which 
the reaction takes place. 
 
Modeling of the chemical reaction 
 

When a large quantity of CO2 gas suddenly leaks into a shell-side sodium, various 
kinds of chemical reactions occur competitively. However, it is very difficult to 
consider all of these possible reactions. Therefore, we need to simplify the complex 
reaction phenomena to analyze the system transients during the reaction. To obtain the 
thermo-dynamically dominant reaction mechanisms of the sodium-carbon dioxide 
reaction, a chemical equilibrium calculation in a theoretical adiabatic temperature 
condition was made by using the GEM (Gibbs Energy Minimization) algorithm [10-4]. 

 The GEM method is to obtain the minimum point of the total Gibbs energy or the 
total Helmholtz energy of the reacting system, and it provides one equilibrium state 
together with equilibrium compositions and an associated enthalpy changes. The 
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GEM algorithm has been widely used to solve general chemical equilibrium problems. 
For the chemical reacting system composed of “n” components and “m” elements, the 
general form of the Gibbs energy can be described as 

∑ ∑∑
= ==

+=
n

ki

n

kj
jiii

n

i
i

o
i xPxXxRTGG )/ln()/(

1
   (10-7) 

 
where ix : the quantity of the i-th compound [mol] 
 P : pressure [atm] 

T : temperature [K] 
R : Gas constant 

 o
iG : standard Gibbs formation energy of the i-th compound at temperature T 

 
Based on the thermo-chemical relationships, the minimum point of G  could be 

found by using the gradient vector of G  ( ixG ∂∂ ). This algorithm makes the 
calculation of multi-component equilibrium compositions in heterogeneous systems 
very easy. To this end, the computational program, HSC chemistry® for Windows 
[10-5] was utilized to implement the GEM algorithm, which was designed for many 
different kinds of chemical reactions and equilibrium calculations based on enormous 
thermodynamic databases (JANAF[10-6] data, etc.). The calculation results of 
equilibrium compositions for a wide reaction temperature range from 200oC to 
1000oC are provided in Figure 10-1. The equilibrium calculation was performed for 
the sodium-excessive condition and thus it was assumed that all of the CO2 gas reacts 
with the sodium atom. 
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Figure 10-1. Equilibrium compositions of Na-CO2 reaction as a function of 
temperature 

 
As depicted in Figure 10-1, it can be easily found that Na2O and Na2CO3 are the 

major products and most of them are in a solid or rarely a liquid phase on the 
temperature range from 200oC to 800oC. Moreover, sodium oxide (Na2O) is 
dominantly produced at lower temperature conditions below 350 ~ 400oC but sodium 
carbonate (Na2CO3) and carbon in a solid state are usually extracted above 400oC and 
stabilized as the temperature increases.  
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From the results of the chemical equilibrium calculations for a wide equilibrium 
temperature range from 200oC to 1000oC, it was found that Formulas (10-1) and (10-
2) are primary and spontaneous reactions of a typical sodium - carbon dioxide 
reaction, and the calculation results are consistent with the results of previous 
experimental studies [10-1][10-2][10-7]. ISHIKAWA et al. [10-2] reported that a 
gaseous reaction product such as carbon monoxide is observed at a higher temperature 
range. Although the reaction formula of Formula (10-3) is an endothermic and non-
spontaneous reaction at a lower temperature ( 0≤ΔG ), it would occur as a secondary 
reaction on condition that the local temperature of the reaction zone increases to over 
975oC. This is because the standard Gibbs energy change for a formation of formula 
(10-3) at 298K, o

rGΔ  is +120.1 (kJ/mol), but the positive value of o
rGΔ  is reversed to 

a negative value at 974K. Therefore, carbon monoxide was detected as the reaction 
temperature becomes higher. 

Based on these theoretical and experimental observations, the representative 
reactions between the sodium and carbon dioxide were implemented by using 
Formulas (10-1) – (10-3). In particular, for higher temperature condition, Formulas 
(10-2) and (10-3) can be combined with the conservative assumption that all of the 
carbon atoms simultaneously react with CO2 gas and produced CO gas. Then the final 
reaction formulas could be expressed as follows. 
 

o
THCONagCOlNa Δ++→+ 22 2)()(4  for lower temperature  (10-8) 

o
THCOCONagCOlNa Δ++→+

2
1

2
1)()( 322   for higher temperature   (10-9) 

 
Since the temperature distributions of CO2 and sodium and other conditions around 

the reaction zone usually affect an overall reaction process, it is difficult to say which 
reactions would occur in the actual conditions of Na/CO2 heat exchangers. Therefore, 
to develop a simplified and unified chemical reaction model to reasonably simulate a 
sodium-carbon dioxide interaction, the two representative reactions identified above 
could be combined with a reaction frequency coefficient (β ), and then this unified 
reaction formula can be expressed as follows. The reaction frequency coefficient β  is 
not a constant but it can be obtained from the results of the chemical equilibrium 
calculations depending on the reaction temperature.  
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The reaction frequency coefficient can be obtained from the considerations of the 
molar ratio of the sodium oxide to the total moles of the reaction products distribution 
depending on the reaction temperature, and thus the relation for the reaction frequency 
coefficient can be defined as 
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By employing the temperature dependent reaction frequency coefficient ( )Tβ , the 
overall reaction process affecting the system transient behaviors can be modeled. In 
the unified reaction formula of Equation (10-10), the sodium reacts with the unit mole 
of CO2 gas and then various reaction products, such as Na2O, Na2CO3, C and CO gas, 
are produced with an exothermic reaction heat. Among these main reaction products, 
it is well known that a gaseous product like carbon-monoxide gas contributes to a 
system pressure transient. Therefore, the mass conversion ratio (ξ ) of CO2 gas to CO 
gas is one of the most important factors in the analysis of a boundary failure accident 
at a Na/CO2 heat exchanger. From the fundamental thermodynamic relations for the 
basic unified reaction formula of Equation (10-10), the mass conversion ratio (ξ ) per 
unit mole of CO2 gas can be expressed as 
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    (10-12) 

