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Abstract

There is renewed interest in the closed Brayton cycle, using carbon dioxide as the working
fluid, for utility-scale power production. The Brayton cycle rejects heat to the ambient
environment using air, water, or a hybrid arrangement that employs both fluids. Cooling with
water, from a cooling tower, provides higher and more consistent Brayton cycle thermal
efficiencies year-round, while also having lower capital costs for the heat exchanger
equipment when compared to air-cooling. However, a major concern with water-cooling,
especially for solar thermal applications, is the large amount of water required for the heat

rejection coincident in plant locations where there is limited availability of water.

To address water limitations, air-cooling has become a major topic among researchers in the
field of CSP technologies. It has been found that while air-cooling will eliminate the majority
of the water usage, it causes reduced thermal efficiencies year-round and higher capital costs

due to the substantial size of the air-coolers.

The alternative to direct water-cooling or direct air-cooling is a hybrid configuration that
combines both water and air-cooling processes. The hybrid configuration strives to maintain
the advantages of each process, but can also potentially mitigate the disadvantages. In the
Brayton cycle using carbon dioxide, the precooler can be configured to take advantage of the
high CO, temperatures by arranging the heat rejection system into two heat exchangers, a

water and air-cooler, each set in series.

The size of the air-cooler can be significantly reduced by increasing the approach
temperature. The size of the air-cooler has been found to be more sensitive to the approach
temperature, when compared to the more physically compact water-cooler. The water-cooler
operates at a lower heat sink temperature (i.e. wet bulb temperature) and completes the heat
rejection from CO,. It is sized and operated to reduce the CO, temperature to the desired

condition for the compressor inlet.



In comparing the three different configurations using an LCC analysis, it was found that

there is an advantage to the hybrid configuration as a cooling solution for the Brayton cycle.

The hybrid configuration advantage lies with the ability to design the system at the optimal
point and constantly operate at a fraction of air cooling that minimizes cost per hour. On a

cost stand point, hybrid cooling makes sense because of the flexibility of the system. It also
creates a best of both worlds situation where water use, capital costs, and energy use can be

reduced.

NREL’s interest in the “precooler” heat exchanger is to reduce water use by using air or a
combination of air and water. The LCC is a good representation of the design concern for
NREL. It shows that on a LCC basis, there is an advantage to designing for a hybrid
configuration. Using the hybrid configuration with air cooling as the primary means of
cooling allows for reduced water usage. The water cooling is used when the load cannot be
met by the air cooling alone. This means that the cooling process is very flexible and can be

optimized to reduce water use and cost. Hybrid cooling should be considered a viable cooling

solution for NREL’s 10 MW CSP plant.



iii
Acknowledgements

I would first like to thank the National Renewable Energy Laboratory (NREL) for their

sponsoring of this research.

| owe a lot of thank-yous to many people that have contributed to my work as well as all the
people that motivated and supported me. First, | have to thank Greg Nellis, who | attribute as
being the first person that got me interested into the fields of heat transfer and
thermodynamics. Without the many classes | took with him, 1 know | would not have the
same interest and understanding that | now have. Greg was also the person who motivated
me to pursue my master’s degree by offering me a position in the Solar Energy Lab. Coming
from one of the most knowledgeable persons in his field and being one of my favorite
professors, it made the decision simple. | cannot thank you enough for the opportunity you

gave me and it was a true honor to work with you the last year and a half.

| am thankful for the time and effort invested by my advisors, Sanford Klein, Greg Nellis,
and Doug Reindl. Sandy, Greg and Doug have provided me with more knowledge and
guidance than they will ever know. The classes | took with Sandy taught me more than just
theory, but an understanding that forced you to look deeper into problems than just the
surface. The meetings | had with three of the most knowledgeable people in their fields
showed me that there was always something more or a different way of looking at data that
brought out much more understanding than I originally had thought satisfying. Sandy, Greg,
and Doug you’re instructive criticism was sometimes hard to hear, but always led to more
understanding and satisfaction with the results. I truly thank you for your time and effort in

working with me.

Dad and Mom, | am indebted to your encouragements in the pursuit of my master’s degree. I
could not have gotten here without everything you guys have done for me and provided for
me. | plan on taking this master’s degree and using it to repay everything you have ever

given me. Your support and life lessons made me who | am today, thank you.



\Y;
A large thank you has to be said to my patient and supportive girlfriend, Olivia. Without you
| would not have been able to manage myself during the last months of my research. Thank

you for your encouragement, love, and support. I’'m glad to finally be home to see you every

day.

In the end, | would like to thank John E., Matt, John D., Wenjie, Mohamed, Kendra, Russell,
Rogelio, Brad, Eric, Nevzat, and the rest of the SEL group for their friendship and support.
Thanks for spending your days with me, both at the SEL and at Union South. I will certainly
miss you all and | know I will be seeing you guys in the future.



Table of Contents

Y 01 - o SRS PPO PP PURPR i
ACKNOWIEAGEMENTS ... bbb b b nne s ii
TaDIE OF CONTENTS ..ottt bbbttt e e b e bbb enbeeneene e %
TADIE OF FIGUIES ...ttt ettt bbb vii
LESE OF TADIES ...ttt b ettt nb et st ne et Xi
N0 g =T g Tod =L = USRS Xii
1 INTRODUCGTION ..ottt ettt sttt bt ne b sne e ane e 1
2 WATER COOLER ...ttt e et e e nae e e nnaeeeenes 4
2.1 Model DeVEIOPMENT .......coiiiiee s 5

2.1.1 Parallel-plate, counter-flow configurations...........c.ccooverveienenenc s 5

2.1.2 Discretization into sub-heat exchangers.........c.cccccviiiiiiiii i, 9

2.2 Graphical user interface (GUI) .......cccoviiiiiiiiiiee s 18

2.3 Model VEITICAtION ..o e 19

2.3.1 Sub-heat exchanger MOl ..o 19

2.3 2 FINIMOUEL ... s 21

2.4 PerformanCe PlOLS........couiiiiiieieee s 23

3 COOLING TOWER ..ottt sttt na s e 32
3.1 Model deVelOPMENT .......c.ociiieceee e 33

3.1.1 Enthalpy-effectiveness Method ...........ccocv e 34

3.1.2 Manufacturers data (BAC) ........cooeieeiieeie e se e 35

3.2 MOdel VEITICATION ...ocveiiieiece e et 42

4 INDIRECT AIR COOLER ...ttt 46
4.1 Model deVelOPMENT .........oiiiiii s 47

4.1.1 Cross-flow configuration..........c.ccceeveiieie i 47

4.1.2 &-NTU method for uniform properties...........ccocvoveiiieieienenc i 50

4.2 Coupling the CO,-to-water (counter-flow) and water-to-air (cross-flow) ........... 55

4.3 Graphical user interface (GUI) .......cooviieiiiiie s 56

4.4 Performance PIOLS.......ccuiiioiicic ettt 58

4.5 Comparison With Simple air-t0-COz.......c.ccereiiiiniiiieee s 71



5 DIRECT AIR COOLER ...ttt nnaae e 7
5.1 Model deVelOPMENT .......c.ooiiiie e 77

5.1.1 Cross-flow/counter-flow configuration.............ccccovriiiiiienencncscee 87

5.1.2 Discretization into sub heat eXChangers ..........ccceeveveeie i v 89

5.2 Graphical user interface (GUI) .......cccooiiiiiiiiiiiec e 102

5.3 Performance PIOtS.........coviiieieii et 106

6 HYBRID CONFIGURATION ..ottt 117
6.1 MOdEl COUPIING.....coiiieieiticce e ns 118

6.2 Model inputs and performance CONSIIAINTS. .........cccererireririieenese e 121

B.2. 1 WALET COOIET .....oviiiiieiieeese ettt 122

I N | ol To ] T SRR 123

6.2.3 COOLING TOWET ...ttt ettt 125

6.3 ON-design PerformanCe CUIVES...........cocuierieeeieiesie sttt 125

6.4 Capital iNveStMENt aNalYSIS .......c.eciiiiiieiie e 131

6.5 WEANEr daAA........ee i 137

6.6 BINNEA AAtA.....cuiiiiiiieie e 138

6.7 Off-design PerformanCe CUNVES .........cocoiiiirieiiiese st 141

7 RESULTS & DISCUSSION ..ottt 145
8 CONCLUSIONS & RECOMMENDATIONS.......coiieiieiiieiesee e 155
9 REFERENCGES ... .ottt et e e e e a e e s e e nnneas 157

N 0] 1= 0 LSS 159



vii

Table of Figures

Figure 1: Simple Brayton cycle showing the three heat exchangers and turbo-machinery.............ccccoooeiinn 1
Figure 2: Plot showing three design points on cycle thermal efficiency as a function of recuperator conductance
(DY =] o) YA O ) LSRR RTORPR 2
Figure 3: T-s diagram for the simple Brayton cycle in Figure 1. The state points in Figure 1 correspond to the
states in the T-s diagram. Image from Seidel (2010) (REVISEA) .......coreiiiiiiiiiieiie et 4
Figure 4: Diagram illustrates a side view of the heat eXChanger ..o 6
Figure 5: Diagram illustrates an elevation of the heat exchanger including the fins ...........ccccoco i 6
Figure 6: Zoomed in view from Figure 5 (red dashed rectangle) to illustrate dimensions ............ccccceeoeeniennen 7
Figure 7: Sub-heat exchanger model with a counter-flow configuration (Nellis & Klein, 2009) ............cccccoeenee. 9
Figure 8: Schematic of the sub-heat exchanger model showing where the properties are evaluated for the cold
and hot-side fluids. Example is shown for finding property temperature for sub-HX #4..........ccccoooiiiiiinnnn 12

Figure 9: Diagram on left shows the unit cell of the heat exchanger including the fins, refer to Figure 4 and
Figure 5. Diagram on the right shows the resistance network that can be repeated for the whole heat exchanger.

........................................................................................................................................................................ 15
Figure 10: Graphical user interface built into EES code to make design study more efficient ...............cccccoeee. 19
Figure 11: Mass as a function of width and height of heat exchanger ..., 25
Figure 12: Mass as a function of plate thiICKNESS ..o 25
Figure 13: Mass as a function of fin thiICKNESS..........couiiiiii s 26
Figure 14: Mass as a function of width DEtwWeen fiNS ... 26
Figure 15: Drawing of stress/deflection section of heat eXchanger ..., 27
Figure 16: Free body diagram 0f DBAM.........o.oi e 28
Figure 17: Uniform load, fixed ends beam analysis (Image from Juvinall) ............cccoooiiiiiiiiie, 29
Figure 18: Two degree of freedom optimization minimizing mass of HX ..., 31
Figure 19: Schematic of a counter-flow fill for a co0ling tOWET ..........cccoiiiiiiiiii e 32
Figure 20: Schematic of a cross-flow fill for a co0liNg tOWEF ..........ccciiviiiiiiic i 32
Figure 21: Three lines of cooling tower models that use force draft............cccccoooiiiiiii, 36
Figure 22: Three lines of cooling towers that use induced draft..............coceiiiiiiii e 37
Figure 23: Schematic of cooling tower with labeled dimenSIoNS ............ccccoiiiiiiii e 38
Figure 24: Total cooling tower conductance as a function of air volumetric flow rate ............ccccooeviiiininnn. 40
Figure 25: Predicted total conductance as a function of actual conductance ............cccccoooeiiiiiienene e, 41

Figure 26: Air heat transfer effectiveness as a function of NTU at various mass flow rate ratios. Comparing
results from developed cooling tower model to results from a thesis written by Braun (1989). (Dry Bulb, Wet
Bulb, and Water Inlet Temperatures of 70 F, 60 Fand 90 F) ......ccviiiiiiiiiicec e 42
Figure 27: Water temperature effectiveness as a function of NTU at various mass flow rate ratios. Comparing
results from developed cooling tower model to model results from a thesis written by Braun (1989). (Dry Bulb,
Wet Bulb, and Water Inlet Temperatures of 70 F, 60 F and 90 F).......ccooiiiiiiiiiiiiiierieeeeeecee e 43
Figure 28: Outlet water temperature from cooling tower as a function of the wet bulb temperature for various
fan power, water flow rates, and cooling tower range. Lines represent the model, Dots represent actual cooling

TOWET PEITOIMANCE ALAL ... .eieiiieeitie ettt b e h ettt e bt e shb e e st et esb e ehbe et e e sbeeseee e 44
Figure 29: Cooling tower fan power as a function of wet bulb temperature for two different ranges. The lines are
the model results and dots are actual cooling tower performance data. ...........cccoooveiieiieeiiene e 45
Figure 30: Precooler setup showing counter-flow and cross-flow heat exchangers.........c..cccooveviiiieciecieennen, 46
Figure 31: Six different compact cross-flow configurations .............cccoceiiieeiiciie i 48

Figure 32: Resistance network for cross-flow heat eXchanger ... 52



Figure 33: Parent window showing the overall schematic of the precooler............ccccooveviiiiiiiiccie v, 57
Figure 34: Child window showing the primary precooler (CO2 to water). Opened by clicking the precooler
01\ o PSP 57
Figure 35: Child window showing the secondary precooler (air to water). Opened by clicking the cross-flow
01\ oo SRR 58
Figure 36: Precooler setup showing counter-flow and cross-flow heat exchangers.........c.cccccoevevievie e, 59
Figure 37: Total mass/volume and required power input as a function of cross-flow HX configuration for the
FECOMPIESSION CYCIE .. vieeiee ittt et e st e e s e et e e sneeanbe e s e e sneesnbeente e seenneeaneeenteenneas 62
Figure 38: Total mass/volume and required power input as a function of cross-flow HX configuration for the
simple, high €ffICIENCY CYCIR ....vviiie et e e e saeenaeesnee e 63
Figure 39: Total mass/volume and required power input as a function of cross-flow HX configuration for the
SIMPIE, [OW FfICIENCY CYCIB... .ottt e s e e e e steenneeaneeenes 63
Figure 40: Total mass and cross-flow/counter-flow masses as a function of water temperature entering precooler
fOr the reCOMPIESSION CYCIE .. .viviiieie ettt et e sa e et e e te e sreeaneeenteesaeenneeaneeenes 64
Figure 41: Total mass and cross-flow/counter-flow masses as a function of water temperature entering precooler
for the simple, high effiCIENCY CYCIE .....c.veiieiece e 64
Figure 42: Total mass and cross-flow/counter-flow masses as a function of water temperature entering precooler
for the simple, 10W effiCIENCY CYCIE .....ooveeiiece e earee s 65
Figure 43: Required power input and total mass/volume as a function of input fan power at varying pressure
drop ratios for the reCOMPreSSION CYCIB ....c.uiiiiiii e e e re e e e nnes 66
Figure 44: Required power input and total mass/volume as a function of pressure drop ratio for the
FECOMPIESSION CYCIE ..vvieieeie ettt e st e e e e te e et e e st e e e e saeeasbe e s beesteesnbeente e teesneeanbeenteennean 66
Figure 45: Required power input and total mass/volume as a function of input fan power at varying pressure
drop ratios for the simple, high effiCIENCY CYCIE .....cc.oiiiiii e 67
Figure 46: Required power input and total mass/volume as a function of pressure drop ratio for the simple, high
EFFICIENCY CYCIR ..t bbbttt bttt sb e st e sb et e e besbe e e e sbe e eenbeatee b 67
Figure 47: Required power input and total mass/volume as a function of input fan power at varying pressure
drop ratios for the simple, oW effiCIENCY CYCIE ......ccviiiiii e 67
Figure 48: Required power input and total mass/volume as a function of pressure drop ratio for the simple, low
L2 T [=] T Vw3 Yol RS 68
Figure 49: Required power input and total mass/volume as a function of input fan power, at different cross-flow
heat exchanger behaviors for the reCompresSion CYCIE .........ooviiiiiiiiii e 69
Figure 50: Required power input and total mass/volume as a function of input fan power, using different
materials for the reCOMPIESSION CYCIE ......ooviiiiiiiie e 69
Figure 51: Required power input and total mass/volume as a function of input fan power, at different cross-flow
heat exchanger behaviors for the simple, high efficiency CYCIe ... 70
Figure 52: Required power input and total mass/volume as a function of input fan power, using different
materials for the simple, high effiCIENCY CYCIE ........oe e s 70
Figure 53: Required power input and total mass/volume as a function of input fan power, at different cross-flow
heat exchanger behaviors for the simple, low effiCiency CYCIe ..o 70
Figure 54: Required power input and total mass/volume as a function of input fan power, using different
materials for the simple, Iow effiCiIENCY CYCIE ........ooviiiii e 71
Figure 55: GUI for CO2-to-air cross-flow precooler heat XChanger ............cocvvvviiiiiiinicie e 78
Figure 56: Schematic of CO-2-to-air cross-flow heat eXChanger.............ocooviiiiiicic e 78
Figure 57: The three design point conditions overlaid on a T-s diagram of carbon dioxide............cc.ccoeeeriennenn. 80

Figure 58: Specific heat capacity of carbon dioxide as a function of the reduced temperature at the three design
(070 110 1100 1 OO OU SR OOPRPOURP 81



iX

Figure 59: Thermal conductivity of carbon dioxide as a function of the reduced temperature at the three design

(070010 [T 0P P PRSPPI 81
Figure 60: Density of carbon dioxide as a function of the reduced temperature at the three design conditions .. 82
Figure 61: HX volume vs. the number loops specified by the user for the three design points .........c.cccceevenen. 83
Figure 62: Eight different finned circular tube heat exchanger configurations with corresponding identifying
0103101 OSSPSR SRR 84
Figure 63: Five different finned flat tube heat exchanger configurations corresponding identifying number-..... 84
Figure 64: Overall air-side pressure drop vs. configuration with constant parameters and conditions ............... 86
Figure 65: Plot showing the relationship between the number of sub-HX’s and outlet CO2 temperature........... 89
Figure 66: Schematic showing the plan view and elevation view of the cross-flow heat exchanger .................. 90
Figure 67: Top view illustrating the break-up iNt0 SUD-HXS......cciviiiiiiiiiieiee e 91
Figure 68: Resistance network for cross-flow heat eXChanger ..........ccccv e 97
Figure 69: GUI for the Cross-Flow CO2-t0-Air Heat EXChaNGer........cccveiieeiieiie it 103
Figure 70: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger configurations at
the recomMPresSioN CONITION .......viiieiieeee e e et esr e e r e e e e saeesreeeree e neearaearaeeeeenreenrneas 107
Figure 71: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, high efficiency CONGILION .........ccooiiiiii e 107
Figure 72: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, low efficiency CONAILION .........cccviiiiiie e nree s 107
Figure 73: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger configurations at
the reComMPresSioN CONITION ... ...eiiiiiie et e e et esa e st e e teesteesreeareeesneesraeeraeeeeenreeareeas 108
Figure 74: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, high efficiency CONAItION ..........cocoiiiiiiii e 108
Figure 75: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, low efficiency CONAILION ........cooiiiiiiii e 109
Figure 76: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger configurations at
the reCOMPIESSION CONMITION .....ivviitiiiii ittt ettt ettt sr et be e nbe e 109
Figure 77: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, high efficiency CONGILION .........ccooiiiiii i 110
Figure 78: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger configurations at
the simple cycle, low efficiency CONAItION ........ccoiiiiiiiii e 110
Figure 79: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger
configurations at the recompression CONAILION ...........ooiiiiiiiiiiiii s 111
Figure 80: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, high efficiency condition .............ccooiiiinii 111
Figure 81: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, low efficiency CONAItION .........ccovviiviiiiiii e 112
Figure 82: Heat exchanger volume, air-side pressure drop, and volumetric flow rate as a function of CO2 passes
at various Values OF Fan POWET .........ouiiiiiiiii e bbbttt et nee e 113
Figure 83: Heat exchanger volume, air-side pressure drop, volumetric flow rate, and fluid velocity as a function
of CO2 passes at various values of Pressure drop Fati0 ..........ccuevvieeriririeriee s 114
Figure 84: Heat exchanger volume, air-side pressure drop, volumetric flow rate, and fluid velocity as a function
of CO2 passes at various values of approach tEMPEratUre ...........ocueviiiiieiiiiee s 115
Figure 85: Heat exchanger volume as a function of outlet CO, temperature ...........ocoooveveieeieiisieneneeieins 116
Figure 86: Schematic of hybrid configuration W/ cOOliNG TOWEN ..........cccoiiiiiiiiiie s 118
Figure 87: Main GUI for the hybrid configuration model.............ccooo i 119

Figure 88: GUI for the water cooler component for the hybrid configuration model.............ccocvviiininninnn, 120



