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Outline
 Backgroundg

 Application of supercritical fluids in nuclear
energy systems

 Generic issues associated with supercritical
fluid systemsy

 Recent advancements in the state-of-the-art
in Supercritical Fluid Science and Engineering
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Background
 Supercritical carbon dioxide (S-CO2) is a very

promising material for future applicationspromising material for future applications
encompassing a broad spectrum of fields and
industries

 Possible applications include:
- the use of S-CO2 as a working fluid in Gen. IV reactors:

either as reactor coolant in the Supercritical CO2 Reactorp 2

(SCO2R), or as secondary-system coolant in the Sodium
Fast Reactor (SFR) with S-CO2 Brayton Cycle

- the use nuclear power for CO2 sequestration and heavy
oil extraction
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Supercritical CO2 Reactor (S-CO2R)
 Advantages:

 direct thermodynamic cycle

 high efficiency

 Unresolved issues

 effect of radiation on materials  
at high temperature

 core neutronics (thermal vs. fast)

SCO2

 core heat transfer 

 flow‐induced instabilities

 accident mitigation
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Sodium Fast Reactor (SFR) with S-CO2 Brayton Cycle 

SCO2

Compressor
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SCO2 Brayton Cycle

SCO2
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Advantages of Supercritical CO2 Brayton Cycle

Dostal et al. [2004]

Printed Circuit Heat Exchanger 
(PCHE)

• Size reduction of turbo-machinery
• Good properties of SCO2 as reactor coolant
• High efficiency of thermodynamic cycle 

Dostal et al. [2004]
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PCHE and shell and tube heat 
exchangers with equal power

Geological Applications of Nuclear Energy
 Characteristic features of nuclear power systems

- practical limits on thermodynamic cycle efficiency: 50% or
lless

- potential under utilization during low demand periods

 Future utilizations of available thermal and electric
energy
- hot water/steam from NPP heat rejection systems can be

injected into underground layers of heavy-oil-reachinjected into underground layers of heavy-oil-reach
sandstone

- use of electricity during low demand periods for S-CO2

injection into deep oil and gas deposits and into heavy
rock beds (sequestration)
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Heavy  Oil Reserves
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Illustration of Nuclear Energy Use for Heavy Oil 
Extraction  and S-CO2 Sequestration
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Geological Options for  CO2 Use and Sequestration
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Generic Issues associated with  
Supercritical Fluid Systems

 Fluid mechanics of variable-property fluid
flow in complex geometries (compressors,
mixing in large volumes)

 Heat transfer (enhancement deterioration) Heat transfer (enhancement, deterioration)

 Flow induced instabilities
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Key Characteristics of Supercritical Fluids
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Heat Transfer at Supercritical Conditions

 Heat transfer enhancement 
occurs throughout theoccurs throughout the 
pseudo-critical region for 
low heat flux and high mass 
flow rates

 Heat transfer degradation 
occurs at high heat flux 
and/or low mass flow rates
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Natural Circulation S-CO2 Loop
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Recent Advancements in the Analysis of Thermo-
Fluid Phenomena in Supercritical Fluid Systems

 Multidimensional CFD modeling and simulations

of fluid flow and heat transfer in heated channels

 Flow-induced instabilities in parallel-channel

systems

 Current studies include the modeling of S-CO2

compressors and loop dynamics and stability
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Turbulence Modeling at Supercritical Pressures

 Conservation of mass
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 Therefore derivatives in fluid properties may play an important role in 
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Derivatives of physics properties
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Temperature Density Temperature Density

NPHASE Simulations of S-H2O H-T in Annulus
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Radial Property Distributions of S-H2O in Developing Flow
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Predictions of Heat Transfer S-H2O
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 Low-Reynolds Model predicts wall temperature through pseudo-critical
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Low Reynolds Model predicts wall temperature through pseudo critical 
region better than High-Reynolds model

 Predicted wall temperature after pseudo-critical region is slightly higher 
than experimental data

 Effects of property variations on heat and mass transfer play a key role 
throughout boundary layer region
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Stability Analysis of  Supercritical Fluid Systems

Parallel-channel mode           Channel-to-channel mode
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Method-1: Channel Discretization

 Continuity and energy equations are 
discretized

1

 After algebraic manipulations and including 
the momentum equation
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Method 2: Direct Frequency-Domain Solution
 Taking s = j, the real and imaginary components of 

individual variables are separated, e.g.,
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1-D Simulation of Flow–Induced Oscillations

Time-domain                                                  Frequency-domain
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Dimensional stability map                             Nondimensional stability map
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Current Research Directions - Fundamentals

 Impact of variable fluid properties on kinematic

and thermal aspects of turbulence in S-C fluids

 Importance of multidimensional phenomena on

dynamics of S-C fluid systems

 Stability analysis of closed-loop systemsy y p y

 Modeling of fluid flow and heat transfer in large

systems (mechanistic approach to porous media)
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Practical Applications of Fundamental Research

 S-C Brayton cycle:

- Heat exchangers

- Flow in complex geometries (compressors)

Fl i d d i t biliti i l d l Flow-induced instabilities in closed-loop

heat transport systems
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Illustration: NPHASE-CMFD Simulation of Flow in 
Rotating Machinery
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Potential Future Applications

 Efficient methods of analysis to understand

S-CO2 behavior in deep geological deposits:

- oil extraction

- sequestrationsequestration
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Thank you for your attention!
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