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Overview – SCO2 Cycle Exchangers 
 Several supercritical carbon dioxide (SCO2) cycles proposed 

 Proposed as an alternative to steam and organic Rankine systems 
 Offer high efficiency, compact turbomachinery, fluid compatibility 
 Recompression Brayton cycles are well-matched to nuclear applications 

 
 Proposed SCO2 cycles are highly recuperated to enhance efficiency 

 Recuperation between 1 and 5 times the net electrical power 
 Require a combination of high temperature and pressure capability 
 Will be a significant portion of demonstration and production cycles 

 
 Key requirements are pressure containment and cost scalability 

 Several types can contain high pressures (PFHE, PCHE, S+T) 
 Current SCO2 test systems use PCHEs almost exclusively 
 Cost and size scaling suggest S+T units are impractical, despite wide use 

 
 Heat Exchanger Developments at SNL 

 Partnering with Vacuum Process Engineering to understand PCHEs 
 Developing cast metal heat exchangers (CMHEs) to reduce cost 

 
 



HEAT EXCHANGER BACKGROUND 



Supercritical CO2 Brayton Cycle 

E. J. Parma, S. A. Wright, M. E. Vernon, D. D. Fleming, G. E. Rochau, A. J. Suo-Anttila, A. Al Rashdan, and P. V. Tsvetkov, “Supercritical 
CO2 Direct Cycle Gas Fast Reactor (SC-GFR) Concept,” Sandia National Laboratories, Albuquerque, NM, USA, SAND 2011-2525, May 
2011. 



Recuperation in Brayton Cycles 

Dyreby, J., S. Klein, G. Nellis, and D. Reindl. (2012). Development of Advanced Models for Supercritical Carbon Dioxide Power Cycles for use 
in Concentrating Solar Power Systems. National Renewable Energy Laboratory.  

Presenter
Presentation Notes
All closed power cycles will include heat exchangers for heat input and rejection, but Brayton cycles leverage recuperation in order to achieve high efficiencies.  I have here a plot showing how the thermal efficiency of both simple and recompression SCO2 closed Brayton cycles scale with the amount of available recuperation, where the total conductance at the bottom is proportional to the size of your recuperators.  Without recuperation the Brayton cycle can only achieve efficiencies around 30%, but both cycles quickly scale to the 50% efficiency range when recuperation is added.  You can also see that the recompression cycle is able to achieve higher efficiencies than a simple cycle at lower amounts of recuperation.

NOTE: Constrained refers to constraining the high-side pressure to 25 MPa (essentially setting a maximum pressure ratio).
NOTE: Compressor and turbine efficiencies are set to 0.89 and 0.93, respectively.




Early Air CBC Recuperators 

2 to 6 MWe Plant Style  12 to 30 MWe Plant Style  

H. U. Frutschi, Closed-cycle gas turbines : operating experience and future potential. New York: ASME Press, 2005. 

Presenter
Presentation Notes
Recuperation is not a new technique for increasing the efficiency of a power plant.  The first closed Brayton power plants operating off of air starting in the 1940’s used large recuperators as shown here.  The unit on the left is a finned tube and shell unit operating in almost pure counterflow very similar to a plate fin heat exchanger, while the unit on the right is a more traditional shell and tube unit operating in cross-counterflow.  The design on the left had higher effectiveness but likely at a higher cost, and so was only used for smaller plants in the 2 to 6 MWe range.  These plants were able to achieve net efficiencies from 25 to 30% at temperatures up to 750 C, but operated at pressures below 5 MPa.



Scalable SCO2 CBC Systems 

J.P. Gibbs, P. Hejzlar, & M.J. Driscoll. (2006). Applicability of Supercritical CO2  Power Conversion  Systems to GEN IV Reactors (Topical 
Report No. MIT-GFR-037) (p. 97). Cambridge, MA: Center for Advanced Nuclear Energy Systems  MIT Department of Nuclear Science and 
Engineering. 

Presenter
Presentation Notes
Looking to the future, heat exchangers will take up a significant portion of the footprint, and likely a significant portion of the capital cost, for larger SCO2 Brayton systems.  Shown here are solid renderings of 20, 50, and 300 MWe systems that I’ve scaled relative to each-other and labeled the various heat exchangers with arrows.  These images assume PCHEs are used exclusively, and so are a lower-bound on the size of the heat exchangers, yet still the dark gray boxes dominate the relatively small turbomachinery.  The large cylinder in the center is a 300 MWe generator, with the also large 20 and 50 MWe generators removed for clarity.