Figure 89: GUI for the air cooler component for the hybrid configuration model ..............cccoooeveiiiiiie e, 120
Figure 90: GUI for the cooling tower component for the hybrid configuration model ............cccccovevieiieennn, 121
Figure 91: Total required power and percent of total required power for the air cooler, cooling tower and water

cooler as a function of the fraction of @ir COOIING ......eccvviiiiiiiie e 127

Figure 92: Total required power and cooling tower makeup water as a function of the fraction of air cooling 128
Figure 93: Cost of electricity across the United States (U.S. Energy Information Administration, 2010) ........ 129
Figure 94: Operating cost per hour as a function of the fraction of air cooling at various ambient dry bulb

L= 0] 015 - LT =TSSR 130
Figure 95: Curve fit to purchased equipment cost curve for an air cooler as a function of the bare tube area
(DOEINETL, 2002) ...t iteeteiteetesteesie st eieesteateestesteeeesbeeseesbesteesbeabe e besbeeseesbeateeabeabeenbeabeeseeabeeseesbeareenbeareeeenteas 132
Figure 96: Purchased equipment cost curve for a water cooler as a function of the total heat exchanger surface
Area (DOE/NETL, 2002)......cutiieeiieiieeieesieesieeteestaesseessteasteesteesseeasaeesaeesseesseeasteesaeessesaseeeseessaesreeanseessesssenas 134
Figure 97: Purchased equipment cost curve for a cooling tower as a function of the water flow rate
(DOE/NETL, 2002) ... .eiteettiteeieateesee st eiee it steestestee e sbesseesbesbeesbesbeebesbeaseesbeabeesbeabeenbeabeesbesbeeseesbeabeesbesbeeneenteas 135
Figure 98: Capital investment for the air cooler, water cooler, and cooling tower as a function of fraction of air
(o700 113 S STRSOS 136
Figure 99: TMY 2 weather data for Daggett, CA showing dry and wet bulb temperatures at specific hours during
L1 TC IR 7 S USSSSST 137
Figure 100: BinMaKer™ MaiN SCIEEN ..........ovveveeeeeeeeeeeeeeee et en e, 138
Figure 101: BinMaker™ GUI for selecting times during the YEar ...........coovvveeeeeeeeeeeeeeeeeeeeeeeeeeseseneeeenn. 139
Figure 102: BinMaker™ GUI giving users the option for variable to bin and bin range .............ccccccovvvvveec... 139
Figure 103: Binned weather data showing dry bulb range, mean coincident wet bulb, and hours.................... 140
Figure 104: Total yearly operating cost for the precooler as a function of the fraction of air cooling for same
WALEr t0 EIECTFICTLY COSE FALIOS ...eveevieitieie ittt bbbttt e st sttt nee e 142
Figure 105: Total yearly operating cost for the precooler as a function of the fraction of air cooling for different
WALEr t0 EIECTFICTLY COSE FALIOS ...e.veerieitieie ittt e bbb nee e 143
Figure 106: The fraction of air cooling as a function of the water to electricity cost ratio ...........cccocvvvverennns 144
Figure 107: Total cost including operating and capital investment as a function of the fraction of air cooling for
the control test, refer to Table 28. The amount of years of operation varies from 0-20 years ..........c.ccceevevneens 147
Figure 108: Total cost including operating and capital investment as a function of the fraction of air cooling for
test #1, refer to Table 28. The amount of years of operation varies from 0-20 Years ..........ccoccevvvieiencnienenn. 147
Figure 109: Total cost including operating and capital investment as a function of the fraction of air cooling for
test #2, refer to Table 28. The amount of years of operation varies from 0-20 Years ..........ccoccevvvvieiencniiennenn. 148
Figure 110: Total cost including operating and capital investment as a function of the fraction of air cooling for
test #3, refer to Table 28. The amount of years of operation varies from 0-20 Years ..........ccocevvviveienieniennenn. 148
Figure 111: Total cost including operating and capital investment as a function of the fraction of air cooling for
test #4, refer to Table 28. The amount of years of operation varies from 0-20 Years........ccccccevvveviveivernennens 149
Figure 112: 5 curves associated with the minimum value of total cost for 0-20 years taken from the five figures
1001 SRS 151
Figure 113: Life cycle costs as a function of the P1 CONSEANT...........cccoiiiiiiiiiiiiie e 151
Figure 114: Comparison of an analysis done for a full day and sunlight hours of weather data. It shows the total
cost as a function of the fraction Of @ir COOIING.........coiiiiiiiiii s 152

Figure 115: Water and energy consumed by the precooler on a yearly basis as a function of the fraction of air
(01010 1T ISP PO TP PT OV TPRPPR 154



Xi

List of Tables

Table 1: Precooler conditions and constraints for three design POINtS ...........cocceeiiiiiiiiienie e 3
Table 2: Inputs and parameters for both simple and sub-heat exchanger models ...........cccccoooiiiiiiiiiiinie 20
Table 3: Results for: Length=10[m], Number of Channels=10[-], Number of sub-HX’s=1[-].......c.ccccccrrvrrurrnrns 20
Table 4: Results for: Length=200[m], Number of Channels=1[-],Number of sub-HX’s=1[-]........c.cccccerrvrrrrrnrns 20
Table 5: Results for: Length=10[m], Number of Channels=10[-],Number of sub-HX’s=10[-].......cccccceevrrurrnrns 21
Table 6: Results for: Length=200[m], Number of Channels=1[-],Number of sub-HX’s=10[-].......c.ccceevrrrrrnrns 21
Table 7: ReSUILS From fiN TESTING ......eoeeee e seee e 22
Table 8: Summary of weights and dimensions of model 31301C (refer to Figure 23)........ccccceviiiinnieiinnnenn 38
Table 9: Inputs, Parameters, and Performance Constraints for the counter-flow heat exchanger ....................... 60
Table 10: Inputs, Parameters, and Performance Constraints for the cross-flow heat exchanger......................... 60
Table 11: Confirming model produced similar results to the water loop model ...........cccocoeiiiiiiiiiii i 72
Table 12: Comparison of direct air cooling model and water loop model with equal capacitance rates,
FECOMPIESSION CYCIE ...ttt ettt b e h bttt b e e s bt e e e b e e a bt e ebe e e ab e e mbeenbe e sbeeenbeenbeenaeas 73
Table 13: Comparison of direct air cooling model and water loop model with equal required input power,
FECOMPIESSION CYCIE ...ttt ekt e bt a e et e e eh e e b e e abe e ebe e e ab e e mbe e be e saeeanbeenbeenneas 73
Table 14: Comparison of direct air cooling model and water loop model with equal capacitance rates, simple-
0o =1 T [=T 0y Y oY [ PRSPPI 74
Table 15: Comparison of direct air cooling model and water loop model with equal required power input,
SIMple-high effiCIENCY CYCIE ...ttt 74
Table 16: Comparison of direct air cooling model and water loop model with equal capacitance rates, simple-
JOW EFFICIENCY CYCIO ...ttt sttt b e bt e e bt e b e e ebe e e bt e et e e nbeesbeeanbeenbeens 75
Table 17: Comparison of direct air cooling model and water loop model with equal required power input,
SIMPIE-10W EFFICIENCY CYCI ...ttt ettt sae e seee e 75
Table 18: Tabular view of inputs, parameters, and performance constraints required by the model .................. 79
Table 19: Tabular view of the geometric differences between each of the circular tube configurations............. 85
Table 20: Tabular view of the geometric differences between each of the flat tube configurations ................... 85
Table 21: Inputs to model with pOSSIDIE VAIUES ..........coiiiiii e 93
Table 22: Varying HX configuration and reSUIS ............cocueiiiiiiiii e 105
Table 23: Varying HX material and reSUILS ...........ooiiiiiiii ittt 105
Table 24: Set of inlet conditions for results in FIQUIES 11-22.........c.coiiiiiiiiiiiiie e 106
Table 25: ONn-design Water COOIEE INPULS .......ci.uiiiiiiie ettt te e b sbeeseee s 122
Table 26: ONn-design air COOIBT TNPULS .......oiuiiiiiiieei ettt sb ettt be e sb e et e e b e sbeeseee s 124
Table 27: On-design inputs t0 the COOIING TOWET .........cviiiiiiic et ae e sre e e 125
Table 28: Five tests run varying the cost of water and eleCtriCity..........c.ccccvviiiii i 141

Table 29: P; constant values at COrreSPONAING YEAIS. ... ..ccuieuieririiieaieertiesire et et e stee e sbe et e sbeeseeesaeesbeeseeens 146



Xii

Nomenclature

Abbreviations

PCHE Printed Circuit Heat Exchanger
ACHE Air Cooled Heat Exchanger
SCO2 Supercritical Carbon Dioxide
CSP Concentrating Solar Power

EES Engineering Equation Solver (Software)
T-S Diagram Temperature-Entropy Diagram
NREL National Renewable Energy Lab
HX Heat Exchanger

GUI Graphical user interface

DOE Department of energy

Variables

UA Conductance

T Temperature

€ Heat exchanger effectiveness

Q Heat transfer rate

i Enthalpy

m Mass flow rate

N Number of sub-HX’s

C Capacitance rate

NTU Number of transfer units

Cr Ratio of minimum capacitance rate to maximum capacitance rate
S Entropy

P Pressure

cp Specific heat

Nu Nusselt Number

D Diameter

Dh Hydraulic diameter

thy Thickness of plate

thy Hot fluid channel height

the Cold fluid channel height

thy Thickness of fins

Wi Width between fins

Nfins Number of fins

Nch Number of channel pairs

Niot Total number of channel pairs
Ac Cross sectional area

Per Perimeter of channel

H Height



fac
req

Subscripts

H

C
WF
CF

i
max
min

out

Width

Length

Fluid velocity

Fluid viscosity

Fluid density

Reynolds number
Friction factor
Convection resistance
Conduction resistance
Fin resistance

Fin efficiency

Overall fin efficiency
Efficiency

Distance

Shear force

Moment

Bending stress

Shear stress

Humidity ratio

Vertical spacing
Horizontal spacing
Number of air cooler tube passes
Number of tube columns
Number of tube rows

Hot side bulk temperature
Hot side wall temperature
Cold side bulk temperature
Cold side wall temperature
Heat transfer coefficient
Thermal conductivity
Fraction of air cooling
Required

Hot

Cold
Working fluid
Cooling fluid
Node i
Maximum
Minimum
Inlet

Outlet

Xiii



col
row
AC
wC
CT

Columns
Rows

Air cooler
Water cooler
Cooling tower
Water

Alir

Xiv



1 INTRODUCTION

The goal of this project is to prepare a detailed design study of the cooling process in a
supercritical carbon dioxide (S-CO;) Brayton power cycle. There are three heat exchangers
required in the Brayton cycle. The “primary” heat exchanger transfers energy from the heat
transfer fluid (molten salt) at approximately 600°C and near ambient pressure to supercritical
carbon dioxide operating at a pressure of approximately 25 MPa. The “recuperator” heat
exchanger transfers energy between low pressure and high pressure carbon dioxide streams at
approximately 8 MPa and 25 MPa, respectively. The “precooler” heat exchanger rejects heat
from carbon dioxide at approximately 8 MPa leaving the recuperator to the ambient
environment using either air, water, or a series of heat exchangers that employ both fluids as

a terminal means of cycle heat rejection.
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Figure 1: Simple Brayton cycle showing the three heat exchangers and turbo-machinery

The objective of the present design study is to investigate precooler heat exchanger
configurations that can meet the cycle’s on-design performance specifications. This project is
in collaboration with John Dyreby, from the UW Solar Energy Lab, who is focusing his
modeling efforts and analysis on developing a system-level model of the supercritical carbon
dioxide Brayton cycle.



The precooler model was analyzed at three design points determined from the system-level
modeling of John Dyreby (Dyreby, 2012). Figure 2 illustrates where these design points lie
on a plot of total cycle thermal efficiency as a function of recuperator conductance. The three
design points are labeled as simple high, simple low, and recompression. The simple high and
low are points that lie on the simple cycle curve and have either a high or low thermal
efficiency, respectively. The recompression point lies on the recompression curve and is the
optimal design point where increasing recuperator size will not further increase thermal
efficiency. All design points have a net cycle power output of 10 MW, as well as a precooler
CO, outlet temperature of 48°C. The boxes in Figure 2 show the conditions that would be

experienced by the precooler for each design point. Table 1 summarizes these conditions.
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Figure 2: Plot showing three design points on cycle thermal efficiency as a function of recuperator
conductance (Dyreby, 2012)



Inlet CO, Temperature [C] 152.4 104.2 97.2
Outlet CO, Temperature [C] 48 48 48
Outlet CO, Pressure [MPa] 7.766 9.98 1.84

Heat Input Rate [MW)] 11.7 8.87 8.7

Table 1: Precooler conditions and constraints for three design points

This thesis will investigate different methods of heat rejection specifically for supercritical
carbon dioxide Brayton cycles. This investigation includes model development, done in
Engineering Equation Solver (EES) (Klein, 2011), for various cooling configurations
including a water cooler, cooling tower, air cooler (indirect and direct), and hybrid cooler.
These models will later be used to compare the cooling configurations in terms of heat
exchanger cost/size, water usage, and energy consumption. With the comparison results, it is
critical to prioritize key criteria for the system (e.g., water use, energy use, and cost) before
designing the heat rejection system configuration. Designing for reduced water use will
likely be different than designing for pure economic viability. The goal is to provide the
means of making this decision and selecting the most feasible option for the specific cooling

process.



2 WATER COOLER

There is a wide array of options and configurations that can be used for the precooler, which
makes this heat exchanger one of the more challenging to design. These options can include
shell and tube and parallel plate configurations, as well as compact heat exchangers similar to
those manufactured by Heatric (Southall, 2009). The options can also extend into using
water, air, or both by employing a single heat exchanger with a cooling tower or multiple
heat exchangers. The precooler is responsible for rejecting heat from the Brayton cycle to the
ambient environment. It is situated between the outlet of the recuperator and the compressor

inlet, as shown in Figure 1 from Chapter 1.

Heat Additio

Temperature

6

Heat Rejection

Entropy

Figure 3: T-s diagram for the simple Brayton cycle in Figure 1. The state points in Figure 1 correspond to
the states in the T-s diagram. Image from Seidel (2010) (Revised)

Within the precooler, the carbon dioxide has the potential to transition through the
pseudocritical temperature, from gas-like to liquid-like state. Figure 3 shows the state points
for the entire Brayton cycle corresponding to the numbered locations on Figure 1 from
Chapter 1. State point 6 is the precooler inlet and state point 1 is the outlet. The exiting state
of carbon dioxide allows the compressor to operate with a very dense fluid inlet; thereby,

reducing the compressor work input.



2.1 Model Development

Due to the potential to transition through the pseudocritical point, the carbon dioxide can
experience major property variations within the precooler. These property variations call into
question the applicability of using the e-NTU method to directly analyze the entire heat
exchanger. A simple but accurate alternative is to divide the heat exchanger into small “sub-
heat exchangers”, found in section 8.6.3 (Nellis & Klein, 2009). The size of each sub-heat
exchanger is chosen to limit the property variations so that the e-NTU method becomes valid
within each sub-heat exchanger. The required sub-heat exchanger size is found by plotting a
significant output parameter, like outlet CO, temperature, as a function of the number of sub-
heat exchangers used in the analysis. The plot will asymptotically approach a constant value,

establishing the number of sub-heat exchangers needed to obtain an accurate result.
2.1.1 Parallel-plate, counter-flow configurations

The geometry of the precooler analyzed in this section is a parallel plate arranged in a
counter flow configuration. Carbon dioxide flows through one side of the heat exchanger and
the other uses either water or air. The required heat exchanger capacity is achieved by
arranging alternating channels of carbon dioxide and air/water in a stacked configuration.
Fins are added within each channel to provide mechanical support needed to accommodate
the high carbon dioxide working pressure and also to increase the heat exchanger surface

area. Figure 4 and Figure 5 illustrate the geometry of the heat exchanger.
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Figure 5: Diagram illustrates an elevation of the heat exchanger including the fins

The first step in the precooler heat exchanger model development is to specify the required
inputs and parameters to implement the sub-heat exchanger model. The parameters include
the width, length, height, fluid channel thickness (thu, thc), thickness of the plates (th,) and
fins (thy), distance between fins (Ws), and the number of sub-heat exchangers (N), while the
inputs include inlet pressures and temperatures, fluid mass flow rates, fluid/material

specifications and properties. Refer to Figure 6 for a detailed schematic of the flow channels.
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Figure 6: Zoomed in view from Figure 5 (red dashed rectangle) to illustrate dimensions

The inputs and parameters for the model are:

"Inputs"
P_H_in=8[MPa]*convert(MPa,Pa)
P_C_in=1[atm]*convert(atm,Pa)
T_H_in=ConvertTemp(C,K,60[C])
T_C_in= ConvertTemp(C,K,15[C])
m_dot_H=80[kg/s]
m_dot_C=300[kg/s]
Metal$="Titanium'
H$="CarbonDioxide'

C$='Water'

“Parameters”

W=1[m]

H=1[m]
th_p=2[mm]*convert(mm,m)
th_f=2[mm]*convert(mm,m)
th_H=10[mm]*convert(mm,m)
th_C=10[mm]*convert(mm,m)
W_f=10[mm]*convert(mm,m)
N=10[-]

The number of fins (Nsins) and channel pairs (Nc,) are calculated using equations 2.1 and 2.2:
W = VVf(NfinS + 1) + tthfiTlS + Zthf

H = Np[2th, + the + thy| + th,

The total number of channels is obtained by:

Niot = Nch(Nfins +1)

"Pressure at inlet, hot side"
"Pressure at inlet, cold side"
"Temperature at inlet, hot side"
"Temperature at inlet, cold side"
"Mass flow rate, hot side"
"Mass flow rate, cold side"

"HX metal material"

"Hot side fluid"

"Cold side fluid"

"Width of HX"

"Height of HX"

"Plate thickness"

"Fin thickness"

"Channel height, hot side"
"Channel height, cold side"
"Distance between fins"
"Number of sub-HX"

2.1

2.3



W=(W_f*(N_fins+1))+(th_f*N_fins)+(2*th_f) "Calculate # of fins"
H=(((2*th_p)+th_C+th_H)*N_ch)+th_p "Calculate # of channel pairs"
N_tot=N_ch*(N_fins+1) "Total number of channels"

First, the overall heat transfer rate is found by assuming a hot-side (i.e. carbon dioxide side)
outlet temperature,

T_H_out=ConvertTemp(C,K,40[C]) "Assumed outlet hot temperature"

where the heat transfer rate is calculated as follows:
Q = mH (iH,in - iH,out) 2.4
The specific enthalpies are found using internal property data in EES:

"Hot side analysis"

i_H_in=Enthalpy(H$,T=T_H_in,P=P_H_in) "Enthalpy at inlet, hot side"
i_H_out=Enthalpy(H$,T=T_H_out,P=P_H_out) "Enthalpy at outlet, hot side"
g_dot=m_dot_H*(i_H_in-i_H_out) "Total heat transfer rate"

The inlet temperature and pressure are specified in the inputs, the outlet temperature was
assigned a guess value, and the outlet pressure is calculated after finding the pressure drop
using the local pressure gradient and differential length of each sub-heat exchanger. This will

be discussed in more detail later in this section.

DELTAPC=-SUM((DELTAX[i]*dPCdx][i]), i=1,N) "Pressure drop on cold-side"
DELTAPH=-SUM((DELTAX[iJ*dPHdXx]i]), i=1,N) "Pressure drop on hot-side"
P _H out=P_H_in-DELTAPH "Pressure at outlet, hot side"
P_C out=P_C _in-DELTAPC "Pressure at outlet, cold side"

The outlet specific enthalpy of the cold-side (air or water) is computed from an energy
balance on the cold-side of the heat exchanger:
] =licip+— 2.5
lC,out lC,m + mC
The inlet specific enthalpy is computed using EES based on the inlet pressure and

temperature. The cold-side outlet temperature is obtained using EES, evaluated with outlet

pressure and specific enthalpy:



"Cold side analysis"

i_C_in=Enthalpy(C$,T=T_C_in,P=P_C_in) "Enthalpy at inlet, cold side"
i_C out=i_C_in+(g_dot/m_dot_C) "Enthalpy at outlet, cold side"
T_C_out=Temperature(C$,h=i_C_out,P=P_C_out) "Temperature at outlet, cold side"

The inlet temperature and pressure are specified in the inputs and the outlet pressure is

calculated as indicated above.

2.1.2 Discretization into sub-heat exchangers

The total heat transfer rate increases along the length of the heat exchanger (including more
sub-heat exchangers), moving from left-to-right shown in Figure 7 below. It is assumed that
each sub-heat exchanger experiences the same rate of heat transfer.