 
where M  is the molecular weight of each species. Based on the relations of Equation 
(10-12), the maximum CO release was tentatively evaluated as less than about 30% of 
the total released CO2 gas for the case of 0=β  at the highest temperature condition. 
However, since the reaction frequency coefficient actually varies with the reaction 
temperature, it is expected that the generation rate of CO gas is far less than 30%. 
 
Modeling of the Reaction Energy Generation 
 

The exothermic reaction heat generation for the Na/CO2 interaction was modeled 
since it is one of the most significant sources for a system transient during a tube 
rupture accident. Chemical reactions are generally accompanied by an evolution or 
absorption of heat because of a difference in the energy level between the products 
and the reactants. In general, for a chemical reaction process, the heat of reaction at a 
certain reaction temperature is usually calculated by using the standard heat of 
reaction defined at the base temperature of 298K. Since a heat of reaction generally 
depicts enthalpy changes between the given initial and final states of a chemical 
reaction, they may be calculated for any convenient path concerning the following 
two states. In order to evaluate the “heat of reaction” at a temperature T, we need the 
following three-step process illustrated by Figure 10-2.  
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o
RHΔ o

PHΔ

o
KH298Δ

o
THΔ

o
P

oo
R

o
T HHHH Δ+Δ+Δ=Δ 298  

Figure 10-2.  Schematics for obtaining the standard heat of reaction at temperature T 
 

The first step is a postulated cooling process from the temperature T(K) to 298K 
(standard state). The total enthalpy change for this step is readily calculated as  
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o
RHΔ  represents the enthalpy change of all the reactants in their standard states during 

the cooling process. The second step allows the reaction to proceed isothermally at 
298K to yield the reaction products in their standard states. The enthalpy change for 
this step is the known standard heat of reaction at 298K as follows. 
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The last step is a postulated heat-up process from the standard states to the 

temperature T. The total enthalpy change for this step is given by an equation 
analogous to Equation (10-13). 
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From the basic relations to obtain the standard heat of reaction at temperature T, the 
sum of the enthalpy changes for the preceding steps yields o

THΔ  as 
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The total enthalpy changes for the preceding steps are reasonably well calculated if 
the heat capacities of all the reactants and products regarding the specified reactions 
are given by using the polynomial form as a function of temperature. 
 

( ) ( ) 2
, TcTbaC iii

o
iP ⋅Δ+⋅Δ+Δ=Δ    (10-17) 

 
Then the standard heat of a reaction depending on the temperature can be re-expressed 
as the following integral form. 
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From the stoichiometric relations given in the unified reaction formula of 

Equation(10-10), the reaction energy per unit mole of CO gas can be obtained as the 
following expression by reflecting the temperature effect for an actual chemical 
reaction process; 
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Concerning the generation rate of gaseous products (e.g. carbon monoxide), the rate 

of the reaction heat generation regarding a CO formation can be obtained by Equation 
(10-21) by using the mass conversion ratio ( COξ ) from Equation (10-12). 
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In a previous experimental work [10-8], SINCLAIR et al. indicates that there is a 

potential possibility of a chemical interaction between liquid sodium and carbon-
monoxide. Although CO gas is consumed by the Na-CO reaction, the tertiary 
reactions can be conservatively ignored because the final product of the Na-CO 
reaction is a complex mixture composed of sodium carbonate, sodium acetylide, etc. 
and thus the Na-CO reaction has a little contribution to a system pressure transient. 
 
CO2 leak model 
 

CO2 gas injected into the shell-side sodium results in an exothermic chemical 
reaction, and thus the quantity of the injected CO2 is the main reaction source of the 
Na/CO2 chemical interaction modeling. Since the pressure difference between the 
tube-side CO2 and the shell-side sodium is extremely large (~20 MPa), the leak rate of 
the CO2 can be assumed as a critical flow. 

The modeling of a CO2 leak rate considers the limiting case of a single or multiple 
guillotine tube break of a Na/CO2 heat exchanger at an operating pressure. The CO2 
from the ruptured heat exchanger tube is assumed to be promptly blowdown, and the 
mass flux of CO2 during this blowdown may or may not be chocked, depending upon 
the critical pressure ratio (P*/PCO2). By assuming an ideal gas behavior of CO2, the 
following relations govern the mass flux from the failed heat transfer tube of a 
Na/CO2 heat exchanger. 
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where )(" tG  is the mass flowrate per unit area with the dimension of [kg-sec-1-m-2]. 
The tube-side CO2 pressure is assumed to be constant over the course of the 
calculation. Equation(10-22-a) is used to evaluate the blowdown mass flux when the 
flow is not chocked, while Equation(10-22-b) is applicable for the chocked flow 
condition. For the shell-and-tube type heat exchanger, since it was assumed that the 
tube rupture accident is based on a double-ended guillotine break (DEGB), the total 
CO2 leak flow area should be double the cross-sectional tube area. By reflecting the 
design criterion related to the number of guillotine tube breaks ( DEGBN ), the nominal 
mass flow rate of the ruptured tube can be determined by using Equation (10-23). 
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Hence the final yielding rate of the gaseous reaction product, i.e. CO gas, can be 
obtained by considering the mass conversion ratio as 
 

leak
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where subscript P implies the reaction product, and COξ  is the mass conversion 
coefficient from the CO2 to CO gas in this case. 
 