Heat Exchanger Requirements 

Presenter
Presentation Notes
In contrast to closed air Brayton cycles, heat exchangers for SCO2 cycles operate at pressures between 8 and 25 MPa as shown here.  The colored boxes show pressure and temperature ranges for different air and SCO2 Brayton cycles, as well as a red box for steam boilers operating up to supercritical temperatures.  Overlaid on these ranges are suitability curves for different heat exchanger materials discussed for SCO2 systems.  These curves are calculated based on the ASME Boiler and Pressure Vessel Code material strength curves using a pressure containment factor of 0.22, as shown near the title.  This factor is typical for our pressures, but depends on component thickness so it is possible to shift these curves up and down.

The most important things on this graph for our purposes are high-temperature ends of the red SCO2 intermediate heat exchanger box and the gold recuperator box.  In the case of the intermediate heat exchanger, 617, 625, 230, and 740 are all easily suitable materials at 550 C, with 800H and 347 possible designing for a different pressure containment ratio, but as temperature increases towards 700 C alloy 740 becomes the only likely material.  A similar situation occurs for the recuperators, where below 500 C one can use 300L or 316L, but at higher temperatures 347 or nickel alloys are required.

Note that this only applies to strength requirements, while corrosion performance may limit materials to smaller ranges of temperature.



Approximate Cost Scaling 

CESDU is the UA-specific cost value [$/(kW/K)] 

Fmat is a material cost factor 

FP is a pressure cost factor 

Fi is an adjustment for inflation 

UAsp is the cycle power-specific UA [kW/(K-MWe)] 

Pelec is the cycle power level [MWe] 

ESDU, “Selection and Costing of Heat Exchangers,” Engineering Sciences Data Unit, ESDU 92013, Dec. 1994. 

elecspipmatESDU PUAFFFCCost =

Presenter
Presentation Notes
Conveniently, there is a large dataset for heat exchanger cost versus total recuperater conductance-area product values, UA values, for different applications and heat exchanger types produced by the Engineering Sciences Data Unit.  Shown at the top is the C-value method scaling equation from the ESDU, with the different scaling factors for materials, pressure, and inflation, as well as the cycle power-specific UA value all constant for a set of cycle state points.  The C-value and the electric power become the only remaining variables, and end up offsetting in such a way that the scaling is almost linear with power.  This method neglects any vendor-specific manufacturing limitations or breakpoints, but is useful in understanding cost scaling.  The specific values here will slightly under-predict the costs for SCO2 since the cost data used is for units transferring heat between two high-pressure gas streams, while the pinch point in SCO2 units will require more surface area to achieve the same UA.



DEVELOPMENTS FOR PCHES 



The Printed Circuit Heat Exchanger 
Core and Manifold Assembly 

Diffusion Bonding 

Slab 

Heat Exchanger Core 
Slab 



Partnership with VPE on PCHEs 

Understand Near-Term Option 
 
 Material and Bond Evaluation 

 Possible materials 
 Bonding defects 
 Develop U-stampable PCHEs 

 
 PCHE Performance Testing 

 Pressure containment 
 Thermal-hydraulic testing 
 Thermal Fatigue testing 

 
 Techno-Economic Optimization 

 Design -> Fabrication -> Testing 

 



Review of 2014 Turbo Expo Results 



Analysis of the Failed Sample 
 Likely due to visible trench 

 Matched on both surfaces 

 Foreign object inclusion 
(Carbonaceous material) 

 Remedies in next blocks 
 Changed plate vendors 

 Tweaked bonding procedure 



Two Sets of Satisfactory Samples 

Approx. Stress Criteria 

Strain Criteria 



PCHE Design Software 



DEVELOPMENTS FOR CAST METAL 
HEAT EXCHANGERS (CMHES) 



SNL Cast Metal Heat Exchangers 

Directly cast heat exchanger core geometries. 

 

Using inter-connected flow passages provides essential 
mechanical integrity to casting cores. 

 

    Reduce cost by as much as a factor of 5 

    Reduce lead-time caused high-temperature 
   joining techniques (welding, brazing, bonding) 

    Allow for innovative channel geometry 

    Greatly expand material possibilities 

    Easily incorporate surface features 

Proposal: 
 

Key Concept: 
 
 

Benefits: 

Presenter
Presentation Notes
This concept of using highly inter-connected and either inter-positioned or inter-woven channels is new for heat exchange between fluids, and offers the possibility to dramatically reduce the cost and lead-time of heat exchangers, while also allowing for innovative geometries, more material possibilities, and simplifies optimization at multiple scales by allowing for fine surface features to enhance things like heat transfer or condensation.




Transitioning to Casting 

J. T. Black, R. A. Kohser, and E. P. DeGarmo, DeGarmo’s materials and processes in manufacturing. Hoboken, NJ: Wiley, 2008. 

Presenter
Presentation Notes
The traditional way to reduce the cost of a component is to minimize the number and complexity of steps involved in its fabrication, moving for instance from forming, machining, and welding a component to casting it directly.  However casting hundreds of discrete channels would require hundreds of high aspect ratio ceramic casting cores, and numerous support structures that would remain in the as-cast piece.