Qi=<%>i fori=1..N 26
This variable is used to track the heat transfer rate throughout the length of the heat
exchanger.
HX 1 HX 2 HX N
Ty Tgps Ths Ten Tepon
Wiy ——» __/\/\/ /\/\/__ e —_— __ S
lg N lq N i s lq N

1 (o] .2 .3 1 N I ChFrl
.. __/\/\/ /\/\/-—  — = -+

Figure 7: Sub-heat exchanger model with a counter-flow configuration (Nellis & Klein, 2009)

"Sub heat exchanger analysis(Left to right)"
duplicate i=1,N

g_dot[i]=i*g_dot/N "Total heat transfer rate(sub)"
end

The temperatures of the fluids at node 1, for the hot-side and cold-side, are the hot inlet and
cold outlet fluid temperatures, respectively. The specific enthalpies of these fluids have been

calculated.

"Temperature distribution"

T _H[1]=T_H_in "Inlet temperature, hot side"
T _C[1]=T_C_out "Outlet temperature, cold side"
i H[1]=i_H_in "Inlet enthalpy, hot side"

i_C[1]=i_C_out "Outlet enthalpy, cold side"
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Doing an energy balance on the hot-side for each sub-heat exchanger leads to:

igi = lgi-1 — % fori=2..(N+1) 2.7
H

which provides the outlet specific enthalpies for each sub-heat exchanger. The temperatures
leaving each of the sub-heat exchangers are obtained using EES based on the specific

enthalpies and pressures leaving each sub-heat exchanger:

"Hot side analysis"
duplicate i=2,(N+1)
i_H[i]=i_H[i-1]-q_dot/(N*m_dot_H) "Energy balance on hot side of each sub-HX"
T_H[i]=Temperature(H$,h=i_HIi],P=P_H_in[i]) "Temperature leaving hot side of each sub-HX"
end

The inlet pressures for each sub-heat exchanger are found later in the program, with the

differential length of each sub-heat exchanger and the local pressure gradient.

"Inlet pressure for each sub HX"

P_H_in[1]=P_H_in

P_C in[1]=P_C in

duplicate i=1,N
P_H_in[i+1]=P_H_in[i]+(DELTAX[i]*dPHdX[i])
P_C_in[i+1]=P_C_in[i]+(DELTAX[i]*dPCdx[i])

end

An energy balance on the cold-side for each sub-heat exchanger determines the specific
enthalpies leaving each sub-heat exchanger:

o Q .
lei = lei-1 — N—mc fOTl =2.. (N + 1) 2.8

The temperatures are obtained based on the specific enthalpies and pressures leaving each

sub-heat exchanger:

"Cold side analysis"
duplicate i=2,(N+1)
i_CJi]=i_CJ[i-1]-g_dot/(N*m_dot_C) "Energy balance on cold side of each sub-HX"
T_Cli]=Temperature(C$,h=i_CJi],P=P_C_in[i]) "Temperature leaving cold side of each sub-HX"
End

The ¢e-NTU method is applied to each of the sub-heat exchangers. To start, the hot and cold
side capacitance rates are found for each of the sub-heat exchangers:
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- (I — lgit1)
CH,i =

=my————=—fori=1..N 2.9
M (Tui — Trisr) 4

(ici — lci+1)
f

=m,————— fori=1..N 2.10
' “(Tei — Teirn)

The capacitance rates, calculated above, are based on average specific heat capacity defined

as the ratio of the difference in enthalpies over the difference in temperatures.

"Effectiveness-NTU Method"

duplicate i=1,N
C_dot_HJi]=m_dot_H*((i_HI[i]-i_H[i+1])/(T_HIi]-T_H[i+1]) "Capacitance rate, hot side"
C_dot_CJi]=m_dot_C*((i_C[i]-i_C[i+1]D/(T_CIJi]-T_CIJi+1])) "Capacitance rate, cold side"
end

The effectiveness of each sub-heat exchanger is computed:

Conini = MIN(C¢ i, Cyy) fori=1..N 211

Q
NCpini(Tyi — T iv1)

& = fori=1..N 212

The number of transfer units is found using the counter-flow heat exchanger function in EES.

The conductance for each sub-heat exchanger is computed based on the number of transfer

units:
UA; = NTU;Cppin, fori=1..N 213
duplicate i=1,N
C_dot_min[i]=MIN(C_dot_C]i],C_dot_Hi[i]) "Minimum capacitance rate"
Epsilon(i]=g_dot/(N*C_dot_min[i]*(T_HI[i]-T_CIJi+1])) "Effectiveness for each sub-HX"
NTU[i]=HX(‘counterflow', Epsilon[i], C_dot_CJi], C_dot_H]Ji], 'NTU") "NTU for each sub-HX"
UA[i]=NTU[i]*C_dot_min[i] "Conductance of each sub-HX"
end

Flow characteristics for each channel are found by obtaining the cross sectional area,

perimeter, and the hydraulic diameter:

Ac = HenannetWenannet 2.14
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per = 2(Hchannel + Wenannet) 2.15

The hydraulic diameter is defined as:

D 4A.
h= per 2.16

"Flow Properties"
A c H=th H*W f "Cross sectional area, hot-side"
per_H=2*(th_H+W _f) "Perimeter, hot-side"
A _c_C=th_C*W_f "Cross sectional area, cold-side"
per_C=2*(th_C+W_f) "Perimeter, cold-side"
D_h_H=(4*A_c_H)/per_H "Hydraulic diameter, hot-side"
D_h_C=(4*A _c C)/per_C "Hydraulic diameter, cold-side"

The channel width, W, is the distance between the fins and is constrained to be the same on
both hot and cold sides, simplifying the resistance network. The channel heights, thy and thc,

are the hot and cold channel heights, respectively. Figure 6 illustrates these dimensions.

The properties of the cold and hot-side fluids within the heat exchanger are evaluated within
each sub-heat exchanger using the average of the inlet temperature, Ty[1] and T¢[N+1], and
the temperature at the outlet of each sub-heat exchanger. Dashed lines in Figure 8 represent

the center temperature. The inlet pressure of each sub-heat exchanger is used.

N=6 = #of Sub-HX

1 2 3 4 5 b
| | | Tul4] . T|j[5] : :

T_H[1] I I I Torop.H4 I I T_H[N+1]
— I I I o I I A
| | | 1> | |
I 1 I I I 1
| 1 | ! | 1
T_C[1] ! ! ! Toron.c.4 ! ! T_C[N+1]
I | I —T> I |
I | I I I |

¢ . Tcl4] Tel8]
_AX—) X (Position)
X[1] X[N+1]

Figure 8: Schematic of the sub-heat exchanger model showing where the properties are evaluated for the
cold and hot-side fluids. Example is shown for finding property temperature for sub-HX #4



13

Equations 2.17 and 2.18 show the temperatures used to find the density, specific heat,

viscosity, conductivity, and Prandtl number for each sub-heat exchanger and each fluid:

T ;=
prop,H,i 2
_ Tei+Teiva
Tprop,C,i - )

Tyi+ Thiv1

fori=1..

N

fori=1.. 217

N 2.18

Refer to Figure 8 for an example of calculating bulk temperature for sub-heat exchanger # 4.

duplicate i=1,N
T _prop_HI[i]= (T_HJi]+T_H[i+1])/2
T_prop_Cli]=(T_C[i]+T_C[i+1])/2

end

duplicate i=1,N
rho_H[i]=Density(H$,T=T_prop_H][i],P=P_H_in[i])
rho_Cli]=Density(C$,T=T_prop_CJi],P=P_C_in[i])
cp_Hli]=cp(H$,T=T_prop_H][i],P=P_H_in[i])
cp_ClJi]=cp(C$,T=T_prop_CJi],P=P_C_in[i])
mu_H[i]=Viscosity(H$, T=T_prop_HIi],P=P_H_in[i])
mu_Cli]=Viscosity(C$,T=T_prop_C]Ji],P=P_C_in[i])
k_HIi]=Conductivity(H$,T=T_prop_H[i],P=P_H_in[i])
k_CJi]=Conductivity(C$,T=T_prop_C]i],P=P_C inlJi])
Pr_H[i]=Prandti(H$,T=T_prop_Hi[i],P=P_H_in[i])
Pr_ClJi]=Prandtl(C$,T=T_prop_CIi],P=P_C_in[i])

end

"Temperature for properties, hot-side"
"Temperature for properties, cold side"

"Density, hot-side"
"Density, cold-side"
"Specific heat, hot-side"
"Specific heat, cold-side"
"Viscosity, hot-side"
"Viscosity, cold-side"
"Conductivity, hot-side"
"Conductivity, cold-side"
"Prandtl #, hot-side"
"Prandtl #, cold-side"

The velocity and Reynolds number for each channel and sub-heat exchanger can now be

evaluated:
Uy = L fori=1..N
L NtotpH,iAc,H 2.19
dp ;= — i fori=1..N
ot NtotpC,iAc,C 2.20
Uy ;D
Rey; = Pt T fori=1..N 291

Mh i
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Pc,ilc,iDn,c

Rec; =——— fori=1..N 299
He,i '
duplicate i=1,N
u_HJil=m_dot_H/(N_tot*rho_HIi]*A_c_H) "Mean velocity, hot-side"
u_CJi]=m_dot_C/(N_tot*rho_CJi]*A_c_C) "Mean velocity, cold-side"
Re_HIJil=(rho_HIi]*D_h_H*u_HIJi])/mu_H]Ji] "Reynold's number, hot-side"
Re_CJil=(rho_C[iI*D_h_C*u_CIi])/mu_CIi] "Reynold's number, cold-side"
end

The local Nusselt number and friction factor are found using the DuctFlow_N_local procedure
in EES, which uses the Gnielinski turbulent flow correlation:

duplicate i=1,N
"Finding Nusselt number and friction factor"
call

DuctFlow_N_local(Re_HIJi],Pr_H][i],99999,th H/W_f,0:Nusselt T x_ HJi],Nusselt H x_HIi],f_x_HIi])
call DuctFlow_N_local(Re_CJi],Pr_CJi],99999,th_C/W_f,0: Nusselt_T_x_CJi], Nusselt H_x_CJi],&
f x _C[i])

end

The value for x/D is set to a very high number when determining the heat transfer coefficient
in order to simulate fully developed flow within each section. The relative roughness is set to
zero, which assumes that the channel surface is smooth. The procedure generates two values
for the Nusselt number, assuming constant wall temperature or constant heat flux. When flow
is turbulent, both values of Nusselt number are equal and because both flows are turbulent,

there is no need to distinguish which one to use.

The local heat transfer coefficient and pressure drop can be found using Equations 2.23
through 2.26:

hyy,i Dp.

N == 2.23
he,iDp,c

Nuci == 2.24

where k¢, ki and he i, hy are the conductivities and heat transfer coefficients of the cold

and hot fluids, respectively.
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2[ ] O 2.25
fH’ lequ .

dP
2 [a]c,i Dnc 2 2%
fC,i = 2 '
Pc,ilUc,i

where fy;, fciand dP/dxy; dP/dxc; are the friction factor and local pressure gradient for the
hot and cold fluids, respectively.

duplicate i=1,N

"Finding heat transfer coefficient"
Nusselt_H_x_HJi]=(h_HI[i]*D_h_H)/k_H[i]
Nusselt_H x_CJi]=(h_CJi]*D_h_C)/k_CIi]

"Finding pressure drop"
f_x_H[i]=(-dPHdx][i]*2*D_h_H)/(rho_H][i]*u_H]Ji]*2)
f_x_ClJi]=(-dPCdx[i]*2*D_h_C)/(rho_CIiJ*u_CJ[i]*2)

end

Next the differential length associated with each segment that is required to achieve the
conductance associated with that sub-heat exchanger is computed. By summing the

differential lengths, the value for the overall length of the heat exchanger is computed.

The unit cell and resistance network are shown in Figure 9.

_______ Unit Cell Hot Side Channel
Thickness

Fin Thickness

h
y

i Hot I::"‘fin.H Rconv.H

<
Plate Thickness |} - Channel Width

Rn::Dnd

Ry
in,C R
Cold Side Channel conv,C

Thickness

Figure 9: Diagram on left shows the unit cell of the heat exchanger including the fins, refer to Figure 4
and Figure 5. Diagram on the right shows the resistance network that can be repeated for the whole heat
exchanger.
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The resistances associated with the heat exchanger are evaluated as follows:

1

Rconv,H,i = W fOT' i=1..N 2 97

Rconv,C,i = hC,LA—XLVVf fOT'i =1..N 208

th
Roprigi = p ori=1..N
RfinHi= fOT'lle
A th
21y ik (TH) AX; 230
R ! fori=1..N
finCi = 7 ori=1..
2n¢,ihc,i <TC) AX; 231

where 4X is the length of each sub-heat exchanger (refer to Figure 8), W is the channel
width, th is the thickness of the fins, k,, is the conductivity of the metal, n, and n are the

fin efficiencies for the hot and cold-side, respectively, and thy and th. represent the hot and

cold-side channel thickness, respectively. Refer to Figure 6 for a schematic and terminology.

The fin efficiencies are calculated using the solution for a constant cross-sectional area fin

with an adiabatic tip. The length of the fin is taken to be half of the channel thickness due to
symmetry. The conductivity of the plate is evaluated at the average of the hot and cold fluid
temperatures, at various positions in the heat exchanger. The function eta_fin_straight_rect in

EES is used for this calculation.

duplicate i=1,N

eta_fin_H[i]=eta_fin_straight_rect(th_f,th_H/2,h_H[i],k_p[i])  "Fin efficiency, hot-side"
eta_fin_Cli]=eta_fin_straight_rect(th_f,th_C/2,h_CJ[i],k_p[i])  "Fin efficiency, cold-side"
k_plil=k_(Metal$, (T_H[i]+T_CI[i)/2) "Metal conductivity at average
temperature"

end
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The total resistance is evaluated according to:

1 1
Rtotal,l = 1 1 + RCOnd,L + [ 1 N 1 fOT i=1..N 232
Rconv,H,i Rfin,H,i Rconv,C,i Rfin,C,i
duplicate i=1,N
"Length of each sub-HX"
R_conv_HI[il=1/(h_HI[i]*DELTAX[i]*W_f) "Convection resistance, hot-side"
R_conv_CJi]l=1/(h_CJi[*DELTAX[i]*W_f) "Convection resistance, cold-side"
R_cond[i]=th_p/(k_p[iI*DELTAX[i]*(W_f+th_f)) "Conduction resistance"

R_fin_H[i]=1/(eta_fin_H[i]*h_H[i]*(th_H/2)*DELTAX[i]*2)  "Fin resistance, hot-side"
R_fin_Cl[i]=1/(eta_fin_CJ[i]*h_C[i]*(th_C/2)*DELTAX[i]*2)  "Fin resistance, cold-side"
"Total thermal resistance"
R_total[i]=(2/((1/R_conv_H][i])+(1/R_fin_HI[i])))+R_cond[i]+(1/((1/R_conv_C[i])+(2/R_fin_CI[i])))
end

The total conductance is:

_ 2Ny

UA; 2.33

Rtotal,i

Note that the total conductance is multiplied by two because the unit cell (Figure 9) includes
half of a channel pair and multiplied by the total number of channels, so that it represents the

entire heat exchanger.

duplicate i=1,N
UA[i]=(2*N_tot)/R _totalli] "Total conductance"
end

The length is found by adding up the differential lengths of the sub-heat exchangers:

X[1]=0[m] "Starting position of 1st sub-HX"
duplicate i=1,N

X[i+1]=x[i]+DELTAX]i] "Length of the HX"

end

The last step, is to comment out the assumed outlet temperature,

{T_H_outlet=40[C] "Assumed outlet hot temperature”

and replace it with an equation that equates the specified overall heat exchanger length with
the length calculated by summing up the differential lengths of each sub-heat exchanger. The
model can now calculate the hot outlet temperature, if an overall length of the heat exchanger



is specified. This is most simply done with an error function and minimizing the error to

Zero.
1] - L
oy = A~ L] 534
L
err=0 2.35

err=abs(x[N+1]-L)/L
err=0

"To get length of HX"
"Error, to make sure lengths are equal”

2.2 Graphical user interface (GUI)

A graphical user interface has been developed to make the design study more efficient and

intuitive. See Figure 10 for a snapshot of the GUI.

Heat Transfer Rate:
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Outputs:

. H T Mode: - .
dw : MW] Sld e Vlew m Pressure Drop:
APC = 5527 [Pa]
. — B Calculate
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. _ € Cdl
r'\'*e‘ght”— ml [Titanium B Temp Change:
H=N;(2Thp +The +Thy)
Hot Side: aTC=7.97(C]
Cold side: i ATH = 25,57 [C]
Fluid: Fluid:
uid: s Outlet Temp:
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ot Pi:;surE' { — Inlet Pressure: TZ wi:g: = 2297 [C]
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the chan = [mm]

Channel Thickness:

One Channel Pair
Number of channel pairs:
Nen = 45.36 [-]
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Mass Flow Rate:
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Channel Thickness:

thH chan = [mm]

Rey = 115117 []
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Front View

width = [1] [m]

r
N

N = = Wins =[10] [mm]

——————————
\\— Maximum width between fins=13.54 [mm]

e —— |
oo =[2) ) — e, ~[G50E+ ] el

Number of Fins= 82.17 [-]

Figure 10: Graphical user interface built into EES code to make design study more efficient

The parameters with boxes around the numbers represent inputs to the model, while texts
with no boxes represent outputs. These inputs and outputs can be easily interchanged and
solved simultaneously. There are also three drop down menus that allow for the working

fluids and the material of the plate and fins to be changed.

2.3  Model verification

Now that the model has been developed, it is important to verify some of the major

components of the model. Two major components of the model are the sub-heat exchangers
and the fins (i.e., structural members) can be tested to either verify it is working properly or
confirm the result is correct after imposing it with certain conditions. The following section

will go through this process of model verification.

2.3.1 Sub-heat exchanger model

To confirm that the sub-heat exchanger model was producing internally-consistent results,
the model was compared with a simple counter flow heat exchanger model with constant
properties. In the comparison case, the sub-heat exchanger model uses water for both
channels in order to minimize the effects of property variations. The simple heat exchanger
model was developed using the e-NTU method that only used inlet and outlet conditions. It
was based on Example 8.3-1, page 858 (Nellis & Klein, 2009). This model was then tested
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against the sub-heat exchanger model, both running water through the channels. Each model

had the same properties and inputs which are shown in Table 2.

T s | Pamens |

Hot Fluid=Water
Cold fluid=Water
P_C in=1[atm]
P_H_in=8[MPa]
T_C_in=15[C]
T_H_in=60[C]
m_dot_H=80[kg/s]
m_dot C=300[kg/s]

Width=1[m]
Height=1[m]
th_C=500[mm]
th_H=500[mm]
th_p=2[mm]
Length=1-200[m]
N_ch=1-10[]
N=1-10[-]

Table 2: Inputs and parameters for both simple and sub-heat exchanger models

The two models were tested against one another for different conditions, generating the
results in Table 3 through Table 6.

Property Sub-HX Model Simple Model
P Results Results

T_C_out[K]
T_H_out[K]
UA [W/K]
NTU [-]

Effectiveness [-]

290.4 290.5
324.5 324.4
72836 74208
.2186 2227
1917 .1948

Table 3: Results for: Length=10[m], Number of Channels=10[-], Number of sub-HX’s=1[-]

Sub-HX Model Simple Model

T _C out[K]
T _H_out [K]
UA [W/K]
NTU [-]

Effectiveness [-]

291.3 291.3
321.3 321.2
106157 107135
.3187 3216
.2642 .2662

Table 4: Results for: Length=200[m], Number of Channels=1[-],Number of sub-HX’s=1[-]
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Sub-HX Model Simple Model

T C_out[K] 290.5 290.5
T H out[K] 324.5 324.4
UA [W/K] 73413 74208
NTU [] 2203 2927
Effectiveness [-] .193 .1948

Table 5: Results for: Length=10[m], Number of Channels=10[-],Number of sub-HX’s=10[-]

Property Sub-HX Model Simple Model
P Results Results

T_C out[K] 291.3 2913
T H_out[K] 3912 391.2
UA [W/K] 106433 107135
NTU [-] 3195 3216
Effectiveness [-] .2648 .2662

Table 6: Results for: Length=200[m], Number of Channels=1[-],Number of sub-HX’s=10[-]

With a length of 10 meters and 10 channel pairs, the results are nearly identical. As the
length is increased, the results start to vary slightly. This is most likely due to the larger
temperature change within the heat exchanger. The simple model evaluates all properties at
the inlet and outlet temperatures and pressures, while the sub-heat exchanger model evaluates
all the properties at the bulk temperatures and pressures for each sub-heat exchanger. As the
sub-heat exchanger length increases there is a larger temperature difference and therefore
more variation in properties. This means that the simple model becomes less and less
accurate, but even with the length and channel pair variation, the temperatures are very

consistent.