 
Description of the Numerical Simulation 
 
SMET model 
 

The general scope of the analysis of the Na/CO2 chemical interaction is mainly 
treated as a quasi-steady system transient including a rupture disk break and an 
overpressure protection system behavior during several seconds or minutes. Since the 
IHTS (Intermediate Heat Transport System) is a closed loop before the rupture disk 
break, the system transients in the quasi-steady state of the tube rupture accident can 
be regarded as the pressure and temperature transients of the cover gas space. This is 
because the cover gas space accommodates the entire system thermal-hydraulic 
responses, which is similar to a surge tank. For this reason, to simulate the Na/CO2 
chemical interaction phenomena, the physical model for a simplified mass and energy 
transfer (SMET) was developed by using the following assumptions; 

(i) the reaction occurs instantaneously if a CO2 gas leaks into the sodium phase, 
(ii) non-reacted quantity of the CO2 gas in the sodium phase is negligible, 
(iii) the generation quantity of the gaseous reaction product totally depends on the 

mass conversion ratio from the leaked CO2 gas, 
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(iv) an exothermic energy from the chemical reaction is uniformly dissipated into 
the reaction zone (e.g. liquid sodium), 

(v) all of the mass of the gaseous reaction products flow into the cover gas space,  
(vi) the energy of the inflow gas is equalized with the sodium temperature heated 

by the chemical reaction 
(vii) the dissolution ratio of the gaseous reaction product into the liquid sodium is 

negligible. 
 
In particular, SINCLAIR et al. [10-8] experimentally assessed a potential possibility 

of a chemical interaction between liquid sodium and carbon-monoxide and it was 
observed that the mole fraction of CO gas rapidly decreases as the reaction 
temperature increases to over 300oC. This fact means that all of the generated mass of 
the CO gas may not flow into the cover gas region due to an instantaneous CO 
consumption for an operating temperature range from 200oC to 1000oC. However, the 
Na-CO reaction has a little contribution to a system pressure transient since most of 
the final products of the Na-CO reaction are non-gaseous complex mixtures composed 
of sodium carbonate, sodium acetylide, etc. From this finding, the physical 
assumptions implemented in the SMET model are practicable for a system transient 
analysis in view of a conservative manner. 
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Figure 10-3. Energy balance around the cover gas region (SMET model) 

 
Based on the physical model and assumptions, the energy balance between the cover 
gas and the shell-side sodium can be described as shown in Figure 10-3. The energy 
balance presented here does not contain terms representing the phase change of the 
reaction products for a simplification of the phenomena. 

By using the SMET model, the computer simulation code, STASCOR was 
formulated based on the following simplifications or assumptions; 
 

- flow is one-dimensional. 
- shell-side sodium is incompressible. 
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- gas phase in the system is an ideal gas. 
- system is totally adiabatic. 
- no mixing between liquid and gas phase exists. 

 
The code has the capabilities to calculate the system pressure and temperature, the 

SDT (sodium drain tank) pressure and temperature, the sodium discharge behavior, 
the level change of the shell-side sodium, the termination time of the reaction, etc. 
 
 
System Models for a Code Development 
 
Mass and Energy Balance 
 

The energy balance between the cover gas and the shell-side sodium can be 
expressed by Equation (10-25) for an energy variation in the cover gas region. 
 

outinkgen QQWQQ
t
E

−+−−=
∂
∂ &

sin    (10-25) 

 
Each term in the right-hand side of Equation (10-25) can be explained as follows. 

The first term becomes zero because there is no heat generation source inside the 
cover gas region, and the last term is also decayed out since the system is a 
completely adiabatic condition as mentioned previously. Equation (10-26) means the 
energy inflow term from the reaction site to the cover gas region, and the heat transfer 
occurs between the gaseous product generated by the chemical reaction and the cover 
gas. Equation (10-27) represents the heat sink term of the cover gas region, which 
means the heat transfer process from the cover gas to the shell-side sodium. 
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The total stored energy in the cover gas region can be written as Equation (10-28). 

Eoh et al. [10-9] reported that the multiplying term of ( )ll hm ⋅&  can be negligible 
because the sodium vapor existing in the cover gas region is less than 1%. Hence, the 
total energy variation in the cover gas region corresponding to the time can be 
obtained as Equation (10-29). 
 