CMHE Industrial Precedent 

M. J. Donachie, Superalloys a technical guide. Materials Park, OH: ASM International, 2002. 
http://www.fedtechgroup.com/advanced_materials/lbs/lbs_cast.html 
http://www.ergaerospace.com/project-gallery.htm 
http://www.alveotec.fr/nos-actualites/exemples-d-applications-mousses-metalliques_55.html 

Presenter
Presentation Notes
There is significant industrial precedent for the manufacturing techniques required to produce cast metal heat exchangers, but they have not yet been applied for this purpose.  Some examples above include cast turbine blades with intricate internal cooling channels shown alongside the casting core used to produce it, a few examples of cast lattice block materials for structural applications, and both stochastic and regular cast metal foams.  Turbine blades and metal foams are examples of using cast porous materials as extended surfaces, but use as primary surfaces is limited.
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Industrial Precedent 

Handbook of Cellular Metals: Production, Processing, Applications. Weinheim: Wiley-VCH, 2002. 



CMHE Recuperator Geometries 



BACKUP SLIDES 



Current SCO2 CBC HXers 

G. O. Musgrove, C. Pittaway, D. Shiferaw, and S. Sullivan, “Tutorial: Heat Exchangers for Supercritical CO2 Power Cycle Applications,” 
San Antonio, Texas, USA, 03-Jun-2013. 

SNL HTR 

SNL LTR 

SNL PRE 

Echogen Heat 
Exchangers 

IST REC 

IST PRE 

IST IHX 

Presenter
Presentation Notes
Most of the heat exchangers currently used in SCO2 Brayton test loops are printed circuit types, or PCHEs, all procured from Heatric in England.  Shown here at the top are our three units at Sandia, the high-temperature recuperator, the low-temperature recuperator, and the gas cooler, respectively, with the bottom-right showing two of Echogens units and the bottom-left showing KAPL’s system including a few shell and tube heat exchangers.  PCHEs are the current state-of-the-art for SCO2 Brayton systems because they’re best able to meet our combination of high pressure and temperature requirements, with the units from Echogen being the largest SCO2 heat exchangers currently in use.



Commercial Unit Potential 

Coil-Wound 
10 to 300 [m2/m3] 

Plate-Fin 
200 to 800 [m2/m3] 

Printed Circuit 
200 to 5000 [m2/m3] 

Shell and Plate 
100 to 600 [m2/m3] 

Shell and Tube 
10 to 200 [m2/m3] 

Key Requirements: 
 High Pressure 
 High Temperature 
 Corrosion Resistant 
 High Reliability 

 Compact Geometry 
 Scalable to 150 MWe 

Presenter
Presentation Notes
PCHEs of course aren’t the only units able to meet SCO2 Brayton cycle requirements, with other types shown here.  Shell and tube and plate-fin units appear to be the leading competitors, with the main difference between different units being the achievable surface area compactness beta.  This is just the surface area divided by the volume, but it can also be related to the ratio of porosity to hydraulic diameter.  As I’ll discuss later the porosity of a unit essential scales with process conditions, so for a specific process the compactness is simply inversely proportional to the hydraulic diameter.  The has made PCHEs particularly attractive as the channels are made using subtractive technique and can be very small, but other product forms of the same hydraulic diameter and porosity could achieve the same compactness.



PCHE Thermal-Hydraulic Performance 
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Carlson, M. (2012). Measurement and Analysis of the Thermal and Hydraulic Performance of Several Printed Circuit Heat 
Exchanger Channel Geometries (Master of Science). University of Wisconsin - Madison, Madison, WI. 
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Presenter
Presentation Notes
The second result was a better understanding of the thermal-hydraulic performance of PCHE channel geometries.  At the bottom-left it can be seen that the four curved flow channels shown at the bottom-right all have higher heat transfer performance than the straight channels, shown as yellow triangles.  However as shown at the top-right, the surfaces have very different hydraulic resistance, with channels with no or gradual curvature having the lowest pressure drop.



HEAT EXCHANGER COMPACTNESS 
Surface Area Density: 

PHE 
120 to 660 

PFHE 
(b) 800 to 1500 
(d) 700 to 800 

CBHE 
(Marbond) 

Up to 10000 PCHE 
(d) 200 to 5000 



Potential Applications 

MARINE 
Rolls-Royce WR-21 
Type 45 Destroyer 

VEHICULAR 
Honeywell AGT1500 

M1 Abrams Tank 

STATIONARY 
Solar Turbines 

Mercury 50 
GenIV Nuclear 

Sodium Fast Reactor 

Coal / Nuclear 
Steam Rankine 

Refrigeration 
Commercial, Cryogenic 
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