2.3.2 Fin Model

One issue that the precooler heat exchanger needs to deal with is containing the high
pressures on the carbon dioxide, 8 MPa side. Without adequate structural support, the plates
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used to form the channels of the heat exchanger may break or deflect significantly. To
address this issue, supports (i.e., fins) were added to make the channel structure, as shown in
Figure 5, more rigid. The fins also served to increase the heat transfer surface area. The
addition of these supports changes the resistance network for the heat exchanger. Figure 9

illustrates the unit cell and resistance network.

The fins add convection surface area that will increase the effectiveness of the heat
exchanger in addition to providing support. By setting the conductivity of the metal, fin and
plate, to a very large number, approaching infinity; the fin efficiency goes to the limit of
unity. This causes the plate temperature to become uniform throughout the heat exchanger,
which eliminates the fin and conduction resistances and leaves only convection from the
entire surface area of each channel. The resistance network in this limit includes only
convection from the hot side and convection on the cold side in series. The total resistance is
then:

1 1
R i = + 2.36
ot T b Aemingin | ReiBecingin
Acnjinfin = 2(thy + Wr)L 2.37
Ac,C,infin = 2(the + Wf)L 2.38
UA; = ! 2.39
' Rtotal,i .
Length [m] # Channel Pairs UA test [W/K] UA_model [W/K]
10 10 831039 831039
20 5 301489 301489
40 1 348064 348064

Table 7: Results from fin testing



23

Knowing the total resistance, the total conductance can be calculated as the inverse of the
total resistance. If the heat transfer coefficients are set to constants, the conductance from the
model can be compared to the conductance found using the simple resistance network. The
two conductances should be exactly the same, if they are not, then the model has an error.
The results from this test showed that the two conductances were exactly the same. Refer to

Table 7 for results from the test.

2.4 Performance plots

Now that the model has been developed, a design study using the heat exchanger model can
be prepared. The design study aims to produce optimal or limited geometries that can be later
used in place of performance constraints. This will allow the heat exchanger performance to

be evaluated on a larger scale, to quantify auxiliary power consumption and water use.

This design study will determine optimal or limited geometry constraints that meet
performance requirements while also being as small as possible. The list below illustrates
performance constraints on this particular heat exchanger, the set dimensions and parameters,

and finally the free parameters that are varied in the design study.
Performance constraints:

1. Q_dot: Heat transfer rate - 10 MW (Minimum)

2. DELTAP_H: Pressure drop on hot-side = 40 kPa (Limit)

3. DELTAP_C: Pressure drop on cold-side = 5 kPa (Limit)
The required heating load for the precooler heat exchanger was set to 10 MW, which sets the
overall length of the heat exchanger. The CO, and water side pressure drops were set to 0.5%
and 5% of the inlet pressures, respectively. These performance constraints were used to set

the CO, and water channel heights, accordingly.
Set Parameters:

1. P_H_inlet: Inlet pressure CO2 side= 8 MPa
2. P_C _inlet: Inlet pressure Water side = 1 atm
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3. T_H_inlet: Inlet temperature CO2 side =60 C

4. T_C inlet: Inlet temperature Water side =15 C

5. m_dot_H: Mass flow rate CO2 side = 80 kg/s

6. m_dot_C: Mass flow rate water side = 300 kg/s

7. N: Number of sub-HX’s = 10[-]

8. th_H: Height of hot side channel-> Set by DELTAP_H

9. th_C: Height of cold side channel-> Set by DELTAP_C

10. L: Length of HX-> Set by Heat transfer rate
Set parameters 1-7, listed above, were given values that were thought to represent actual
operating conditions. Set parameters 8-10 are given values predicted by the model for the

given performance constraints.

Free Parameters:

1. W and H: Width and Height of HX =1m
2. th_plate: Thickness of plates = 2 mm
3. th_fin: Thickness of fins =2 mm
4. W_fins: Width between fins =5 mm
After all above constraints were set, there are only four free geometric parameters left to be
studied. The overall width and height of the heat exchanger are set equal at 1 m, making the
frontal heat exchanger area square. The plate and fin thicknesses, which are illustrated in
Figure 6 as thy, and thy, respectively, are set to 2 mm. Lastly, the width between the fins,

illustrated in Figure 6 as Wy, is set at 5 mm.

The free parameters were varied one at a time while tracking multiple variables, with the
most important one being the overall mass of the heat exchanger. Figure 11 through Figure

14 show the results of the study.
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Figure 11: Mass as a function of width and height of heat exchanger

2400

0.85 0.95 1.05 1.15

Width of HX [m]

2200

T

2000

T

=

(0]

o

o
T

1600

1400

1200

1 L 1 L 1 L 1

1.2

15 1.8 2.1 2.4
Thickness of plate [mm)]

Figure 12: Mass as a function of plate thickness
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Figure 13: Mass as a function of fin thickness
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Figure 14: Mass as a function of width between fins

Reviewing the plots, a minimum heat exchanger mass occurs when varying the width/height
of heat exchanger and plate thickness. For the fin thickness, it appears that the smallest

possible thickness, which will certainly be constrained by manufacturability and strength, is

26
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desirable. Varying the width between the fins shows that it would be advantageous to make

the fin-to-fin distance as wide as possible, constrained by strength and deflection limitations.

This initial design study shows that the width between the fins and fin thickness design
parameters can be set to the strength/deflection and manufacturability/strength limit,
respectively. The width/height of heat exchanger and the plate thickness can then be set using

a two degree of freedom optimization.

To obtain reasonable values for the width between the fins and fin thickness, a simple stress
and deflection analysis was done. Figure 15 shows a drawing of the section that will be

analyzed. The direction of flow is into the page.

The plate separating the high pressure CO2 and low pressure water is of concern for
deflection and failure. The pressure difference acting on the plate results in a downward
force, per unit length into the page, on the beam. A beam deflection analysis can be done to
obtain a value for the width between the fins given a value for plate thickness and maximum
deflection from pg. 817 (Juvinall, 2006).

8 MPa

Length (L) => into page
Figure 15: Drawing of stress/deflection section of heat exchanger
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Figure 16: Free body diagram of beam
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Simplifying these equations gives an explicit equation for W

1
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W_s=((32*Delta_max*th_p”3*E_p*L)/(P_H_in-P_C_out))(1/5)

The width between the fins is set to half of the value found through the analysis for a factor

of safety of two.
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To ensure that failure will not occur, the maximum bending stress and maximum shear stress
are found and compared to the yield stress. Maximum shear force occurs on the ends of the
beam where the reactions supporting the downward force occur. The maximum bending
moment also occurs on the ends where the greatest moment arm occurs. Figure 17 illustrates

this. Note the force is not applied directly in the middle span of the beam in the figure.

3. Uniform load
-~ ——— 3]
L — X —
wl? e ¥ YT wi?
12 |\ ) 12
wL: wl wL
2 > 3 2
+
V o
wL?
24 Na _wL -
i /\ :
M O
12 12

Figure 17: Uniform load, fixed ends beam analysis (Image from Juvinall)

Wunin
Vinax = o 2.45
Wunin2
Mmax = 12 2.46
Pure Bending (Juvinall, pg. 123):
_ Mmax
Imax == 2.47
I th
Z==2wh =L
c wnere c ) 2.48
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Traverse Shear (Juvinall, pg. 133):

3 Vmax
Tmax = (E) 1 where A = th, L 249
V_max=(w_uni*W_f)/2 "Shear force"
M_max=(w_uni*W_fr2)/12 "Moment arm"
tau_max=((3/2)*(V_max/(1[m]*th_p)))*convert(Pa,MPa) "Shear stress"
Z=|_pl(th_p/2) "Section modulus"
sigma_max=(M_max/Z)*convert(Pa,MPa) "Normal stress"

When setting the plate thickness to 1 mm and then comparing the values for the bending and
shear stresses with the yield stress of the steel, the values are almost a factor of five from the
yield stress. This means that the plate thickness has a lower bound constrained by the
manufacturability. From this analysis, it can also be determined that the fin thickness has a
lower bound based on the manufacturability as well. The fin thickness does not experience a
pressure difference and therefore does not have a net force acting on it. As a result, it does
not need the strength that the horizontal plate needs. Therefore, to set the fin thickness a

value of 1[mm] was selected based on manufacturability.

Once the fin thickness and width between the fins have been set, the plate thickness and
width/height of the heat exchanger must be obtained using a two degree of freedom
optimization that minimizes mass. The results of the optimization are shown below in Figure
18.
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Figure 18: Two degree of freedom optimization minimizing mass of HX
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With the results of the optimization, the width/height and plate thickness minimize the mass

at approximately 0.9 m and 1.2 mm. This means that the size of the heat exchanger is 1.0 m

by 1.0 m by 0.5 m and the mass is around 300 kg or 660 Ibs for a heat exchanger that

provides 1000 kW of cooling.
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3 COOLING TOWER

Cooling towers have been proven to provide cost-effective cooling for a wide range of
processes. The issue with water cooling is the consumption of water that occurs during the
cooling process. Not only is water expensive but it is also a scarce resource especially in
desert/arid regions where solar generation plants are strategically placed. During operation of
a cooling tower, the process water (i.e. used in cooling working fluid) flows over the heat
transfer surface (i.e. fill) of the cooling tower, which can vary depending on type of cooling
tower. Air is introduced into the tower, which evaporates a fraction of this process water to
cool the remaining water down to the required temperature or to satisfy a required load
(Baltimore Aircoil Company, 2011). The two configurations that are typically used in
cooling towers are cross-flow and counter-flow. Schematics of the fill surfaces for each
configuration are shown in Figure 19 and Figure 20.

Water Down

Air Across e

Figure 20: Schematic of a cross-flow fill for a cooling tower

In the counter-flow configuration, the water flows vertically down the fill as the air flows

vertically up. In the cross-flow configuration, the water flows vertically down the fill as the



air flows horizontally across. Towers with cross-flow fills typically have lower pumping
head, lower noise, and allow for easier maintenance when compared to the counter-flow

configuration (Baltimore Aircoil Company, 2011). Counter-flow configurations are used
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when icing and space requirements are major concerns. In the case for the Brayton cycle, the

cross-flow configuration seems to fit the requirements better than the counter-flow

configuration.

Most cooling tower fans are either centrifugal or axial fans. Axial fans typically require about

half the amount of fan power required by the load when compared to a similarly sized

centrifugal fan (Baltimore Aircoil Company, 2011). However, centrifugal fans can be placed

in more robust ambient conditions (e.g. high static pressures, outdoor installations). Being
that the cooling tower would be located in a desert area, the power savings are more of a
concern than overcoming tough ambient conditions, so axial fans were selected for the

following analysis.

There are two ways to push the air through the towers, either induced or forced draft. Forced

draft is the most typical way due the equipment being located at the base of the towers for
ease of access and maintenance. Induced draft equipment is located at the top of the tower,
providing reduced noise and protection from icing in sub-freezing conditions (Baltimore
Aircoil Company, 2011). A forced draft tower was selected to be modeled in the following

section.

3.1 Model development

Knowing the type of cooling tower and major components, developing the model of
representing the performance of a cooling tower is the next step. The model represented in
the following section uses the enthalpy-effectiveness method and actual cooling tower

performance data from the Baltimore Aircoil Company.



3.1.1 Enthalpy-effectiveness method

The cooling tower model uses the enthalpy-effectiveness approach proposed by Braun et al.

(1989). The model utilizes the mass/energy transfer effectiveness’s to determine the tower

effectiveness and makeup water mass flow rate.

Energy transfer effectiveness:

Mass transfer effectiveness:

Makeup water mass flow rate:

Muw = ma(wa,o - (‘)a,o)

Energy balance:

mwhw,i + mmuwhmuw + maha,i = mwhw,o + ma,oha,o

Heat transfer rate:

Qct = mw(hw,i - hw,o)

Effectiveness/ NTU relationship, based on the dry counter-flow heat exchanger relationship:

1—exp(=NTU(1 — m"))

Ect =

Where,

1 —m*exp (—NTU(1 — m*))

3.1

3.2

3.3

3.4

3.5

3.6

3.7
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The effective specific heat capacity is defined as:

hs,w,i - hs,w,o 3.8

C. =
g Tw,i - Tw,o

hsw; and hg,, , are the saturated air enthalpies evaluated at the inlet and outlet water
temperatures.

Applying equations 3.1 through 3.8, allows for the calculation of cooling tower effectiveness
and makeup water mass flow rate given five inputs such as inlet and outlet water

temperatures, inlet wet bulb temperature, water flow rate, and air flow rate.
3.1.2 Manufacturers data (BAC)

In addition to the enthalpy-effectiveness method, actual performance data from a cooling
tower is used to establish a relationship between variables within the model. The Baltimore
Aircoil Company has a cooling tower selection program that provides performance and
technical data for their entire selection of cooling towers (Baltimore Aircoil Company, 2011).
All data is certified by the Cooling Technology Institute (CTI). CTI guarantees thata CTI
certified model “will perform thermally in accordance with the Manufacturer’s published
ratings” (Cooling Technology Institute, 2012). By selecting a model and inputting design
conditions, performance capability and performance curves can be generated. The program
also provides tower dimensions, weight, motor horsepower, and pumping head. BAC has six
model lines that can provide varying loads as well as different configurations and

components. The six different lines can be seen in Figure 21 and Figure 22.



Counterflow, Counterflow, Crossflow, &
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* Suitable for sound sensitive requirements Easy motor access <
applications Indoor applications High efficiency, low E
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replacement of fan or fan BALTIGUARD™ Fan System No sheaves to align and no >
shaft Suitable for sound sensitive belts to install e |
* Easy maintenance with applications Long service life %
motors and drives located Single piece shipping and Easy maintenance m
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stream

Figure 21: Three lines of cooling tower models that use force draft
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Figure 22: Three lines of cooling towers that use induced draft
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Knowing that the cooling tower should have an axial fan, cross-flow configuration, and use

forced draft; series 3000 was selected from the BAC line of towers. The series 3000 line was
selected because of the large capacity some of the larger towers can handle. The
recompression cycle, which has one of the largest heat load requirements of the three design
points discussed in Chapter 1, needs 8.87 MW of cooling. For a cooling tower, a nominal ton

is defined as:
BTU
1 Nominal Ton = 15,0007 3.9
The largest capacity in the 3000 series lines has the capacity of 1,350 nominal tons, which is
20,250,000 BTU/hr or 5.94 MW. This means that if all water cooling is done, two cooling

towers will be required to handle the cooling load for a recompression design point. With this
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in mind, model 31301C, which had the listed 1350 nominal ton capacity, was used to provide

a performance relationship which can be used in the enthalpy-effectiveness method.

Knowing the model, the tower selection program provided the nominal fan motor power,
nominal air flow rate, and required pumping head for the water, which are 100 HP, 302,580
CFM, and 9 psi, respectively. The nominal fan power and flow rate are based on standard
conditions of 78 F wet bulb, 95/85 F inlet and outlet water temperatures, and 3 GPM/ton of
cooling. It also provided the size, weight and approximate purchase price of one unit. Table 8
and Figure 23 summarize the dimensions and weights of the cooling tower. The unit
purchase price of model 31301C is quoted at approximately $98,000 (Baltimore Aircoil
Company, 2011).

Weghtslhsl | Dimonsos |

47,680 23,450 13,230 14’-0” 24’-1” 22'-9” 20’-10”
Table 8: Summary of weights and dimensions of model 31301C (refer to Figure 23)

Access Door

Both Ends—\

H Y A

- w > E—ale—— L — 5

End Elevation
Side Elevation: Single Cell Unit

Figure 23: Schematic of cooling tower with labeled dimensions

The cooling tower selection program provides the rest of the required information to obtain a
part load performance relationship. The program allows a user to specify design conditions

for a specific model and, in turn, will produce the maximum capability of the tower. It also
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gives the user the option to vary the fan speed by simulating a variable frequency drive
(VFD) controller. A VFD controller allows for the control of motor speed and torque by
varying the motor input frequency and voltage (Campbell, 1987). With the option of varying
the fan speed, the tower’s performance can be tested at multiple part-load situations. The first
fan law states that the fan speed is proportional to the air flow rate (e.g., reducing the fan
speed by 10% means the air flow rate is reduced by 10%) (U.S. EPA, 2010). Knowing the
flow rate at 100% of the maximum fan speed, (i.e., 302,580 CFM) allows for calculation of

part-load air flow rates by knowing the percentage of the max fan speed.

The model was tested at various wet bulb temperatures, inlet and outlet water temperatures,
and fan speeds (i.e., air flow rate) with the cooling tower selection program. The program
provided the maximum water flow rate the tower could handle at those specific operating
conditions. These data points were then supplied to the enthalpy-effectiveness model to give
makeup water, cooling tower effectiveness, and number of transfer units (NTU). The NTU
value and air flow rate provide the calculation of the total conductance (UA) with the
definition of UA:

UACoolingTower = NTU * Cair 3.10

where C,;, is the capacitance rate, defined as:

Cair = Cpair * Mgir 3.11

Mass flow rate and volumetric flow rate are related by the density of the air. Seeing this

relationship, the UA value was plotted as a function of the air flow rate, shown in Figure 24.
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Figure 24: Total cooling tower conductance as a function of air volumetric flow rate

Figure 24 shows that the UA has a linear relationship to air flow, as it should, but is also a
function of NTU which is dependent on water mass flow rate and inlet and outlet water
temperatures. Multiple linear regressions were done with UA as the dependent variable and
various independent variables. Air flow rate was the primary independent variable, but water
flow rate and inlet and outlet water temperatures were also tested as independent variables. A
linear relationship between UA and air flow rate was judged to be sufficient for this study. It
was found that the other variables did not significantly improve the accuracy of predicting
UA. Figure 25 shows the result of the linear regression with the relationship equation used to

predict the UA value shown in equation 3.12.

w W s .
UA = 13887.5 [E] + 2733.28 [K_m3] * Viyir 3.12
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Figure 25: Predicted total conductance as a function of actual conductance

The model now predicts the performance of the specific model (i.e. 31301C) given various
operating conditions. The last thing required for the model to output, that has not yet been
implemented, is calculating the part load fan power required at specific operating conditions.
Braun provides an equation for part load fan power as a function of the actual and nominal

flow rates and nominal fan power (Braun, 1989):

Pfan = VBPfan,nominal 3.13

Where,
V..
y=—-— air 3.14

Vair,nominal

As stated previously in this section, the nominal fan power and air flow rate for this model is
100 HP and 302,580 CFM, respectively.



42

3.2 Model verification

Verification was first conducted to confirm the enthalpy-effectiveness method was correctly
predicting cooling tower performance. Braun provides two plots that show how the model
should be performing given inputs of NTU, water to air mass flow rate ratios, wet bulb, dry
bulb, and inlet water temperatures. The results of this verification are shown in Figure 26 and
Figure 27 that show the air heat transfer effectiveness and water temperature effectiveness as
a function of NTU at various mass flow rate ratios. Data points have been extrapolated from
plots in Braun’s thesis with the tower model overlaid on the extrapolated points. The plots

verify that the tower performs exactly to Braun’s model, as it should.

1
My / My = 2
| /l
— L /l
cl 0.8 _ / /
~ / = m,/ r:na =1
) L
< ; _/ ™ /Ma=05
|o I /./"I
) 04 /./-
lam i ]
E 0.2| = Braun (1989)
g’_ - Tower Model
0] I
0 L L L L L
0 1 2 3 4 5

Number of Transfer Units (NTU) [-]

Figure 26: Air heat transfer effectiveness as a function of NTU at various mass flow rate ratios.
Comparing results from developed cooling tower model to results from a thesis written by Braun (1989).
(Dry Bulb, Wet Bulb, and Water Inlet Temperatures of 70 F, 60 F and 90 F)
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Figure 27: Water temperature effectiveness as a function of NTU at various mass flow rate ratios.
Comparing results from developed cooling tower model to model results from a thesis written by Braun
(1989). (Dry Bulb, Wet Bulb, and Water Inlet Temperatures of 70 F, 60 F and 90 F)

The final test is to verify that the predicted model performance is consistent with the actual

performance provided by BAC.

Figure 28 shows outlet water temperature as a function of the wet bulb temperature at various
fan powers, water flow rates, and water temperature ranges for both the tower model and
BAC data. It shows that the model is very consistent with what BAC provides as the tower’s

performance.
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Figure 28: Outlet water temperature from cooling tower as a function of the wet bulb temperature for
various fan power, water flow rates, and cooling tower range. Lines represent the model, Dots represent

actual cooling tower performance data.

Figure 29 shows the fan power as a function of wet bulb temperature for two water
temperature ranges. The model provides results that are consistent with the BAC
performance data for that cooling tower.
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Figure 29: Cooling tower fan power as a function of wet bulb temperature for two different ranges. The

lines are the model results and dots are actual cooling tower performance data.