PlgihhmE
i

o
iiig ,,,)( =−⋅= ∑    (10-28) 

td
dT

dt
t

mccm
t

mTc
t

E gP
Ppgpg

P
gPp

g

⎭
⎬
⎫

⎩
⎨
⎧

∂
∂

⋅++
∂
∂

Δ=
∂
∂

∫,,,    (10-29) 

 
Equation (10-30) means the work done by the cover gas expansion to the system, 

and the two independent boundary conditions of a rigid and a moving boundary 
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condition are implemented. The rigid boundary condition can be applied to the pre-
stage of the rupture disk break, and thus the time derivative volume V& goes to zero 
since the free surface level of the shell-side sodium is fixed before the initiation of the 
sodium discharge. After the rupture disk break time, the sodium level decreases due to 
the sodium discharge, therefore a moving boundary condition should be applied for 
the post-stage of the rupture disk break for reflecting the cover gas expansion. 
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From Equations (10-26)-(10-30), the differential form of the governing equation 

can be obtain as 
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Using Equation (10-31), the temperature variation of the cover gas region can be 

obtained as Equation (10-32), where subscript tot means the total mass of each gas 
component like CO and argon gas in the cover gas region and their mixture. 
 

[ ]
gptotg

lggpgPPp
gptotg

Pg

cm
WTTcTTc

cm
m

td
dT

,,
,,

,,

)()(
⋅

−−−−
⋅

=
&

  (10-32) 

 
Also only the specific heats for the cover gas (i.e. argon gas) are employed in 

Equations (10-29), (10-31), and (10-32) to simplify the calculation. This is a 
reasonable approximation since the amount of cover gas is far larger than that of the 
accumulated CO gas and the specific heat of the mixed cover gas can be determined 
by existing cover gas properties, even though the cover gas is filled with multiple gas 
components including CO gas. From the state equation for the cover gas region 
regarded as an ideal gas such as argon gas, Equation (10-31) is rewritten as Equations 
(10-33) and (10-34) for the numerical computations of the cover gas pressure. 
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Equation (10-33) describes the pressure variation of the cover gas for the pre-stage 

of a rupture disk break and Equation (10-34) includes its depressurization term caused 
by the sodium discharge in the post-stage of the rupture disk break. 
 
Transient sodium flow modeling 
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The convection process with a heat source in a closed circuit flow system is 
generally simulated by the following governing equations. 
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The first equation is a common form for a flow in a closed sodium flow circuit, and 
Equations (10-36) and (10-37) are for the energy balance at a node in the numerical 
calculation node configuration. Qinf, Qsnk and Qcond,st respectively designate the heat 
inflow rate for the heat source cells, the heat removal rate for the heat sink cells, and 
the heat conducted through the sodium in the streamline direction. Qchm is a rate of the 
exothermic heat generation due to a chemical reaction from the heat sink part i.e. 
Na/CO2 heat exchanger, and it can be represented by the total enthalpy change for the 
three-step process illustrated by Figure 10-2. The heat generation rate due to a 
chemical reaction is therefore treated as Equation (10-38). 
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o
THΔ  signifies the standard heat of reaction at temperature T, and subscripts P means 

the major reaction products which contribute to the gas pressure transient. By defining 
the rate of the chemical reaction heat generation, the system heat source ( sysQ ) can be 
determined from the overall system heat balance as 
 

)( chmremaddsys QQQQ −−=     (10-39) 
 
where addQ  and remQ  mean the heat added into the IHTS (Intermediate Heat Transport 
System) loop through IHX (Intermediate Heat eXchanger) and the heat rejected from 
the Na/CO2 heat exchanger, respectively. 
 

 
Figure 10-4. Nodalization of IHTS sodium loop 
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The conversion of the governing equations into difference equations was made by 

using a general upwind scheme, and a node for scalar quantities is located at the 
center in a computation cell. A fine node approach was employed to minimize a 
numerical diffusion error and an ambiguity in the geometric meaning of a variable 
value which results from the use of the upwind scheme or similar conventional 
scheme. The governing equations for the thermal-hydraulic system models coupled 
with a complicated chemical reaction are obtained for each set of the discrete control 
volumes described in Figure 10-4, where the subscript i means the ith segment along 
the stream line (or direction) of each circuit flow path. 
 
Dynamic System Models 
 

The sodium drain tank (SDT) is normally filled with an inert gas and a small 
amount of low temperature liquid sodium (200oC) to avoid the possibility of thermal 
shocks in the case of a hot sodium inflow. The pressure of the inert gas is maintained 
above an atmospheric pressure such that oxygen will not leak into the tank. A low-
pressure rupture disk (LPRD) is mounted on the gas exhaust stack line, and the LPRD 
is quickly broken or ejected in the case of a SDT gas pressure build-up caused by a 
great amount of hot sodium inflow from the IHTS. To model the SDT in the 
STASCOR code, the inert gas in the tank is assumed as an ideal gas, e.g. argon, 
therefore the pressure variation of the gas space in the SDT can be expressed by 
Equation (10-40) as a differential form for the numerical computation, where 
subscript tg means the gas filled in the upper part of the SDT. 
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If the SDT pressure rises up to the LPRD break set-pressure, the LPRD is broken 

and the SDT pressure suddenly decreases to an atmospheric pressure. The shell-side 
sodium is drained when the main rupture disk mounted on the lower part of the 
Na/CO2 heat exchanger unit breaks, and then the sodium level begins to decrease 
corresponding to the increment of the discharged sodium volume. The mass flow rate 
of the discharged sodium can be determined by the pressure difference between the 
system and the SDT pressure with the flow resistance term of the dump line as 
Equation (10-41). 
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The term Pst is the static pressure formed by the shell-side sodium level, and the value 
of CRD means the flow resistance in the sodium dumping line, which variables can be 
written as 
 

)()()( tHgTtP lllst ⋅⋅= ρ     (10-42) 

pllp

p
RD AT

K
D
L

fC
⋅⋅

⋅
⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

+⎟
⎟
⎠

⎞
⎜
⎜
⎝

⎛
=

)(2
1

ρ
.    (10-43) 



145 

 
The variance of the shell-side sodium level after the sodium dump initiation can be 

obtained as Equation (10-44). The integrated term of the sodium discharge flow rate 
from the time to to the time t means the total venting volume of the sodium, and the 
term Aeff means the effective sodium flow area defined as a function of the remaining 
sodium level in the shell-side heat exchanger unit. 
 