The cooling tower model can now be confidently used for further analysis on the cooling

process for supercritical carbon dioxide Brayton cycles.
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4 INDIRECT AIR COOLER

The precooler is a counter-flow heat exchanger that can reject heat from the CO, cycle to a
closed water loop. Heat from the water loop is rejected to the ambient air through a cross-
flow heat exchanger. The schematic of this setup, including a possible set of inlet and outlet
temperatures, is shown in Figure 30. The CO,-to-water compact heat exchanger model was
previously discussed in Chapter 2. Therefore, it was necessary to develop the cross-flow heat

exchanger model and couple the two models using a closed water loop.

Parallel Plate, Stacke d Counter-Flow

Carbon Dioxide Carbon Dioxide
T, outiet = 42 [C] TH,intet = 50 [C]
Precooler (COz to Water)
Water " Water
Teiniet = #5 [C] Te outiet = 50:03 [C]
TCF outiet = 47.44 [C]
A|ir
Cross Flow
Water Secondary (Water To Air) Water
Twr outiet = 45 [C] TWF iniet = 50.02 [C]
I Air I
Terinet = 42 [C

Figure 30: Precooler setup showing counter-flow and cross-flow heat exchangers

Due to the absence of major property variations within the heat exchanger, the water-to-air
heat exchanger model is slightly less complicated than the precooler heat exchanger. The

properties of water and air vary only slightly over the range of temperatures and pressures
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being considered. Therefore, the e-NTU method can be directly used to model the water-to-

air cross-flow heat exchanger.

4.1 Model development

For cross-flow heat exchangers, the air-side resistance typically dominates the heat
exchanger performance. For this reason, it is important to accurately calculate the overall
heat transfer coefficient on the air-side. EES has an extensive library of compact cross-flow
heat exchanger correlations that includes several heat exchanger configurations. The
procedures in this library are based on the experimental data presented in Kays and London
(Kays & London, 1984). Given the desired heat exchanger configuration, the procedures in
EES will output all the geometric parameters needed for an analysis of the heat exchanger.
The procedure will also predict the air-side pressure drop and heat transfer coefficient given
the configuration, mass flow rate, frontal area, length (i.e., the distance in the air-flow
direction), and bulk temperature and pressure. The water-to-air heat exchanger model uses
this library to calculate the air-side pressure drop and heat transfer coefficient. The actual
heat exchanger configuration may differ slightly from a pure cross-flow heat exchanger, but
this approach is expected to provide a good representation of the expected performance.

4.1.1 Cross-flow configuration
There are several liquid-to-air cross-flow heat exchanger configurations built into the

compact heat exchanger library. Figure 31 shows the different configurations that are

considered in this model; all of the configurations are of the circular-finned tube type.
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Figure 31: Six different compact cross-flow configurations

The modeling process starts by selecting one of the configurations shown in Figure 31. The
geometric parameters associated with that specific heat exchanger core are obtained using the

CHX_geom_finned_tube procedure.

Config$='fc_tubes_sCF-775-58T" "Compact HX configuration"
CoolingFluid$="Air_ha' "Cooling Fluid"
WorkingFluid$="Water' "Working Fluid"
Metal_WAS$="'Stainless_AISI302' "Metal"

"Geometry"

Call CHX_geom_finned_tube(Config$: D_o, fin_pitch, D_h_CF, fin_thk, sigma, alpha, A_fin\A)

This procedure outputs the outer tube diameter (Do), fin pitch, hydraulic diameter (Dy, cf),

thickness of each fin (fing), ratio of free-flow to frontal area (o), ratio of gas-side heat
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transfer area to core volume (i.e., Length*Width*Height) (o), and finally the ratio of finned

to total surface area on the gas-side (Afin\A).
The inlet pressures and temperatures are known, as well as the water mass flow rate and heat
transfer rate. The mass flow rate is the flow rate required by the primary precooler and the

heat transfer rate will be the same as the primary precooler, which is set to 10 MW.

The operating conditions are set as follows:

"Conditions"

"IPressure"

P_CF_in=1[atm]*convert(atm,Pa) "Air inlet pressure"
P_WF_in=2[atm]*convert(atm,Pa) "Water inlet pressure”
"I'Temperature"

T_CF_in=converttemp(C,K,43[C]) "Air inlet temperature"
T_WEF_in=converttemp(C,K,53[C]) "Water inlet temperature"
"IMass flow rates"

m_dot_ WF=590[kg/s] "Mass flow rate of water"
m_dot CF=V_dot CF*rho_CF "Mass flow rate of air"
‘IHeat rate”

Q_dot MW_WA=10[MW)] “Heat rate”

All the properties are evaluated using average of the inlet and outlet bulk temperatures and

pressures.

T _WF_b=(T_WF_in+T_WF_out)/2 "Water bulk temperature"
T_CF_b=(T_CF_in+T_CF_out)/2 "Air bulk temperature"
P_WF_b=(P_WF _in+P_WF_out)/2 "Water pressure"
P_CF_b=(P_CF_in+P_CF_out)/2 "Air pressure"

"Air"

rho_CF=Density(CoolingFluid$,T=T_CF_b,P=P_CF_b) "Density, Air-side"
Pr_CF=Prandtl(CoolingFluid$,T=T_CF_b,P=P_CF_b) "Prandtl number, Air-side"
cp_CF=Cp(CoolingFluid$,T=T_CF_b,P=P_CF_b) "Specific Heat, Air-side"
mu_CF=Viscosity(CoolingFluid$, T=T_CF_b,P=P_CF_b) "Viscosity, Air-side"
k_CF=Conductivity(CoolingFluid$,T=T_CF_b,P=P_CF b) "Conductivity, Air-side"
"Water"

cp_WF=Cp(WorkingFluid$,T=T_WF_b,P=P_WF_b) "Specific Heat, Water-side"
mu_WF=Viscosity(WorkingFluid$,T=T_WF_b,P=P_WF_b) "Viscosity, Water-side"
k_WF=Conductivity(WorkingFluid$,T=T_WF_b,P=P_WF_b) "Conductivity, Water-side"
rho_WF=Density(WorkingFluid$,T=T_WF_b,P=P_WF_b) "Density, Water-side"
Pr_WF=Prandtl(WorkingFluid$,T=T_WF_b,P=P_WF_b) “Prandtl number, Water-side"

The model has the capability to evaluate the properties using known inlet temperatures and

pressures, instead of the average inlet and outlet temperature and pressures (which are
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calculated through the model) in order to aid in convergence. This capability provides guess
values for all variables in the problem and enhances convergence when properties are

evaluated at the mean temperature.

4.1.2 ¢&-NTU method for uniform properties

The e-NTU method is implemented with equations 4.1 to 4.6:

CCF = McrCPcr 4.1

Cwr = My COWF 4.2

Conin = MIN (Ccr, Cyr) 4.3
Qmax = Cmin (Twr,in — Tcr,in) 4.4
& = Q/Qmax 4.5

The number of transfer units is found as the ratio of the conductance to the minimum

capacitance rate.

NTU = UA/Cppin 4.6

Energy balances on the air and water-sides, determine the outlet temperatures of the water-to-

air heat exchanger.

CerTerin + Q = CerTer out 4.7
CwrTwrin = Q + CwrTwrout 4.8
"Effectiveness-NTU method"
C_dot_CF=m_dot_CF*cp_CF "Capacitance rate air-side"
C_dot WF=m_dot WF*cp_WF "Capacitance rate water-side"
C_dot_min=MIN(C_dot_CF,C_dot WF) "Minimum capacitance rate"
NTU=UA/C_dot_min "Finding overall conductance"

"Effectiveness for an unmixed cross flow heat exchanger"
epsilon=HX('crossflow_both_unmixed', NTU, C_dot CF, C_dot WF, 'epsilon')

g_dot_max=C_dot_min*(T_WF _in-T_CF_in) "Max heat rate"



o1

Epsilon=g_dot/q_dot_max "Heat rate"
C_dot_CF*T_CF_in+g_dot=C_dot_CF*T_CF_out "Energy balance on air-side"
C_dot WF*T_WF_out+qg_dot=C_dot WF*T_WF _in "Energy balance on water-side"

Instead of specifying a volumetric flow rate of the air, the maximum amount of fan power
that is allowed is specified and used to solve for the volumetric air flow rate. This was done
because it was felt that a reasonable value for maximum fan power (i.e., some acceptable
fraction of the plant output power) is easier to estimate than a reasonable amount of

volumetric air flow.

: APV
Wfan =— 4.9
nfan
eta_fan=0.5[-] "Fan efficiency"
W_dot_fan=((DELTAP_CF*V_dot_CF)/eta_fan)*convert(W,MW) "Fan power"
W_dot_fan=1[MW] "Setting fan power"

The pressure drop on the air side is found using the compact heat exchanger library pressure

drop procedure:

A_fr=W*H "HX frontal area"
“Pressure drop”

Call CHX_DELTAp_finned_tube(Config$, m_dot_CF, A_fr,L,CoolingFluid$, T_CF_in, T_CF_out,
P_CF_in: DELTAP_CF)

Since the goal of this model is to determine the heat exchanger geometric parameters, the
pressure drop is specified as a design parameter in place of specifying the length of the heat

exchanger. The length required to achieve the specified pressure drop is calculated.

"Determine overall length"
DELTAP_CF=160[Pa]

The width and height of the heat exchanger are set equal, making the frontal area square. The
width is therefore the only remaining, unspecified geometric parameter. To determine the
width, a resistance network analysis is used to find the overall conductance (UA) as shown in
Figure 32.
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Figure 32: Resistance network for cross-flow heat exchanger

The air-side heat transfer coefficient is calculated using the heat transfer coefficient
procedure in the compact heat exchanger library:

"Air side heat transfer coefficient"

Call CHX_h_finned_tube(Config$, m_dot_CF, A_fr, CoolingFluid$,(T_CF_in+T_CF_out)/2,
P_CF_in:h_CF)

The total outside surface area, fin efficiency, and overall surface efficiency are required for

the air-side resistance.

The total air-side surface area is found by multiplying o (ratio of total air-side surface area to

core volume) by the overall volume of the heat exchanger.

A_s_out_tot=alpha*(L*W*H) "Total outside surface area"

The fin efficiency is found using the EES fin efficiency procedure in terms of the fin
thickness, outer tube diameter, diameter of the fin, air-side heat transfer coefficient, and
thermal conductivity of the metal.

eta_fin=eta_fin_annular_rect(th_fin, D_out/2, D_fin/2, h_CF, k_m_tube) "Fin efficiency"

The overall surface efficiency is found according to Nellis and Klein (Nellis & Klein, 2009),
which uses the ratio of fin area to total area and fin efficiency. The fin area to total area is
one of the geometric parameters returned by the compact heat exchanger library call for the
specified heat exchanger.

A .
Mo =1—"L2(1 = nfm) 4.10
Atot

eta_o=1-(A_fin\A*(1-eta_fin)) "Overall surface efficiency"

Finally, the outer surface resistance is found using the heat transfer coefficient, overall

surface efficiency, and total air-side surface area.



53

1
Roye = —F—7— 411
out 77ohCFAs,l:0t

R_out=1/(eta_o*h_CF*A_s out_tot) "Outer surface resistance"

To determine the water-side resistance, the tube wall thickness needs to be specified to find
the inner diameter. Currently, the tube wall thickness is set to a reasonable value; this value is

better defined in Chapter 6, when the hybrid configuration is analyzed.

th_tube=1[mm]*convert(mm,m) "Tube thickness"
D_in=D_out-2*th_tube "Inner diameter of tube"

The water-side flow was constrained by setting a possible range of fluid velocities. Typically
when water-side velocities are too low (e.g., 1 ft/s), the heat exchanger is susceptible to
deposition fouling and when velocities are too high (e.g., 15 ft/s), the heat exchanger tubes
are susceptible to erosion. Presently, the fluid velocity is fixed to 10 ft/s to allow for easy
calculation of Reynolds number and mass flow rate through each tube. With Reynolds
number specified, the heat transfer coefficient and pressure drop can be found using standard

heat transfer and pressure drop correlations for flow in a tube.

PwrUwrD;
Reyr = —_ 4.12
Hwr
Pl _,
A, = (—) Din 4.13
4
Vwr = UwrA. 4.14
Meype = VwrPwr 4.15
Re_WF=rho WF*U_WF*D_in/mu_WF "Reynolds number"
A_c=(Pl/4)*D_in"2 "Cross sectional area of tube"
V_dot WF=U_WF*A_c "Volumetric flow rate through each tube"
m_dot_tube=V_dot_C*rho_WF "Mass flow rate through each tube"

The PipeFlow_N procedure in EES calculates the Nusselt number and friction factor, given

Reynolds number and Prandtl number:
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"Pipe flow correlation"
call PipeFlow_N(Re_WF,Pr_WF,9999,0: Nusselt T_WF,Nusselt H WF,f WF)

The heat transfer coefficient and pressure drop are then calculated using the following

equations:
hy rD;
Nusseltyr = vrTn 4.16
kwr
24Py rD;y,
fwr =5 4.17
W pwrUsye
Nusselt T WF=(h_WF*D_in)/k WF "Heat transfer coefficient"
f WF=(2*DELTAP_WF*D_in)/(L_WF _tube*rho WF*U_WF"2) "Pressure drop"
The water-side resistance is found using:
R ! 4.18
" hWFnDinNtubesW .

The area in the denominator of Equation 4.18 is the total inner surface area of the tubes. The
number of tubes is found using the height and length of the heat exchanger, as well as
vertical (S,) and horizontal (Sp) distances between each tube, which are known from the

geometry procedure.

Neoy = L/sp 4.19
Nyow = H/s,y 4.20
Niuves = NrowNcor 421
R_in=1/(h_WF*PI*D_in*N_tubes*W) "Water-side convection resistance"

The fouling resistance is calculated by finding the fouling factor, which is found using the

FoulingFactor procedure in EES using ‘Closed-loop treated water’.

R™_f_in=FoulingFactor('Closed-loop treated water") "Fouling factor on inner surface of tube"

The fouling resistance is calculated using the following equation:
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RII
f,in
Rrin =—/7—""— 4.22
, D NeypesW
R _f in=R""_f_in/(PI*D_in*N_tubes*W) "Fouling resistance on inner surface of tube"

Finally, the conduction resistance through the tube wall is found using the cylinder

conduction resistance definition (Nellis and Klein, 2009):

ln (Dout)
R, .= Din 4.23
ka,tubenNtubesW
k_m_tube=k_(Metal_WAS$,(T_CF_in+T_WF_in)/2) "Thermal conductivity of the metal"
R_cond=In(D_out/D_in)/(2*k_m_tube*PI*N_total*W) "Conduction resistance"

The total resistance is the sum of the four resistances, which is the inverse of the total

conductance.
Riot = Rout + Rin + Rf,in + Reona 4.24
UA ! 4.25
Rtot .
R_tot=R_out+R_in+R_f in+R_cond "Total resistance"
UA=1/R_tot "Total conductance"

By setting the UA calculated using the e-NTU method equal to the UA calculated using the

resistance network, the final geometric parameter, width and height, can be determined.

4.2 Coupling the CO,-to-water (counter-flow) and water-to-air (cross-flow)

The next step is to couple the CO,-to-water and water-to-air heat exchanger models so that it
is not necessary to input the two water inlet temperatures for each heat exchanger. The two
codes were combined into one EES file. Once they were in the same model, they needed to
be coupled by eliminating the inlet water temperature specifications. These inputs were
replaced with the following equations:
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TC,in = TWF,out 4.26

TC,out = TWF,in 4.27

where Tcin and T¢ o are the water temperatures entering and exiting the CO; to water heat
exchanger, respectively, and Twein and Tweout are the water temperatures entering and
exiting the water to air heat exchanger, respectively. Equations 4.26 and 4.27 reflect the fact
that the heat exchangers are connected by a closed water loop where the pipe heat losses can
be assumed to be negligible. See the schematic in Figure 30 for reference.

4.3 Graphical user interface (GUI)

A GUI has been developed that incorporates inputs and outputs for both heat exchangers.
This interface allows for a user to easily and intuitively run the program for multiple
configurations, conditions, and material selection. The parameters with boxes around the
numbers represent inputs to the model, while texts with no boxes represent outputs. These
inputs and outputs can be easily interchanged and solved simultaneously. Figure 33 shows
the parent window where all the outputs and overall precooler schematic is shown. Clicking
on the drawings for the primary and secondary heat exchanger brings up child windows
where inputs, conditions, and configurations can be set for each heat exchanger. See Figure
34 and Figure 35.
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Cross-Flow Outputs

Wian = 0.7283 [MW]

Rece = 9353 []

Niotal wa = 26266 [-]

UAwa = 5.999E+06 [WIK]

NTUya = 3.021 [

Convergence Issues? (Old and No)

o -]

Pressure Drop: |No -

Wall Temp:

Carbon Dioxide

TH,outiet = 43 [C]
P outiet = & [MP2]

Water

Parallel Plate, Stacked Counter-Flow

Precooler (COz to Water)

Calculate

[t MIN/MAX

Carbon Dioxide
DO IRREE

Teinet = 42 [C]
Pe intet = 2 [atm]

swa = 0.7157 [

Quya = 9.999E+06 [W]

meE = 2233 [kg/s]

Lwa = 0.5 [m]

Wyya = 29 [m]

Hwa = 29 [m]

Ver = 2000 [m/s]

Water

Ter outiet = 4744 [C]

!

A‘ir

Cross Flow

Secondary (Water To Air)

Twr outiet = 45 [C]

4]

Terintet =47 [C]

Thjiniet = 50 [C]
Phniet = & [MPa]
Water
Te outiet = 9009 [€]

Peoutiet = 2 [31M]

Water

Twrinlet

Pressure Drop:
APCy = 160 [kPa]

APHy = 10 [kPa]
Temperature Change:
ATC =5.035[C]

ATH=12[C]

Fluid Velocities:
Velc= 10 [ft/s]
Vely= 10.31 [ft/s]

Reynold's Number:

Precooler Outputs

Rec = 13221 [
Rey = 160898 [

Other Qutputs:
Niot = 271485 []

UAggt = 1829 [KWIK]
NTUor = 21271 [-]
eot= 0.8 [-]
G=10.0000 [MW]
Mass = 5423 [kg]

the chan = 1.81 [mm]

thy cnan = 6.524 [mm]
my = 370.7 [kg/s]

me = 475 [kg/s]

Figure 33: Parent window showing the overall schematic of the precooler

Cold Side
Fluid:
Water -
Inlet Pressure:
Penet =[2] [atm]
Outlet Pressure:
Pc outiet = 2 [atm]
Inlet Temp:
Tcnet = 45 [C]
Qutlet Temp:
Tcoutlet = 50.03 [C]
Mass Flow Rate:
e =[475] [kg/s]
Channel Thickness:
the chan = 1.81 [mm]

Correlation: |Gnielinski ~| Material: |Titanium

thpiate =[1] [mm]
than =[1] [mm]
Nep = 102.5 [-]
Nfins = 208.7 [-]
Niot = 21485 [-]

N=[10] 1]

Geometry
Plate Thickness
Fin Thickness
# of Channel Pairs
# of Fins

Total # of Channels(Each side)

# of Sub-HX's

Fin

Plate

L=3.028[m]

~ |Fluid:

CarbonDioxide -
Inlet Pressure:
Prtmet =[8] MPa]
Outlet Pressure:
Phoute = 8 [MPa]
Inlet Temp:
Thinet =[60] [C]
Outlet Temp:
Thowet =[48] [C]
Mass Flow Rate:
my = 370.7 [kg/s]
Channel Thickness:
thi chan = 6.524 [mm]

Hot Side

H=1.06 [m]

Performance Constraints
Pressure Drop:
APH, =[10] [kPa]
APCy = 160 [kPa]
Fluid Velocities:
V. =10.31[fts]
V- =[10] [fts]

Heat Rate:

Guw =[10.0000] (MW]

Figure 34: Child window showing the primary precooler (CO2 to water). Opened by clicking the

precooler drawing.
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Guess Values: Mode$= ’A—j Actual Values:

Verg = [ma/s] Ver = 2000 [m3/s] Configs= \fc_tubes_sso-SBT j
W, =[29] [m] Wwa = 29 [m] Metal_WA$4Stainless_AISI302 -
Ly =[0.5] (m] Lwa =0.5[m] )

. . Tfan — [

Wian g =[0.8] (MW] Wian = 0.7283 [MW]

APcr g =[180] [Pa] APcr=182.1 [Pa]@

Ur : [d1/c]

Water A
Fluid Fluid:
uid:
Water - W
ietp . Inlet Pressure:
nlet Pressure: P, iniet =[1] [atm]

PWE inlet = [atm]
Outlet Pressure:

Outlet Pressure:

et T . Inlet Temp:

nle emp._ TCF inlet : [C]
Twr intet = 50.03 [C] Outlet Temp:

Outlet Temp: .