⎪
⎭

⎪
⎬

⎫

⎪
⎩

⎪
⎨

⎧

−==
∫

)()(
1

)(
)(

)(
ll

t

to ex
o

l
effeff

l
l T

dtm
V

HAHA
tV

tH
ρ

&
   (10-44) 

 
Since the sodium flow area is varied with respect to the vertical position of the 

shell-side heat exchanger caused by complex inner structures like a tube bundle, a 
spacer grid, etc., the use of the term Aeff is desirable to reflect the actual sodium level 
decrease. 
 
Evaluation of the boundary failure accident 
 

In order to evaluate the consequences of the sodium-carbon dioxide chemical 
reaction in the Na/CO2 heat exchanger of KALIMER-600, the trend of the pressure 
and temperature variations during a boundary failure accident was investigated by 
using STASCOR code, which was developed to qualitatively analyze thermodynamic 
behavior coupled with a Na/CO2 chemical reaction. The analysis results for the long-
term behavior of the tube rupture accident and its consequences, which lead to a 
significant system transient, are illustrated in this section. The capabilities of the 
simplified numerical quantification method implemented in the STASCOR code were 
evaluated as well. 

 
Figure 10-5. Advanced energy conversion system of KALIMER-600 
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A typical configuration of the systems regarding the boundary failure accident for 
the KALIMER-600 energy conversion system employing a supercritical CO2 Brayton 
cycle is shown in Figure 10-5, and the nominal design parameters for the Na/CO2 heat 
exchanger and related systems are summarized in Table 10-1. 
 

Table 10-1. Design summary of Na/CO2 heat exchanger and related systems 
Thermal duty 764.45 MWt 
Na Inlet Temperature 526 oC 
Na Outlet Temperature 392 oC 
Sodium Flow rate 4484 kg/sec 
CO2 Inlet Temperature 370.3 oC 
CO2 Exit Temperature 508 oC 
CO2 Flow rate 4535 kg/sec 
Number of heat transfer tubes 60,000 EA 
Tube I.D/O.D. 0.01/0.014 m 
Tube length 11.05 m 
HX shell O.D. 4.20 m 
Tube arrangement Triangular - 
Tube Pitch 0.0168 m 
Heat transfer area of active tubes 41,495 m2 
Shell side dP 732.69 kPa 
Tube side dP 650.37 kPa 
HX effectiveness 0.942 - 
Tube material 9Cr-1Mo - 
HX shell-side sodium volume 165.6 m3 
Cover gas volume 25.76 m3 
Cover gas pressure 0.1 MPa(guage) 
Cover gas temperature  (initial) 500 oC 
SDT free volume 250.0 m3 
SDT gas pressure (initial) 0.1 MPa 
Rupture disk set pressure 1.0 MPa 
LPRD set pressure 0.25 MPa 

 
A counter current flow configuration with vertical straight tubes was considered for 

the Na/CO2 heat exchangers in KALIMER-600. The supercritical CO2 gas flows 
upwards inside the tubes, while the sodium flows downwards over the exterior of the 
tubes. The tube pitch–to-outer diameter ratio of 1.2 is employed, and the reference 
tube inner and outer diameters are 1.0 and 1.4 cm respectively. The height of the heat 
transfer tubes was determined to be 11.05 meters, and the inner diameter of the heat 
exchanger shroud was 4.12 meters. The pressure drop of the tube side was determined 
not to exceed 1.0 MPa such that it has a similar order with the steam generator of 
KALIMER-600[10-3]. 

The CO2 leak rate from the ruptured tubes was defined based on that of the sodium-
water reaction of the conventional KALIMER-600 design. That is, as shown in Figure 
10-6, it was assumed that a single double-ended guillotine break (DEGB) occurs at 
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0.1 sec (tSRi) after a tube leak initiation and then adjacent two more tubes are 
subsequently ruptured at 1 sec. 
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Figure 10-6.  Design basis leak profile of CO2 gas 

 
Therefore the design-basis leak in the KALIMER-600 design was defined as three 

DEGB at 1 sec after a tube leak initiation, and this value is regarded as the transient 
source term for the STASCOR calculation. The design basis tube leak rate is 
maintained up to the terminating time of the reaction, and it was assumed that the 
termination of the reaction is accomplished by either a tube-side CO2 gas isolation or 
a shell-side sodium clearing. The former would be initiated simultaneously with the 
system rupture disk break, and the latter would be subsequently attained by an IHTS 
sodium dumping into the sodium drain tank. 
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Figure 10-7. Transient behaviors of Reaction source terms 
 
Figure 10-7 shows the yielding rate of the gaseous reaction product, i.e. carbon 

monoxide (CO), corresponding to the CO2 leak rate with the temperature dependant 
mass conversion ratio. As depicted in the figure, the production rate of the CO gas up 
to 1 sec increases rapidly proportional to the extension of the design-basis CO2 leak 
rate identified above, and it was seen that the yielding rate of the CO gas increases 
slightly as the design-basis CO2 leak rate is maintained. This is because the 
temperature of the reaction zone increases steadily due to the exothermic reaction heat 
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generation ( o
f HΔ ). However, the quantity of these reaction source terms becomes 

very small as time goes by, since the CO2 leak rate decreases rapidly by a reactant 
isolation. 

Figure 10-8 shows the variations of the reaction energy depending on the averaged 
temperature of the reaction zone. As the reaction temperature increases to above 
450oC, it was observed that the reaction frequency coefficient β  decreases rapidly 
and is saturated at a very low value (less than 0.04). The main reason comes from the 
definition of the reaction frequency coefficient identified in the previous section. That 
is, it comes from the fact that the amount of sodium oxide (Na2O) is extremely small, 
while sodium carbonate (Na2CO3) is one of the most stable reaction products in this 
temperature range. The heat of reaction per unit mass of CO2 gas, o

r HΔ  also 
decreases as the reaction temperature increases. This is mainly because the reaction 
mechanism of the CO generation is endothermic, so the exothermic reaction energy 
produced by the sodium carbonate formation is mostly consumed for the CO 
recombination as a secondary reaction. To this end, the reaction energy variation 
depicted in Figure 10-8 means the net energy production of the unified reaction 
mechanism defined in Equation (10-10). 
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Figure 10-8. Reaction energy variation depending on the reaction temperature 

 
The pressure and temperature transients of the system including the cover gas 

region and SDT are shown in Figures 10-9 and 10-10, respectively. As depicted in 
Figure 10-9, the system pressure increases rapidly until the rupture disk break, and it 
promptly decreases to a pressure level higher than the normal operation mode and is 
maintained with small pressure rises or oscillations. This is mainly due to the 
characteristics of the pressure relief system, which are totally dependant on the 
interaction between the flow resistance of the sodium discharge pipe line and the 
static pressure effect of the remaining sodium inside the Na/CO2 heat exchanger. The 
rupture disk break time is about 23.6 sec after a leak initiation.  
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Figure 10-9.  System pressure transient during the tube rupture event 
 

The SDT pressure remains at the initial SDT pressure of 0.1 MPa before the rupture 
disk break, and it begins to rise corresponding to the system pressure decrease caused 
by the sodium discharge after the rupture disk break. Since the free volume of an inert 
gas in the SDT is sufficiently large enough to accommodate the entire sodium volume 
of the IHTS loop including the Na/CO2 heat exchanger, the pressure variation at the 
SDT is relatively small when compared to the system depressurization. The SDT 
pressure steadily rises up to the LPRD break set-pressure due to a considerable 
amount of hot sodium inflow from the IHTS, and it is broken at 97 sec after a leak 
initiation and the SDT pressure suddenly decreases to the atmospheric pressure. 

The temperature of the gas space inside the Na/CO2 heat exchanger, i.e. cover gas, 
also gradually increases up to the rupture disk bursting time because the cover gas 
volume is fixed before the rupture disk break. In other words, since a rigid boundary 
condition is applied to the gas space and the exothermic reaction energy flows into the 
fixed volume with the mass inflow of the gaseous product, i.e. CO gas, the 
compressible cover gas experiences a relatively large pressure and temperature 
transient based on the ideal gas law. However, after the rupture disk break, the gas 
volume is expanded and a moving boundary condition is applied to the region, so a 
temperature increment appears very slowly or almost diminishes due to the net effects 
between the energy term added by the CO gas generation and the gas volume 
expansion term in an adiabatic system. 
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Figure 10-10.  Transient temperature variations during the tube rupture event 
 

Figure 10-10 shows the transient temperature variations during the tube rupture 
event. In general, the temperature of the generated CO gas is strongly affected by the 
sodium temperature of the reaction zone. At the initial stage of the tube rupture 
accident, the reaction heat is homogeneously dissipated into the large sodium volume 
of the IHTS by the normal IHTS flow maintained till the rupture disk break. To this 
end, the temperatures of the shell-side sodium and the produced CO gas very slowly 
increase even with the highly exothermic reaction heat. However, the temperature 
increment of these two becomes large with the similar trend as time goes by due to a 
sufficient energy accumulation in the system. The SDT sodium temperature begins to 
rise corresponding to the accumulated volume increase caused by a hot sodium inflow 
from the IHTS. 

Figure 10-11 shows the thermal-hydraulic behaviors for the pressure relief system. 
The shell-side sodium is drained when the main rupture disk mounted on the lower 
part of the Na/CO2 heat exchanger unit breaks, and then the sodium level begins to 
decrease corresponding to the increment of the discharged sodium volume as shown 
in Figure 10-11. The volume of the gas space inside the Na/CO2 heat exchanger 
begins to increase just after the rupture disk break time due to the sodium discharge. 
By using the sodium level change inside the Na/CO2 heat exchanger, a shell-side 
sodium clearing or a reactant isolation time could be computed and it was about 233 
sec after the rupture disk break. However, since a quicker termination of the sodium-
carbon dioxide reaction is desirable to secure a plant safety, the termination of this 
reaction is usually accomplished by a tube-side feed gas isolation. In the present study, 
the termination of the tube rupture event was assumed by either a shell-side sodium 
clearing or a tube-side CO2 isolation according to the basic purpose of the system 
performance evaluation. 
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Figure 10-11. Transient hydraulic behaviors for the system pressure relief 

 
Based on the analysis results for the boundary failure accident in the Na/CO2 heat 

exchanger, it can be concluded that the STASCOR code has the capabilities to 
simulate a system transient regarding the various design conditions associated with a 
pressure relief system and its operational strategies, and the numerical quantification 
method implemented in this code is also practicable for a system design purpose. 