Ter outiet = 47.44 [C]
Twr outiet = 45 [C] outie

Mass Flow Rate:

My = 475 [kg/s]
Figure 35: Child window showing the secondary precooler (air to water). Opened by clicking the cross-
flow drawing.

Mass Flow Rate:
Mce = 2233 [Kg/s]

4.4  Performance plots

The precooler model that has been developed is a counter-flow heat exchanger that rejects
heat from the S-CO, cycle to a closed water loop. Heat from the water loop is then rejected to
the ambient air through a cross-flow heat exchanger. A schematic of this setup, including a

possible set of conditions, is shown in Figure 36.
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Paralel Plate, Stacked Counter-Flow

Carbon Dioxide Carbon Dioxide
Th outiet = 48 [C]

Thiniet = 104.2[C]

Py putiet = 998 [MPa] Precooler (CO5 to Water) Py iniet = 10.03 [MPa]
Water Water
Te.iniet =|47.0000] [C] Te outiet = 62.87 [C]
Pe iniet = 6.139 [atm] Pe putiet = 4-939 [atm]
Ter outiet = 4797 [C]
Pump P outiet = 09988 [atm]
Npump =06[] T
Air
Cross Flow
Water Secondary (Water To Air) Water
Tur outist = 47 [C] Twe et = 62.87 [C]
WF.inlet
P outiet = 1 [3lm] Pyt intet = 4-939 [atm]

4]

1
Ter iniet = 43 [C]
Perinket =1 [atm]

Fan
Nfan = 05[]

Figure 36: Precooler setup showing counter-flow and cross-flow heat exchangers

Table 9 and Table 10 summarize the inputs, parameters and performance constraints for both
the counter-flow (CO,-water) and cross-flow (water-air) heat exchangers, respectively.
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Performance
RETEEE S .
Constraints

Cold Fluid: Water Water Channel Height = 3 [mm] Water Velocity = 6 [ft/s]
Pressure Drop Ratio:
0.1% to 20%

Heat Input Rate:
Varied per design point

Hot Fluid: Carbon Dioxide = CO, Channel Height = 3 [mm]
Water Inlet Temperature:
43°Cto 48°C

CO, Inlet Temperature:
Varied per design point

Plate Thickness = 1 [mm]

Fin Thickness = 1 [mm]
CO, Outlet Temperature
=48°C
CO, Outlet Pressure:
Varied per design point

# of Sub HX’s = 20 [-]

Table 9: Inputs, Parameters, and Performance Constraints for the counter-flow heat exchanger

“ Parameters Performance Constraints

Pipe Wall Thickness

Cold Fluid: Air = 1[mm]

Water Velocity = 6 [ft/s]

Air Side Pressure Drop

Hot Fluid: Water Configuration: CF-872c = 160 [Pa]

Air Inlet Pressure

=1 [atm] Fan Power: Varied

Air Inlet Temperature
=43°C
Water Outlet Pressure
=1 [atm]

Table 10: Inputs, Parameters, and Performance Constraints for the cross-flow heat exchanger

Fixing the variables identified in Table 9 and Table 10 allows the calculation of the overall
dimensions and mass of each heat exchanger as well as the required auxiliary power input to

the precooler.
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The five variables that will be considered in detail include the pressure drop ratio for the CO,
(defined in Equation 4.28), water velocity, water temperature entering the counter-flow or
exiting the cross-flow heat exchanger, the pressure drop on the air-side, and the fan power
(defined in Equation 4.29).

The pressure drop ratio is defined as:

p DropRati Pressure Drop 100%
= k
ressurelropiatto Inlet Pressure 0 4.28

The pressure drop ratio is varied from 0.1% to 20% to assess its impact on the major outputs
of the model. This is an important constraint for the CO; side as it affects the compressor

power and thus the overall cycle efficiency.

The water temperature entering the counter-flow or exiting the cross-flow heat exchanger
(assuming negligible thermal losses in the connecting piping) is an input that was required to
complete the energy balances performed on both heat exchangers. Looking at the schematic
in Figure 36, this temperature was selected because of the limited range of temperatures that
are physically possible. The lower bound is found by considering the performance of the
cross-flow heat exchanger. A perfect cross-flow heat exchanger would cool the water to the
ambient dry bulb temperature, 43°C. The upper limit on the water temperature is found by

looking at the performance of the counter-flow heat exchanger.

Since the outlet CO, temperature is set at 48°C, the highest possible cooling water
temperature entering the counter-flow heat exchanger, assuming a perfect heat exchanger, is
48°C. Therefore, the temperature is now bounded between 43°C and 48°C. A parametric

study in this section will show how the optimal value of this temperature was selected.

The last two variables used to constrain the cross-flow heat exchanger are the fan power and
air-side pressure drop across the cross-flow heat exchanger. Fan power is computed

according to:
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: AP,V
Fan Power = Wy, = L 4.29
nfan

By setting the fan power and air-side pressure drop, the air-side volumetric flow rate and
mass flow rate can be found. This information completes the energy balances on the cross-
flow heat exchanger. The results that follow use an assumed value of 160 Pa for the air-side
pressure drop, which is a typical value for air-side pressure drop (GEA Heat Exchangers,
2011).

Figure 31 shows six compact heat exchanger designs using circular finned tubes that are
being considered for the water-to-air heat exchanger. The heat exchangers are identified by a

name at the upper right corner of each figure.

The model requires the specification of the Brayton cycle design point, which establishes the
CO, operating conditions for the heat exchanger. The CO, operating conditions for each

design point are summarized in Table 1 from Chapter 1.

The model was run for each of the different configurations, holding fan power constant at 0.5
MW, the pressure drop ratio at 0.5%, and the inlet water temperature at 47°C for each of the
three conditions, while letting pump power vary. Figure 37 through Figure 39 show the key
results for the cross-flow heat exchanger using each of the core configurations.
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Figure 37: Total mass/volume and required power input as a function of cross-flow HX configuration for
the recompression cycle
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Simple, High Efficiency:
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Figure 38: Total mass/volume and required power input as a function of cross-flow HX configuration for
the simple, high efficiency cycle
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Figure 39: Total mass/volume and required power input as a function of cross-flow HX configuration for
the simple, low efficiency cycle

For all three conditions, the core configuration labeled CF-872c provided the lowest mass
and 2" to lowest auxiliary power input. Looking at the schematics of each of the six
configurations, in Figure 31, gives some insight into why this core geometry provided the
best results. For the mass, CF-872c¢ has the smallest fin diameter, while also being more
compact compared to the other configurations, meaning a higher air-side surface area to core
volume. This provides less material and a higher air-side heat transfer rate. The auxiliary
power input is smaller than most of the other configurations due to the fact that it has a
comparatively small tube diameter. Smaller tube diameters lead to higher heat transfer
coefficients on CO; side but not necessarily on the air-side. This causes the pressure drop

across the width of the heat exchanger to be significantly reduced, which leads to less pump
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work. The cross-flow configuration CF-872c is used throughout the rest of the analysis in

this section.

The water temperature entering the counter-flow or exiting the cross-flow heat exchangers is
bounded between 43°C and 48°C and was varied to find an optimum value. The results of this
parametric study are shown below in Figure 40 through Figure 42. The plots represent the
total mass/volume of both heat exchangers (left) and the mass of each heat exchanger (right),

both in I.P. short ton, as a function of the temperature.
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Figure 42: Total mass and cross-flow/counter-flow masses as a function of water temperature entering

precooler for the simple, low efficiency cycle

IS

The plots show the expected behavior as the temperature moves toward each of the bounds.
As the temperature moves closer to lower limit of 43°C, the cross-flow heat exchanger
effectiveness starts to approach unity and the required surface area approaches infinity. As
the temperature approaches the upper limit of 48°C, the same behavior occurs for the
counter-flow heat exchanger; the counter-flow heat exchanger effectiveness approaches unity
and as a result the heat exchanger becomes very large. The total mass of the heat exchanger
than should be represented by a U-shape as seen in the plots above. If simulations were run
with the temperature even closer to 48°C, using more significant figures, the curves would
show a much more distinct U-shape. This parametric study also provided an optimal value of
the temperature for each of the conditions which is associated to the point where the lowest
mass occurred. The recompression, simple-high, and simple-low temperatures were set to
47.0°C, 47.8°C, and 47.4°C, respectively for the rest of the analysis. This optimal value is
pushed towards the 48°C because the mass of the cross-flow heat exchanger is much larger
compared to the counter-flow heat exchanger. Pushing the temperature as close to 48°C
increases the approach temperature of the cross-flow heat exchanger.

With the configuration and water temperature constrained, the only variable left to vary was
the input fan power. The input fan power is varied for each of the design points at different
pressure drop ratios, heat exchanger materials, and assuming both mixed and unmixed

behavior for the cross-flow heat exchanger; the actual heat exchanger behavior is expected to
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lie somewhere between these two limits. The results of these parametric studies are shown
below as performance plots. The required power input is the sum of the pump power required

for the water loop and the fan power required by the cross-flow heat exchanger.
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Figure 47: Required power input and total mass/volume as a function of input fan power at varying
pressure drop ratios for the simple, low efficiency cycle
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The performance plots in Figure 43, Figure 45, and Figure 47 show that as fan power is
decreased beyond the minimum, the pump power drastically increases. As the fan power
decreases, the volumetric air flow rate decreases (for a constant pressure drop). As flow rate
decreases, the length in the air-flow direction increases to maintain that pressure drop. With
more length, the configuration must change by adding more tubes. More tubes means longer
tubing the water has to pass through and with constant velocity through the tubes, pressure
drop increases and as a result so does the pump power. Another way to think about this is as
one power input decreases, the other has to increase in order to maintain the performance
constraints of the heat exchanger. The U-shape that is observed represents the inverse

relationship between pump power and fan power.

Figure 44, Figure 46, and Figure 48 show how the pressure drop ratio affects the mass and
auxiliary power input. As the pressure drop ratio increases, the length of the counter-flow
heat exchanger increases to maintain the pressure drop. With an increase in length and a
fixed effectiveness, the energy balance forces the mass flow rate/capacitance rate of the water
to decrease. With decreased water mass flow rate, the pressure drops on the water sides of the
heat exchangers drop, decreasing the input pump work and auxiliary power input. The mass
also decreases due to the cross-flow heat exchanger being more effective, which is the heat

exchanger that has the majority of the mass.
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Increasing the pressure drop ratio, decreases mass and required power input, but only to a

certain point. There is a point where increasing does not change the outputs as significantly.

These plots show that there are optimal points for the auxiliary power input, but these points
are not necessarily the optimal points for the mass of the heat exchanger. The selection of the

operating point is selected by weighing the economics of increased capital investment for the

heat exchanger against the power to run the precooler.

Figure 49 through Figure 54 show the sensitivity of the model to different considerations

such as the material selection and modeling the cross-flow heat exchanger as mixed or

unmixed for the three design conditions.
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Figure 54: Required power input and total mass/volume as a function of input fan power, using different

materials for the simple, low efficiency cycle

All of the cases show that the unmixed cross-flow heat exchanger performs better than the
mixed, as expected. The unmixed behavior allows for temperature gradients across the heat

exchanger, while the mixed does not.

The change in material from stainless steel to aluminum is accounted in the model by
adjusting the fin efficiency calculation, metal density, and stress and deflection analysis that
goes into calculating the width between fins in the counter-flow heat exchanger, discussed in
Chapter 2. Steel has a significantly higher density compared to aluminum, which is
represented in the mass plots for the two heat exchangers. Aluminum also has higher thermal
conductivity which enables it to achieve a higher heat exchanger effectiveness compared to

the stainless steel option.

4.5 Comparison with simple air-to-CO,

A simple CO,-to-air cross-flow heat exchanger model was developed. This simple model is
very similar to the water-to-air cross-flow heat exchanger previously developed in this
section. In Chapter 5, a more sophisticated model is developed in order to account for the

significant property variation of the carbon dioxide.

This simple model was developed so that a rough comparison between the previous model

with a water loop and a direct air cooling model with no water loop can be prepared. The
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results are found by evaluating the CO, properties with the average of the inlet and outlet
temperatures of the CO,_ This comparison was done in order to get an initial idea of the

potential advantages of a direct CO,-to-air heat exchanger.

A comparison of the air-to-CO, model, with water as the working fluid instead of CO,, and
the air-to-water heat exchanger model built into the water loop code, was done to confirm
both produced similar results. The results are shown in Table 11. The results confirmed that

the two configuration models could be compared to see the advantages of direct air cooling.

Air to CO, Model Water loop Model

Mass of cross-flow HX [ton] 50.18 50.16
Capacitance Rate (Air) [MW/K] 1.786 1.786
Capacitance Rate (CO,) [W/K] 559962 560049
Fan Power [MW] 0.4 0.4
Pressure Drop Air-Side [Pa] 125 125
Pressure Drop Water-Side [atm] 3.939 3.939

Table 11: Confirming model produced similar results to the water loop model

Two scenarios were considered to test the simple CO,-to-air model. The first scenario set the
capacitance rates of the air and CO, equal for both models, and then compared the size and
power inputs. The second scenario set the fan power in the CO, to air model equal to the total
auxiliary power input required by the water loop model. The results of these tests are shown

below for each of the three design points in Table 12 through Table 17.
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Recompression:

Equal Capacitance Rates

. CO, to Water,

Mass [ton] 20.62 57.82
Capacitance Rate (Air) [MW/K] 1.786 1.786
Capacitance Rate (CO,) [W/K] 157829 157829
Width=Height [m] 17.27 20.26
Length [m] 0.0516 0.09117
Volume [m?3] 2.328 6.521
Required Power Input [MW] 0.4 0.52

Table 12: Comparison of direct air cooling model and water loop model with equal capacitance rates,
recompression cycle

Equal Required Power Input

. CO, to Water,
Property Air to CO, Water to Air

Mass [ton] 19.41 57.82
Capacitance Rate (Air) [MW/K] 2.34 1.786
Capacitance Rate (CO,) [W/K] 157829 157829
Width=Height [m] 18.58 20.26
Length [m] 0.04198 0.09117
Volume [m3] 2.191 6.521
Required Power Input [MW] 0.52 0.52

Table 13: Comparison of direct air cooling model and water loop model with equal required input power,
recompression cycle
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Simple, High Efficiency:

Equal Capacitance Rates

. CO, to Water,
Property Air to CO, Water to Air

Mass [ton] 37.98 127.6
Capacitance Rate (Air) [MW/K] 2.686 2.686
Capacitance Rate (CO,) [W/K] 176829 176829
Width=Height [m] 21.96 26.53
Length [m] 0.05881 0.1155
Volume [m?3] 4.287 14.39
Required Power Input [MW] 0.6 0.87

Table 14: Comparison of direct air cooling model and water loop model with equal capacitance rates,
simple-high efficiency cycle

Equal Required Power Input

. CO, to Water,
Property Air to CO, Water to Air

Mass [ton] 35.94 127.6
Capacitance Rate (Air) [MW/K] 3.90 2.686
Capacitance Rate (CO,) [W/K] 176829 176829
Width=Height [m] 24.49 26.53
Length [m] 0.04473 0.1155
Volume [m3] 4.056 14.39
Required Power Input [MW] 0.87 0.87

Table 15: Comparison of direct air cooling model and water loop model with equal required power input,
simple-high efficiency cycle
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Simple, Low Efficiency:

Equal Capacitance Rates

. CO, to Water,
Property Air to CO, Water to Air

Mass [ton] 19.07 79.1
Capacitance Rate (Air) [MW/K] 1.781 1.781
Capacitance Rate (CO,) [W/K] 112069 112069
Width=Height [m] 17.06 21.71
Length [m] 0.04898 0.1164
Volume [m?3] 2.155 8.921
Required Power Input [MW] 0.4 0.553

Table 16: Comparison of direct air cooling model and water loop model with equal capacitance rates,
simple-low efficiency cycle

Equal Required Power Input

. CO, to Water,
Property Air to CO, Water to Air

Mass [ton] 17.87 79.1
Capacitance Rate (Air) [MW/K] 2.456 1.781
Capacitance Rate (CO,) [W/K] 112069 112069
Width=Height [m] 18.67 21.71
Length [m] 0.0383 0.1164
Volume [m?3] 2.019 8.921
Required Power Input [MW] 0.553 0.553

Table 17: Comparison of direct air cooling model and water loop model with equal required power input,
simple-low efficiency cycle

The results of the comparison show the expected advantages to the direct air cooling.

Without the water loop there is no need for a second heat exchanger and the pump power is
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eliminated, reducing mass and auxiliary power input required by the precooler. The mass of
the CO,-air cross-flow heat exchanger is also far less than the water-air cross-flow heat
exchanger. These observations motivate the development of a more sophisticated model of a
direct air-cooled model in Chapter 5.
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5 DIRECT AIR COOLER

Air-cooling has become a major topic among researchers in the field of CSP technologies.
CSP plants are effective in areas with high direct insolation, which often occurs in arid
regions of the world where there is limited availability of water. Currently, water-cooling is
more economical than air-cooling because it allows for lower heat sink temperatures and
more consistent efficiencies year-round. Water cooling also has lower capital costs and
achieves higher plant thermal efficiencies. Air-cooling causes reduced average thermal
efficiency when higher air temperatures occur, especially in desert areas where most CSP
plants are strategically placed (U.S. Department of Energy, 2011).

Models of air-cooling heat exchangers are required to evaluate use of air-cooling for S-CO,
Brayton cycles. The remainder of this section will focus on the development of a CO,-to-air
compact heat exchanger model using EES.

5.1 Model development

Refer to the introduction of Section 4.1 for a discussion on how the heat exchanger

configurations are selected.

Figure 55 shows the graphical user interface utilized by the CO,-to-air model. Figure 55
shows that the CO, is plumbed in a way that provides a counter-flow interaction with the air.
The schematic of the piping shown in the GUI is a top view of the heat exchanger and
utilizes the assumption that the same conditions are seen by the array of pipes at every
location along the height of the heat exchanger. A 3-D view, shown in Figure 56, illustrates

the array of pipes.
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Figure 55: GUI for CO2-to-air cross-flow precooler heat exchanger

CO,

# of CO, passes (# of loops) = 3

Figure 56: Schematic of CO-2-to-air cross-flow heat exchanger

Table 18 provides the inputs, parameters, and performance constraints that are required by

the CO,-to-air model.
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“ Parameters Performance Constraints

Air Outlet Pressure Pipe Wall Thickness Fan Power
=1 [atm] =1 [mm] (Varied) = 0.5 [MW] (Varied)
Air Inlet Temperature Configuration: Heat Input Rate:
=43 [C] C#1-8 or F #1-5 Based on Design Point
CO, Inlet Temperature: Number of Tube Passes:  Pressure Drop Ratio (CO,)
Based on Design Point 1-10[-] = 0.5[%] (Varied)
CO, Outlet Pressure: Number of Sub-HX’s
Based on Design Point =10 [-]
CO, Outlet Temperature Material:
=48 [C] Steel or Aluminum

Table 18: Tabular view of inputs, parameters, and performance constraints required by the model

The model requires the specification of the Brayton cycle design point, which establishes the
CO, operating conditions for the heat exchanger. The design points that have been

considered have been discussed earlier in Chapter 1 and are illustrated in Figure 2.

By selecting a design point, CO, inlet and outlet temperatures, outlet pressure, and either
mass flow rate or heat input rate are established for the precooler. Selecting the design point

completely prescribes the CO, flow and properties.

As each of the design points have different operating temperatures and pressures, it would be
useful to see the state of carbon dioxide for each of the design points on a T-s diagram. For
each design point, the CO, temperature is cooled from its specific inlet temperature down to
48°C at constant pressure. Figure 57 shows that the recompression and simple low points are
super-critical, while the simple high points are super-heated at sub-critical pressure. In the
super-critical state, carbon dioxide has higher density, specific heat, and thermal conductivity
when compared to the super-heated state. These properties are illustrated in Figure 58
through Figure 60, which show the specific heat, thermal conductivity, and fluid density for
carbon dioxide as a function of reduced temperature (T/Titical) at the three design points.