 
Sensitivity study for the design parameters 

 
In order to assess the effect of the design parameters, sensitivity studies for some 

representative parameters possibly affecting the transient behavior of the Na/CO2 
reaction event were made and the parametric analysis results are provided in this 
section. Figure 10-12 is for the effects of the number of ruptured tubes defined by the 
design basis guillotine tube breaks. In this figure, the calculated parameter values 
were normalized to the nominal values for the reference design condition (NDEGB = 3) 
described in the previous section. The effects were investigated by fixing the upstream 
CO2 pressure at 19.74 MPa for the normal operating condition. 
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Figure 10-12. Effect of the number of ruptured tubes 
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As expected, the rupture disk break time and shell sodium clearing time were 

rapidly reduced as the number of ruptured tubes increases. This is mainly because of a 
rapid system pressure increase caused by an increase of the total amount of CO2 gas 
injection. On the other hand, the sodium temperature of the reaction zone and the 
maximum cover gas temperature increases slightly as the number of ruptured tubes 
increases. This is because the reaction heat generation rate steadily increases due to a 
larger CO2 leak rate as the number of ruptured tubes increases. But each temperature 
increment is less than ~8% due to a uniform heat dissipation effect by a shell-side 
sodium flow of the Na/CO2 heat exchanger and the IHTS loop. 
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Figure 10-13. Effect of the leak location 

 
Figure 10-13 shows the effects of the leak location of the high-pressure CO2 gas 

inside the Na/CO2 heat exchanger, and the effects were investigated by fixing the 
number of ruptured tubes at a nominal value. Since possible tube leak positions can be 
deduced from the welding points on each tube sheet, the leak locations were selected 
as three points, i.e. top, middle and bottom part of the tube bundle. In general, a 
reaction heat generation strongly depends on the reaction temperature, and the sodium 
temperature of the top bundle region is higher than that of the bottom region due to 
the heat transfer to the energy conversion system during a normal operation condition. 
Therefore, the reaction temperature increases as the leak position moves upward in the 
tube bundle. On the other hand, a higher reaction temperature leads to a lower 
reaction frequency coefficient defined as Equation (10-11) because it is inversely 
proportional to the reaction temperature. To this end, the reaction frequency 
coefficient decreases rapidly as the sodium temperature of the reaction zone increases, 
and this feature leads to an increment of the amount of gaseous reaction product, i.e. 
carbon monoxide. Moreover, since a higher sodium temperature causes a 
recombination process of carbon monoxide to become more vigorous, more gaseous 
reaction product such as CO gas can be produced in this environment. 

 
Application to Micro-channel type heat exchanger 

 
For the analysis methodology proposed in this study, the following two design 

features need to be considered to extend the analysis scope from the current shell-and-
tube type heat exchanger to a micro-channel type heat exchanger, e.g. a PCHETM [10-
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10]. The first concern is about a self-plugging caused by a solid reaction product, and 
the other is a definition of the design basis leak rate for a high-pressure CO2 gas. 

Since the size of the flow channels for a micro-channel type heat exchanger is 
merely a few millimeters and these are compactly stacked, the sodium flow channel 
could be plugged easily if a large quantity of solid reaction products i.e., carbon, 
sodium carbonate, sodium oxide, sodium oxalate, etc., accumulated inside a single 
flow channel. This is called a self-plugging, and it may have a positive function for a 
plant safety. For the case of a self-plugging, a pressure boundary failure may not be a 
significant issue any more because the operators could have enough time to cope with 
a CO2 leak without any severe pressure build-up or rupture disk break. That is, the 
pressure boundary would be automatically recovered by the channel blockage and this 
inference has a basis from a previous experimental study [10-7] regarding a direct 
CO2 injection into liquid sodium. Choi et al.[10-7] reported on a self-plugging of a 
CO2 injection nozzle by solid reaction products with a high degree of hardness. The 
injection nozzle (~1mm I.D.) was completely plugged in some test conditions, and it 
was concluded that the small space near the injection nozzle would be plugged easily 
by solid reaction products. In other words, a large amount of the resultant solid 
reaction products would be accumulated near the injection part, hence this feature 
might increase the possibility of a micro-channel plugging of a PCHETM regardless of 
the direction of the CO2 injection. Based on the test results of Reference [10-7], a 
millimeter-ordered flow channel size of a PCHETM is sufficiently small enough to be 
plugged during this event. This is because a self-plugging would occur easily in a 
PCHETM rather than that for a larger channel-sized shell-and-tube type heat exchanger. 