Again each design point curve is the CO, being cooled from each specific inlet temperature
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to 48°C at constant pressure. High values of specific heat, thermal conductivity, and fluid
density allows for smaller turbo machinery and heat exchangers, with the disadvantage of

having to withstand high pressures.
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Figure 57: The three design point conditions overlaid on a T-s diagram of carbon dioxide

T [K]
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Figure 58: Specific heat capacity of carbon dioxide as a function of the reduced temperature at the three
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Figure 59: Thermal conductivity of carbon dioxide as a function of the reduced temperature at the three

design conditions
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Figure 60: Density of carbon dioxide as a function of the reduced temperature at the three design

conditions

To illustrate that the simple high design condition will require a much larger precooler, when

compared to the simple low and recompression points, the model was run with constant

performance constraints (Fan power = 0.5 MW, pressure drop ratio = 0.5%) and heat

exchanger configuration, Circular #1, with a varied number of CO; passes/loops. The heat

exchanger volume (Length x Width x Height) is presented in Figure 61 which shows that the

simple high point requires the largest heat exchanger volume while the other two points are

about half the size. The studies of John Dyreby have also shown that while the simple high

point has high efficiency it requires not only large heat exchangers but also large turbo-

machinery; therefore it is the least likely candidate for further studies (Dyreby, 2012).
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Once the design point is determined, the model requires the selection of one of the heat
exchanger configurations included in the compact heat exchanger library in EES. The
compact heat exchanger library is based on experimental results from Kays and London
(Kays & London, 1984), which was discussed previously in Chapter 5. Figure 62 and Figure
63 show 13 different configurations, which are either finned circular-tube or flat-tube
surfaces for which performance information is provided in EES. The configurations differ in
terms of their dimensions, as well as the specific tube and fin geometry, as shown in Table 19
and Table 20. The number, which is located at the top middle of each schematic, and type of

configuration (circular or flat) distinguish the different configurations in the model GUI.
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Finned circular tubes
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Figure 62: Eight different finned circular tube heat exchanger configurations with corresponding
identifying number

Finned flat tubes
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Figure 63: Five different finned flat tube heat exchanger configurations corresponding identifying
number
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Type/ Alpha 'Tube ' Fin 'Fin
Number [m2/m?] Diameter | Diameter Thickness
[mm] [mm] [mm]
Circular #1 299 26.01 44.12 49.76 52.4 2.888 0.3048
Circular #2 191 26.01 44,12 78.18 52.4 2.888 0.3048
Circular #3 269 16.38 30.73 31.29 34.29 3.63 0.254
Circular #4 554 17.17 Plate 38.1 44.45 3.277 0.4064
Circular #5 587 10.21 Plate 25.4 22 3.175 0.3302
Circular #6 446 10.67 21.62 24.77 20.32 2.913 0.4826
Circular #7 535 9.652 23.37 24.77 20.32 1.194 0.4572
Circular #8 459 9.652 23.37 24.77 20.32 3.505 0.4572

Table 19: Tabular view of the geometric differences between each of the circular tube configurations

Channel .
Type/Number [:1'2‘;:?3] Width A'l[g:‘mt]ent
[mm]
886

Flat #1 18.72 . . . 2.235
Flat #2 748 18.72 2.54 13.97  20.07 0.635 4.572 2.743
Flat #3 735 18.72 2.54 13.97 20.07 0 4.572 2.794
Flat #4 751 22.1 3.048 11.07 26.92 0 0 2.616
Flat #5 751 221 3.048 11.07  26.92 0.635 0 2.616

Table 20: Tabular view of the geometric differences between each of the flat tube configurations

The important parameter to note when comparing the different heat exchanger configurations
is the alpha value, which represents the total heat exchanger surface area to the total heat
exchanger volume. Higher values of alpha correspond to high surface area per unit volume
and lower air-side convection resistances. For air-coolers, the air-side resistance usually
dominates the thermal performance of the heat exchanger. If the air-side convection
coefficient can be increased, the required size of the air-cooled heat exchanger can be

reduced.

Both finned circular and flat tubes are analyzed in this section. The finned flat tubes were
analyzed to see the effect the flat tubes would have on reducing the air-side pressure drop. A
simple model was run to test if there is any potential advantage to using finned flat tubes. The
compact heat exchanger library procedure CHX_DELTAp_finned_tube will output air-side

pressure drop given: heat exchanger configuration, air mass flow rate, heat exchanger frontal
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area, length in the air direction, air inlet and outlet temperatures, and pressure. The heat
exchanger configuration was varied at constant input parameters and displayed with a bar

plot in Figure 64.
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Figure 64: Overall air-side pressure drop vs. configuration with constant parameters and conditions

The bar plot shows that the air-side pressure drop, in general, is smaller for the flat tube when
compared to the circular tubes. The very low Circular #2 pressure drop can be explained by
looking at Table 19. It shows that the Circular #2 configuration has the largest spacing
between its tubes, referring to values of Sy and S,. However, this means it is less compact and
less surface area per unit volume, corresponding to the low value of alpha. Overall, it looks

like the flat tubes not only produce a lower air-side pressure drop; they also have very high
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values of alpha. The disadvantage to flat tube heat exchangers is the limitation of
withstanding high pressure fluids when compared to round tube. Stresses are larger in the flat

tube walls when compared to the round tube, so more material is required.

5.1.1 Cross-flow/counter-flow configuration

The model requires the user to specify which compact heat exchanger configuration should
be used. There is a drop-down menu with the thirteen different configurations that the model
can support. The names used to distinguish the different configurations are located at the top
right of each schematic.

Once the configuration has been selected, the CHX_geom_finned_tube procedure determines
the outer tube diameter (Do), fin pitch, hydraulic diameter (D, c), thickness of each fin
(fingk), ratio of free-flow to frontal area (o), ratio of gas-side heat transfer area to core
volume (o), and finally the ratio of finned to total surface area on the gas-side (Asn\A). Refer
to Figure 56 for a general 3 dimensional view of a cross-flow heat exchanger to give a sense

of what the schematics in Figure 62 and Figure 63 are trying to show.

"Geometry"
Call CHX_geom_finned_tube(Config$: D_o, fin_pitch, D_h_C, fin_thk, sigma, alpha, A_fin\A)

The model requires some addition geometric parameters that the compact heat exchanger
procedures do not provide. In the current implementation, these additional parameters are
entered with directives that comment in or out code depending on the configuration selected.
The additional parameters include the vertical and horizontal separation distance between
tubes and fin diameter. The directives also allow for calculation of fin efficiency, CO,
hydraulic diameter, tube wall thickness, tube inner diameter, cross-sectional area and
perimeter of CO, flow. One of the thirteen directive code sections is shown below.

"Different Configurations"

$if Config$="fc_tubes_sCF-88-10Ja'

s_v=49.76[mm]*convert(mm,m) "Vertical separation distance between tubes"
s_h=52.4[mm]*convert(mm,m) "Horizontal separation distance between tubes"



D_fin=44.12[mm]*convert(mm,m) "Fin diameter"
duplicate j=1,N_loops

duplicate i=1,N

"Fin efficiency"

eta_fin[i,jl=eta_fin_annular_rect(th_fin, D_out/2, D_fin/2, h_CJi,j], kK_m_tube)
end

end

D out=D o "Tube outer diameter"

D _h H=D in "Hydraulic diameter for CO2-side"
th_tube=th_roundtube*convert(mm,m) "Tube thickness"
A_c_H=(PIl/4)*D_in"2 "Cross sectional area of CO2 flow"
per_H=PI*D_in "Perimeter for CO2 flow"
D_in=D_out-2*th_tube "Tube inner diameter"

$endif

The heat exchanger operating conditions are set by selecting one of three design points.

These design points were discussed in Chapter 1 with Figure 2 and Table 1.

"Operating Conditions"

$if DesignPoint$='SimpleLow'
T _H_inlet=152.4[C]
T_H_outlet=48[C]
P_H_outlet=7.766[MPa]
T_C_inlet=43[C]
P_C_inlet=1 [atm]

Q_dot_ MW=11.7[MW]
$endif

$if DesignPoint$="Recomp’
T_H_inlet=104.2[C]

T _H_outlet=48[C]
P_H_outlet=9.98[MPa]
T_C_inlet=43[C]

P_C _inlet=1 [atm]
Q_dot_MW=8.87[MW]
$endif

$if DesignPoint$='SimpleHigh'
T _H_inlet=97.2[C]
T_H_outlet=48[C]
P_H_outlet=1.84[MPa]
T_C_inlet=43|[C]

P_C _inlet=1 [atm]

Q_dot_ MW=8.7[MW]
$endif

"CO2 inlet temp, C"
"CO2 outlet temp, C"
"CO2 outlet press, MPa"
"Air inlet temp, C"

"Air inlet press, atm"
"Heat input rate, MW"

"CO2 inlet temp, C"
"CO2 outlet temp, C"
"CO2 outlet press, MPa"
"Air inlet temp, C"

"Air inlet press, atm"
"Heat input rate, MW"

"CO2 inlet temp, C"
"CO2 outlet temp, C"
"CO2 outlet press, MPa"
"Air inlet temp, C"

"Air inlet press, atm"
"Heat input rate, MW"

The operating conditions are then converted to standard Sl units.

"Conversions"

T_H_in=converttemp(C,K,T_H_inlet) "CO2 inlet temp, K"
T_H_out=converttemp(C,K,T_H_outlet) "CO2 outlet temp, K"
T_C_in=converttemp(C,K,T_C _inlet) "Air inlet temp, K"
P_C_in=P_C_inlet*convert(atm,Pa) "Air inlet press, Pa"

Q_dot=Q_dot_MW*convert(MW,W) "Heat input rate, W"
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P_H_in=P_H_inlet*convert(MPa,Pa) "CO2 inlet press, Pa"
P_H_out=P_H_outlet*convert(MPa,Pa) "CO2 inlet press, Pa"

5.1.2 Discretization into sub heat exchangers

The difference between the water-to-air cross-flow heat exchanger model described in
Chapter 4 and this model is a result of the major property variation on the CO;side. When
the specific heat of a fluid varies significantly with temperature, the e-NTU method becomes
invalid. Therefore, the heat exchanger is divided into small “sub-heat exchangers,” and
properties are determined for each sub-heat exchanger. The size of each sub-heat exchanger
is chosen to limit the property variations so the e-NTU method becomes valid. The required
number of sub-heat exchangers is found by plotting a significant output parameter as a
function of the number of sub-heat exchangers. The plot should asymptotically approach a
constant value, determining the number of sub-heat exchangers needed to obtain an accurate
result. Figure 65 shows this plot and illustrates that ten sub-HX’s is sufficient for accuracy

purposes.

48- T T T T T T T T T T T T T T

47.6}

47.2} .

46.8

46.4}

CO, Outlet Temperature [C]

46 L s 1 N 1 N 1 N 1 N 1 N 1 N 1 N
0 2 4 6 8 10 12 14 16

# of Sub-HX's

Figure 65: Plot showing the relationship between the number of sub-HX’s and outlet CO2 temperature
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A detailed schematic of the cross-flow heat exchanger is shown in Figure 66.
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Figure 66: Schematic showing the plan view and elevation view of the cross-flow heat exchanger

Figure 66 shows that there is symmetry that can be utilized when modeling this heat

exchanger with sub-HX’s. Looking at an elevation view, each tube will experience the same

CO; conditions. The inlet air temperature is assumed to be uniform across the entire frontal

area of the heat exchanger. In addition, the inlet CO, temperature will be uniform for each

tube along the height of the heat exchanger. Knowing that each tube along the height

experiences the same effects, the plan view illustrates the important section for analysis. It

shows the heat exchanger in the width and length view, where all the property changes will

occur.

Figure 67 shows the heat exchanger broken up into sub-HX’s with an arbitrary value of the

number of loops (Nieeps) and the number of sub-HX’s (N) set to be 3 and 5, respectively.

These values are required inputs for the model.
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Figure 67: Top view illustrating the break-up into sub-HX’s

As shown in Figure 67, the sub-HX’s are defined with equal lengths along the width (i.e.,
along the i-axis) and divided equally along the length (i.e., along the j-axis). Earlier in
Chapter 2, the counter-flow heat exchanger was analyzed using equal heat rates versus equal
lengths, allowing the length of each sub-heat exchanger to vary. With properties varying in
the i and j axes, dividing into equal lengths and letting the heat rate vary within each sub-heat
exchanger made dividing the heat exchanger up more simple. The number of air and CO,
temperatures are defined as:

Ngir = Nloops +1 51
Ncoa =N +1 5.2
N_CO2=N+1 "Number of co2 temperatures"
N_Air=N_loops+1 "Number of air temperatures"

The length of each sub-HX (X;) is defined as:

Width
Xi = N

5.3



X_i=WIN "Length of each sub-HX"

With the sub-HX setup, the model starts to distribute the known operating conditions.

Tetin = T, fori=1,N 5.4
PC[i,l] = Pcin fOT' 1= 1,N 55
duplicate i=1,N
T_CJi,1]=T_C_in "Entering air temperature at first tube"
P_CIJi,1]=P_C_in "Entering air pressure at first tube"
end
Ty = Thy, 5.6
Pui14) = Phyy, 5.7
T_H[1,1]=T_H_in "Entering CO2 temperature"
P_H[1,1]=P_H _in "Entering CO2 pressure”
TH[NCOZeroops] = Ty,,, for odd number of loops 5.8
TH[erloops] =Ty,,, for evennumber of loops 5.9
T_H[N_CO2,N_loops]=T_H_out "Outlet co2 temperature for odd tubes"
T _H[1,N_loops]=T_H_out "Outlet co2 temperature for even tubes"
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The overall heat input rate is known; therefore, the sum of the sub-HX heat input rates has to

equal the overall heat input rate.

duplicate t=1,N_loops

Q_dot_tot[t]=SUM(Q_dot]i,t],i=1,N) "Sum of sub-HX heat rates"
end
Q_dot=SUM(Q_dot_tot[t],t=1,N_loops) "Setting sum equal to required overall heat rate"

Table 21 illustrates all of the inputs required by the model and possible values for each input.



93

“ Parameters Performance Constraints

Air Inlet Pressure Pipe Wall Thickness
=1 [atm] =1 [mm]

Fan Power = 0.5 [MW]

Air Inlet Temperature Heat Input Rate:

Configuration: CF-872c

=43 [C] Based on Design Point
CO, Inlet Temperature: Number of Tube Loops
Based on Design Point =3 []
CO, Inlet Pressure: Number of Sub-HX’s
Based on Design Point =10 [-]

CO, Outlet Temperature
=48 [C]

Table 21: Inputs to model with possible values

Instead of specifying a volumetric flow rate of the air, the amount of fan power is set, and
then used to solve for the volumetric flow rate. The value for maximum fan power is more
relevant than the amount of volumetric flow rate. The mass flow rate on the CO, side is

iteratively solved for by knowing the inlet and outlet temperatures, as well as the required

heat input rate.

; AP, CFVCF
Wfan D — 5.10
nfan
"Fan power"
W_dot fan=((DELTAP_C*V_dot_C)/eta_fan)*convert(W,MW)
eta_fan=0.5[-] "Fan efficiency"

Once the operating conditions have been set, the model runs through each sub-HX
determining outlet temperatures and pressures. It starts with the first sub-HX, which has
specified values of the inlet temperatures and pressures, mass flow rates, and heat input rates,
and determines the outlet conditions. Those outlet conditions are now the inlet conditions for
the next sub-HX. This is repeated for all of the sub-HX’s.

The properties for each sub-HX are determined by using the average of the inlet and outlet
temperatures and the inlet pressure.



duplicate j=1,N_loops

duplicate i=1,N

"Air"

rho_Cli,j]=Density(C$,T=(T_CJi,j]+T_CJi,j+1])/2,P=P_CIi,j]) "Density"
Pr_CJi,j]=Prandtl(C$,T=(T_CIi,j]+T_CIi,j+1])/2,P=P_CIi,j]) "Prandtl number"
cp_CIi,j]=Cp(C$, T=(T_CIi,jl+T_CJi,j+1])/2,P=P_CIi,j]) "Specific Heat"
mu_CJi,j]=Viscosity(C$, T=(T_CJi,jl+T_CJi,j+1])/2,P=P_CIi,j) "Viscosity"
k_CIi,jl=Conductivity(C$,T=(T_CIi,j]+ T_CIi,j+1])/2,P=P_CIi,j]) "Thermal conductivity"
"Carbon Dioxide"

cp_H[i,jl=Cp(H$, T=(T_HI[i,jl+T_HI[i+1,j])/2,P=P_HIi,]]) "Specific Heat"
mu_H[i,jl=Viscosity(H$, T=(T_H][i,jl+T_HI[i+1,j])/2,P=P_H{i,j]) "Viscosity"
k_H[i,jl=Conductivity(H$, T=(T_HI[i,j]+T_HI[i+1,j])/2,P=P_HIi,j]) "Thermal conductivity"
rho_H][i,jl=Density(H$, T=(T_HI[i,j]+T_HI[i+1,j])/2,P=P_H[i,j]) "Density"
Pr_HIi,j]J=Prandti(H$, T=(T_H[i,jl+T_H[i+1,j])/2,P=P_HI[i,j]) "Prandtl number"

end

end

Mass flow rates for each sub-HX are determined as follows:

My sup = My 5.11
: me
m =—
C,sub N 5.12
m_dot_ C_sub=m_dot_C/N "Mass flow rate of air experienced by sub-HX"
m_dot H sub=m_dot H "Mass flow rate of CO2 experienced by sub-HX"

The e-NTU method solves for the outlet conditions:
CH[i'j] = My supcppuli,jl fori=1,N&j= 1, Nioops 5.13
Celij] =t supcpelinjl fori=1,N &j =1, Nigops 5.14
Cinli,j1 = MIN(Ccli, 1, Culi j1) fori=1,N&j=1,Nyoops 515

Qmax[i:j] = Cmin[i'j](TH[irj] - TC[i'j])

fori=1,N&j=1,Nyeps (0dd tube) 516
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Qmaxli, j1 = Coninli, j1(Tyli + 1,71 = Te[i, j1)
fori=1,N&j=1,Nyeps (Even tube) >17
Note that the inlet and outlet CO, temperatures switch positions when going from one loop to
the next, due to the mass flow rate direction alternating in each loop. Therefore, some
equations change depending on if the model is analyzing an odd or even tube. This is done
using multiple if directives built into EES, that comment in or comment out code depending

on if an odd or even tube is being analyzed.

E[i,j] = Q[i'j]/Qmax[i:j] fori=1,N&j= 11Nloops 5.18

duplicate j=1,N_loops

duplicate i=1,N

"Effectiveness-NTU method"

C_dot_HiJi,jl=m_dot_H_sub*cp_Hli,j] "Capacitance rate CO2 side"
C_dot_CJi,j]=m_dot_C_sub*cp_CfIi,j] "Capacitance rate air side"
C_dot_min[i,jJ=MIN(C_dot_Ci,j],C_dot_Hli,j]) "Minimum capacitance rate"
Q_dot_max][i,j]=C_dot_min[i,j]*(T_HIi,j]-T_CIi,jl) "Max heat rate"
Q_dot_max([i,j]=C_dot_min[i,jj*(T_HI[i+1,j]-T_CIi,j]) "Max heat rate"
Epsilon[i,j]=Q_dot][i,jJ/Q_dot_max([i,j] "Heat rate"

end

end

The number of transfer units is determined using the HX function in EES which implements
the e-NTU solutions. Depending on if the user would like the air temperatures modeled as
mixed or unmixed, the function calls the ‘crossflow one unmixed’ or

‘crossflow_both unmixed’, respectively. In the results to follow, the

‘crossflow_both unmixed’ correlation was used based that it’s performance in Chapter 4 and
it being the more conservative solution. The real solution will likely lie somewhere in-

between the two correlations.

"Finding NTU"

$if Corr$="UnMixed'

NTUI[i,j]=HX('crossflow_both_unmixed', epsilon[i,j], C_dot_H]Ji,j], C_dot_CIi,j], 'NTU")
$endif

$if Corr$='"Mixed'

NTUI[i,j]l=HX('crossflow_one_unmixed', epsilon[i,j], C_dot_H]Ji,j], C_dot_CJi,j], 'NTU")
$endif
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With the effectiveness and the number of transfer units, the conductance is found:
NTU[i,j] = UA[i,j1/Crminlisj] fori=1,N&j=1,Nyops 5.19

Energy balances on the air and CO; sides, give the outlet temperatures of the heat exchanger.

Culi, j1Tyli + 1,j1 + QIi,j1 = Cyli, j1Txli, /]

fori=1,N&j=1,Nyeps (0dd tube) 5.20
Culi, j1Tyli, j1+ Qli,j1 = Cyli, j1Tuli + 1,1
fori=1,N&j=1,Nyeps (Even tube) 5.21
Celi, j1Tcli j + 1] = Qi j1 + Ccli, j1Tc i ]
5.22

fori=1,N&j =1,Nygps

Note that the air temperatures can be modeled as mixed by replacing Equation 5.22 with
Equations 5.23 and 5.24. This is done using directives that the user defines as mixed or

unmixed.