The second concern is defining the design basis leak rate for the CO2 gas which is 
generally affected by the leak area, pressure difference and fluid temperature, etc. 
Among these parameters, the leak area is one of the most important parameters to 
determine the CO2 leak rate because the pressure and temperature effects are not 
different from that of a shell-and-tube type heat exchanger. The initial leak area would 
be a micro crack along the grain boundary of the tube material, so the leak rate is 
expected to be very small. As the crack size becomes larger, it could be postulated 
that a single channel would be broken along the flow direction and high pressure CO2 
gas would leak into the single hot sodium channel through this ruptured area. In a 
conservative manner, a single channel rupture can be regarded as the design basis leak 
rate for a micro-channel type heat exchanger. Based on tentative analytical results, the 
design basis leak rate for a micro-channel type heat exchanger is far less than ~1% for 
that of the conventional guillotine tube rupture case, and thus the amount of reaction 
heat generation is also far smaller than the case of the guillotine tube break. Due to a 
high uncertainty and a low possibility of a channel disruptive event for this micro-
channel type heat exchanger, a more conservative rupture scenario like a multiple 
channel rupture or a single plate rupture could be postulated. However, a more severe 
scenario than a single channel rupture is not necessary when the basic features of a 
micro-channel type heat exchanger, e.g. a PCHETM, are considered. That is, a single 
channel rupture is enough to define the design basis leak rate for a micro-channel type 
heat exchanger due to its high structural integrity and extremely low probability of a 
channel leakage. Hence, the analysis methodology for the Na/CO2 chemical reaction 
event developed in this study is applicable to a micro-channel type heat exchanger by 
considering its peculiar design features. 
 
 
Design features of Overpressure Protection (OP) System 
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Of significant safety concern are the potential consequences of rupture of the 

boundary between the high pressure CO2 and the lower pressure sodium for a sodium-
cooled reactor plant incorporating a supercritical CO2 Brayton cycle. In the event of a 
heat exchanger tube rupture, an adequate pressure relief system should be provided to 
prevent unexpected pressure build-up of the reactor vessel or intermediate heat 
transport system. For this purpose, design concepts for pressure relief systems were 
developed for plant designs both with and without an IHTS. 

The overpressure protection system (OPS) for a plant configuration without an 
IHTS is presented in Figure 10-14, where a rupture disk is installed on the reactor 
head so that all of the secondary CO2 could be discharged to the containment dome 
through the vent pipe. The containment dome is filled with inert N2 gas to preclude 
the reaction of discharged sodium with oxygen in the air. The required volume of 
containment is estimated as a function of the maximum containment pressure 
expected in an accident condition, and the calculated volumes versus the design 
pressure of the containment dome are provided in Figure 10-15. From the results, the 
required volume is larger than conventional SFR plants but it is below the volumes for 
Joyo and EBR-II. 
 

 
Figure 10-14. OP system without IHTS                        Figure 10-15. Containment 
volume 
 

For the case with an IHTS, the design concept of a SWRPRS (sodium-water 
reaction pressure relief system) is to be used as the overpressure protection system. 
The SWRPRS is a system to prevent the IHTS from being overpressurized due to 
sodium-water reaction. The system is composed of a piping routed from the steam 
generator to the environment through the sodium dump tank and gas/liquid separator. 
The piping is nominally sealed by a rupture disk (RD) to prevent unexpected sodium 
leakage during normal operation. If the IHTS operating pressure exceeds the RD 
break set pressure, the IHTS is protected by RD break. The pressure relief system 
with an IHTS shall be designed to accommodate all the effluents from the high 
pressure system such as the supercritical CO2 system. The schematic of this system is 
shown in Figure 10-16. The shell-side pressure of the Na/CO2 heat exchanger is 
usually calculated versus the number of ruptured tubes to evaluate the performance of 
the system through modeling of choked flow in the tube end. The maximum pressure 
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of the Na/CO2 heat exchanger remains below 0.18 MPa for the case of 10 tube 
ruptures as depicted in Figure 10-17. 
 

 
 
Figure 10-16. OP system with IHTS                  Figure 10-17. Pressure on  SG shell 

side 
 

Summary of the boundary failure accident Analysis for the Na/CO2 heat exchanger 
 

The boundary failure accident for the Na/CO2 heat exchanger of the KALIMER-
600 employing a supercritical CO2 Brayton cycle was evaluated in this study. In order 
to investigate the consequences of the Na-CO2 chemical reaction possibly occurring 
inside the Na-CO2 heat exchanger, the computer code STASCOR was developed by 
reflecting detailed chemical reaction processes and various system models. This code 
has superiorities from the aspects that (i) it can make a very simple approach to 
simulate complicated thermodynamic behavior coupled with a chemical reaction and 
(ii) various system design parameters or operational characteristics are applicable for 
the purpose of a system design. The design characteristics of the pressure relief 
system and rupture disk performance were tentatively evaluated, and it was 
demonstrated that the numerical quantification method developed in the present study 
is practicable for simulating the entire stage of a tube rupture event coupled with the 
complex phenomena of the Na-CO2 chemical interaction. Further applications to other 
types of heat exchangers, e.g. PCHE, are in progress to enhance its capability, and 
experimental verifications for the numerical models implemented in this code are 
scheduled to enhance its reliability. 
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PCHE 열교환기를 개발하였다.  
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and-Tube형 KALIMER-600 열교환기에 대하여 Na/CO2 경계 파손시에 장기적인 계

통의 압력 거동을 분석하였다. 
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