Celi, ATc peseli j + 11 = QLi, j1 + Celi, j1Tcli, /1

fori=1,N&j=1,Nygps 523

Sum(mc,subCPc [m, j1T¢ tese[m,j + 1], m = 1,N)
Sum(rhC,subCpC [m,jl,m=1, N) 594
fori=1LN&j= 11Nloops

Teli,j+1] =

duplicate j=1,N_loops

duplicate i=1,N

"Finding overall conductance"
NTUI[i,j]=UAl[i,j)/C_dot_minli,j]

"Energy balance on CO2 side, odd tube"
C_dot_H[i,jJ*T_HI[i+1,j]+Q_dot[i,j]l=C_dot_HIi,jJ*T_HI[i,j]
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"Energy balance on CO2 side, even tube"
C_dot_HIi,j]*T_HIJi,j]+Q_dot[i,j]J=C_dot_HI[i,jj*T_HI[i+1,]]

$if Corr$='"Mixed'

"Energy balance on air-side"
C_dot_CJi,j]*T_CJi,j]l+Q_dot][i,j]=C_dot_CJi,j]*T_C_test]i,j+1]
T_CJi,j+1]=sum((m_dot_C_sub*cp_C[m,j]*T_C_test[m,j+1]),m=1,N)/SUM((m_dot_C_sub*cp_C[m,]]),
m=1,N)

$endif

$if Corr$="unmixed'

"Energy balance on air-side"
C_dot_CJi,jJ*T_CIi,j]l+Q_dot]i,j]=C_dot_CJi,j]I*T_CJi,j+1]
$endif

end

end

Pressure drop on the air-side for each sub-HX is determined using the
CHX_DELTAp_finned_tube procedure. The procedure requires the HX configuration, sub-HX
mass flow rate and frontal area, length in the air direction, fluid, inlet and outlet temperature,

and inlet pressure.

"Pressure drop on the air side"

duplicate j=1,N_loops

duplicate i=1,N

Call CHX_DELTAp_finned_tube(Config$, m_dot C sub, A fr/N,L/N_loops,C$, T_CIi,]j,
T_CIi,j+1],P_CIi,j]: DELTAP_CIi,j])

end

end

The resistance network is included in the model to put geometric constraints into the
calculation of the overall conductance. Figure 68 shows the resistance network for the heat

exchanger.

R—L‘DHY, air R—CDﬂd Rfuuling R{‘um'__mz

Tar "MWV \VVWN—ANVN—" W\~ Tc0:

Figure 68: Resistance network for cross-flow heat exchanger

The number of tubes along the length (N 1) and along the height (N w) can be determined
by:



98

L
Ntcor = 5.25
Sh
H
Nt,row = 5.26
Sv
N_t col=L/s_h "Number of tube columns"
N_t row=H/s v "Number of tube rows"

The number of loops is defined by the user. The number of loops defined by the user
corresponds to the number of tubes along the length. By setting these two variables equal, the

length in the air-flow direction is determined.

N_loops=N_t_col "Setting the user defined number of loops to programs"

The air-side heat transfer coefficient for each sub-HX is determined using the
CHX_DELTAp_finned_tube procedure. The procedure takes in HX configuration, sub-HX mass
flow rate and frontal area, fluid, the average of the inlet and outlet temperatures, and inlet

pressure.

"Air side heat transfer coefficient"

duplicate j=1,N_loops

duplicate i=1,N

Call CHX_h_finned_tube(Config$, m _dot_C/N, A _fr/N, CS$,(T_CIi,j]+T_CIi,j+1])/2, P_CJi,jl:h_CIi,j])
end

end

The total air-side surface area of each sub-HX is found by multiplying a (ratio of total air

side surface area to core volume) by the overall volume of each sub-HX.

A_s_out_tot=alpha*((L/N_loops)*L_sub*H) "Total outside surface area"

The fin efficiency is found using the EES fin efficiency procedure, eta_fin_annular_rect, which
needs the fin thickness, outer tube diameter, diameter of the fin, air-side heat transfer

coefficient, and thermal conductivity of the metal for each sub-HX.
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duplicate j=1,N_loops

duplicate i=1,N

"Fin efficiency"

eta_fin[i,jl=eta_fin_annular_rect(th_fin, D_out/2, D_fin/2, h_CJi,j], k_m_tube)
end

end

The overall surface efficiency is found using equation 1-252 (Nellis & Klein, 2009), which

uses the ratio of fin area to total area and fin efficiency.

A in
Molinj] =1~ ( (1= nfm[i,j])>

5.27
fori=1,N&j=1,N_loops
duplicate j=1,N_loops
duplicate i=1,N
eta_ofi,j]=1-(A_fin\A*(1-eta_fin[i,j])) "Overall surface efficiency"
end
end

Finally, the outer surface resistance is found using the heat transfer coefficient, overall
surface efficiency, and total air-side surface area.

_ 1

B NolL, j1hcrlis j1As out tot 5.28
fori=1,N&j=1,N_loops

Rout [L']]

duplicate j=1,N_loops

duplicate i=1,N

R_out[i,jl=1/(eta_o[i,j]*h_C]i,j]*A_s_out_tot) "Outer surface resistance"
end

end

The CO; flow is constrained by setting a pressure drop ratio which is defined as:

PressureDropRatio = 5.29

H,in

DELTAP_H=PressureDropRatio*P_H_in "Pressure drop ratio"
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By setting the pressure drop with the pressure drop ratio, the CO, fluid velocity, friction
factor, Nusselt number, heat transfer coefficient, and Reynolds number are iteratively solved

for in Equations 5.30 through 5.32, and the PipeFlow_N procedure for turbulent flow through

a pipe.

24Pyi, j1Dp,u

L,j] = I =1,N&j=1,N,
fH[l ]] 1-5Lsupr[i:j] UI?I fori ] loops 5.30

Note that the 1.5 constant in the denominator is used to account for header pressures.

puli,jl UyDpu

Reyli,jl = ori=1,N&j=1,N,
mlij] iy J loops 5.31
oo hylij1Dpy .
Nusselty[i,j] = Wforz =1,N&j= 11Nloops 5.32

The CO,-side resistance is then found using the following equation:

1
hH [i:j] pery Nt,rostub

Rin[i,j] = fori=1,N&j= 1»Nloops 5.33

"Determine heat transfer coefficient, pressure drop, and pump power"
duplicate j=1,N_loops

duplicate i=1,N

"Pressure drop"
f_H[i,j]J=(2*DELTAP_HIJi,ji*D_h_H)/(1.5*L_sub*rho_HIi,jj*U_H"2)
"Reynolds number"

Re_Hili,jl=rho_HIi,jj*U_H*D_h_H/mu_HI[i,j]

"Pipe flow correlation"

call PipeFlow_N(Re_H]i,jl,Pr_H]i,j],99999,(.0000015[m]/D_in):
Nusselt T _Hli,jl,Nusselt H_HI[i,jl,f_HI[i,jl)

"Heat transfer coefficient"
Nusselt_T_Hii,j]J=(h_HTIi,j]*D_h_H)/k_H]i,j]

"CO2-side resistance"
R_in[i,jl=1/(h_HIJi,jJ*per_H*N_t_row*L_sub)

end

end
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The fouling resistance is calculated by finding the fouling factor, which is found using the
FoulingFactor procedure in EES using 'CO2 liquid'. Using ‘CO2 liquid’ or ‘CO2 vapor’, EES

gives the same value for the fouling factor.

R _f _in=FoulingFactor('CO2 liquid") "Fouling factor on inner surface of tube"

The fouling resistance is calculated using the following equation:

R},
Rt in[inj] = 2 ori=1,N&j=1N

f,m[ jl perNe rowlLsut f ] loops 5.34
duplicate j=1,N_loops
duplicate i=1,N
R _f in[i,j]=R""_f_in/(per_H*N_t row*L_sub) "Fouling resistance on inner surface of tube"
end
end

Lastly, the conduction resistance through the tube wall is found using the cylinder conduction

resistance definition (Nellis and Klein, 2009):
D
l out
“(Dm)

ka,tube [i:j]nNt,rostub 5.35
fori=1,N&j=1,Nygps

Reona [i;j] =

duplicate j=1,N_loops

duplicate i=1,N

k_m_tubeli,jl=k_ (Metal$,(T_HI[i,jl+T_CIi,j)/2) "Thermal conductivity of material"
"Conduction resistance"

R_cond][i,j]=In(D_out/D_in)/(2*k_m_tubeli,jJ*PI*N_t_row*L_sub)

end

end

The total resistance is the sum of the four resistances, which is the inverse of the total
conductance.
Rtot[i»j] = Rout[i:j] + Rin[i'j] + Rf,in[irj] + Rcond[i:j]

fori=1,N&j=1,Nygps 536
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1

UA[i,j] = mfor i=1,N&j= 1'Nloops 5.37
duplicate j=1,N_loops
duplicate i=1,N
R_tot[i,j]=R_out[i,jJ+R_in[i,jJ+R_f_in[i,j]+R_cond]i,]] "Total resistance”
UA[i,j]I=1/ R_tot]i,j] "Total heat exchanger conductance"
end
end

By setting the UA calculated using the e-NTU method equal to the UA calculated using the

resistance network, the final geometric parameter, width and height, is determined.

5.2 Graphical user interface (GUI)

The GUI, shown in Figure 69, allows for a user to easily and intuitively run the program for
multiple configurations, conditions, and materials. The parameters with boxes around the
numbers represent inputs to the model, while texts with no boxes represent outputs. These
inputs and outputs can be easily interchanged and solved simultaneously.
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First the user selects one of three design points they would like to run. Each design point has
specific operating conditions that distinguish it from the others. By clicking “more info”, a
plot and table appear, summarizing the three design points. Next the user will select one of
thirteen HX configurations. Again by clicking “more info”, a page will pop up showing
schematics of the thirteen available configurations. The user then can select what material the
HX is made of, if the air temperatures are modeled as mixed or unmixed, the number of sub-
HX’s and so on. There are also five value inputs required for the model to run, they include
maximum fan power, number of loops in the air-flow direction, the pressure drop ratio for

the CO, and the tube wall thicknesses for the round and/or flat tube.

There are times that switching between different conditions will cause the model not
converge, due to improper guess values. The user can switch to evaluating the properties with
just inlet conditions, instead of inlet and outlet, by switching from “Not Simple” to “Simple.”
This speeds up calculation as well as it makes it easier for the program to converge. Another
way of facilitating convergence is to neglect pressure drop on the CO; side. Finally, there is a
three stage drop-down menu that goes from A to C. A is simplest, B is next and C is where
the program should be run at for accurate results. By clicking “more info”, it will go into

detail on what is occurring with each stage.

Having a sophisticated GUI aids in doing studies on multiple different conditions,
configurations, and materials. Below are some examples of preliminary studies to show the

versatility of the model.

Table 22 shows the results of the model when varying the type of HX configuration. Looking
at the alpha values, which are the ratios of the total surface area per unit volume, the results
make intuitive sense. The configurations with the larger alpha values, tend to have smaller

overall dimensions.
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. . Height/Width | Length Alpha
Configuration
[m2/m3]
299

fc_tubes_sCF-88-10Ja 21.99 0.1572
fc_tubes_sCF-88-10Jb 23.6 0.1572 191
fc_tubes_sCF-70-58) 22.79 0.1029 269
fc_tubes_sCF-872c 23.32 0.06096 446
fc_tubes_sCF-872 23.93 0.06096 535
fc_tubes sCF-734 24.62 0.06096 459
fc_tubes_sCF-775-58T 20.52 0.1334 554
fc_tubes_s80-38T 21.06 0.066 587

Table 22: Varying HX configuration and results

Another interesting parameter is the material used for the heat exchanger. The results of this
study listed in Table 23 show that copper leads to the smallest overall dimensions, while
stainless steel leads to the largest. Knowing that copper has a high conductivity when
compared to the rest, it makes sense that less surface area is needed for heat exchange.

Inversely, stainless has the lowest conductivity when compared to the other materials.

Height/Width Length
[m] [m]

Stainless 22 0.1572
Aluminum 20.24 0.1572
Copper 20.16 0.1572
Titanium 21.71 0.1572

Table 23: Varying HX material and results

Analyzing the previous two tables seems to show that the model is running as predicted and

proves the versatility of the model for design studies in Section 5.3.
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5.3 Performance plots

Given a set of input conditions, the model can be run for different scenarios in order to track
how the heat exchanger performs. The first analysis was varying the heat exchanger
configurations in order to see how each performs for a set of conditions. Table 24 specifies

the set of inlet conditions that were modeled for the results in Figure 70 through Figure 81.

Air Outlet Pressure [atm]

Air Inlet Temperature [C] 43 43 43
CO, Inlet Temperature [C] 152.4 104.2 97.2
CO, Outlet Pressure [Mpa] 7.766 9.98 1.84
CO, Outlet Temperature [C] 48 48 48
Tube Wall Thickness [mm] 1.0 1.0 1.0

Material Aluminum Aluminum Aluminum
Fan Power [MW)] 0.5 0.5 0.5
Heat Input Rate [MW] 11.7 8.87 8.7
Pressure Drop Ratio [%] 0.5 0.5 0.5

Table 24: Set of inlet conditions for results in Figures 11-22

Figure 70 through Figure 78 represent the heat exchanger volume, air-side pressure drop, and
volumetric flow rate, respectively, as a function of the CO, passes for all thirteen
configurations. Each figure represents the recompression, simple high, and simple low design
points to see how they compare to one another. Each design point is split into two plots, left

and right, corresponding to circular tube and flat tube, respectively.
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Heat Exchanger Volume
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Figure 70: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger
configurations at the recompression condition
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Figure 71: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, high efficiency condition
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Figure 72: Heat exchanger volume as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, low efficiency condition
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Looking at Figure 70 through Figure 72, it can be seen that the heat exchanger required by
the simple high cycle is more than double the size required by the simple low or
recompression cycle. Further, there is a large spread between the flat and circular
configurations, with the flat tube configurations requiring less heat exchanger size. Recalling
from the previous section, the alpha values for the flat tube configurations are much larger
when compared to the circular tube configurations. Referring back to Table 19 and Table 20,
the alpha values closely correlate to the size of the heat exchanger. Configurations with large

alpha values tend to have smaller heat exchanger volume and vice versa.

Air-Side Pressure Drop
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Figure 73: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger
configurations at the recompression condition
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Figure 74: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, high efficiency condition
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Simple Cycle, Low Efficiency:
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Figure 75: Air-side pressure drop as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, low efficiency condition

Air-side pressure drop is found to be smaller in the simple high design point than compared
to the simple low and recompression. The simple high condition requires a larger heat
exchanger size which in turn causes the flow rate to be larger. With constant fan power, the

higher flow rate allows for a smaller overall air-side pressure drop.

Air-side pressure drop is relatively uniform across all configurations. This is explained by the
length in the air direction not being uniform for each of the configurations. Air-coolers are
limited by the amount of air-side pressure drop allowed, forcing there to be relatively small
lengths in the air direction. Usually air-coolers take on the “pancake” shape, where they are
much wider and taller than they are deep.

Volumetric Flow Rate
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Figure 76: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger
configurations at the recompression condition
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Simple Cycle, High Efficiency:
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Figure 77: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, high efficiency condition
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Figure 78: Air volumetric flow rate as a function of CO2 passes for the thirteen heat exchanger

configurations at the simple cycle, low efficiency condition

The volumetric flow rate, as previously stated, is much higher for the simple high compared
to the simple low and recompression. For all of the configurations, the volumetric flow rates
have relatively similar values. All of the plots show that the volumetric flow rate will
eventually level off and not be affected by the number of CO, passes/loops. The volumetric
flow rate decreases with increased air-direction length because of increased air-side pressure
drop. The level off effect is due to the fact that as more passes are added, more surface area is
also being added, allowing for flow rate to decrease at the expensive of increased pressure

drop.
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Referring to Figure 79 through Figure 81, the total precooler conductance is evaluated for all
design points and configurations as a function of CO, passes/loops. Each design point has a
left and right plot, differing only in the y-axis as a zoomed in or out view, respectively.
Looking at the plots to the right for all design points, it is interesting to note that the total
conductance remains relatively unchanged due to stacking (increasing more loops). This is
useful when running thermal cycle analyses where any one of the heat exchangers could be

applied given a specific conductance value.
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Figure 79: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger

configurations at the recompression condition
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Figure 80: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, high efficiency condition
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Simple Cycle, Low Efficiency:
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Figure 81: Total precooler conductance as a function of CO2 passes for the thirteen heat exchanger
configurations at the simple cycle, low efficiency condition

To get a sense of the model’s sensitivity, some of more important inputs were varied,
including the fan power, pressure drop ratio on the CO, side, and approach temperature
difference. The model was set to run the recompression design point as well as configuration
C#5, which produced the smallest overall heat exchanger volume. It should be noted that if

the test were run on other configurations or design points, it would produce similar results.
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Figure 82: Heat exchanger volume, air-side pressure drop, and volumetric flow rate as a function of CO2
passes at various values of fan power

Increasing fan power increased pressure drop and volumetric flow rate which resulted in a

decrease in the overall size of the heat exchanger. The opposite occurred with a decrease in

fan power and were results to be expected.
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Figure 83: Heat exchanger volume, air-side pressure drop, volumetric flow rate, and fluid velocity as a
function of CO2 passes at various values of pressure drop ratio

Increasing pressure drop ratio of the CO,, had little effect on the air-side pressure drop and
volumetric flow rate, as would be expected. It did, however, significantly affect the CO, fluid
velocity. An increase in fluid velocity results in larger Reynolds number and increased heat
transfer coefficient. With increased convection on the CO; side, less required surface area

and heat exchanger volume would be expected.
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Approach Temperature
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Figure 84: Heat exchanger volume, air-side pressure drop, volumetric flow rate, and fluid velocity as a
function of CO2 passes at various values of approach temperature

The approach temperature difference is an important parameter. Basic heat exchanger
knowledge says that as the “approach temperature” difference, defined as the difference
between hot outlet and cold inlet temperatures, goes to zero, the size of the heat exchanger
will increase toward infinity. The plots show that at 1 C approach the heat exchanger
becomes massive and with a 10 C approach, the heat exchanger becomes smaller. This is also
seen in Figure 85, where the number of CO, passes is held constant at 5 and the only input

varied is the outlet CO, temperature.
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Figure 85: Heat exchanger volume as a function of outlet CO, temperature

A hybrid configuration might be very beneficial where a compact and more efficient water-
cooler could be used to split the heat load between an air-cooler and water-cooler in series. If
the air-cooler is set first in the series, the “approach temperature” difference is significantly
increased allowing for a much smaller air-cooler. The rest of the cooling would then be
finished by the more efficient water cooler. The hybrid configuration potentially reduces
capital costs and water usage, while mitigating the disadvantages of having a less efficient

air-cooler.
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6 HYBRID CONFIGURATION

The Brayton cycle rejects heat to the ambient environment using air, water, or a hybrid
arrangement that employs both fluids. Cooling with water, from a cooling tower, provides
higher and more consistent Brayton cycle thermal efficiencies year-round, while also leading
to lower capital costs for the heat exchanger equipment when compared to air-cooling.
However, a major concern with water-cooling, especially for solar thermal applications, is
the large amount of water required for the heat rejection coincident in plant locations where

there is limited availability of water.

The alternative to direct water-cooling is a hybrid configuration that combines both water
and air-cooling processes, with the main goal of reducing water usage. A hybrid
configuration can take advantage of the variation in ambient conditions that occur year
round. On hot days, the performance of the system can be enhanced by reducing the heat load
in the air-cooler and increasing the heat load in the water-cooler. The hybrid configuration
would require a smaller water cooler than a wet-cooled plant and a smaller air cooler than an
air-cooled plant. Although the hybrid configuration is typically more expensive than a water-
cooled plant, it should be less expensive than an entirely air-cooled plant (US Department of
Energy, 2007).

In the Brayton cycle using carbon dioxide, the precooler can be configured to take advantage
of the high CO, temperatures by arranging the heat rejection system into two heat
exchangers, a water and air-cooler, each set in series. The advantage of the hybrid
configuration for the Brayton cycle lies with the air-cooler being set first in the series
followed by the water-cooler, resulting in higher cycle efficiencies, reduced water use, and
potentially lower equipment cost. Figure 86 illustrates the components required for a hybrid

configuration and how it is setup.
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Figure 86: Schematic of hybrid configuration w/ cooling tower

The size of the air-cooler can be significantly reduced by increasing the approach
temperature. The size of the air-cooler has been found to be more sensitive to the approach
temperature, when compared to the more physically compact water-cooler. The water-cooler
operates at a lower heat sink temperature (i.e., the wet bulb temperature) and completes the
heat rejection from CO.. It is sized and operated to reduce the CO, temperature to the desired

condition for the compressor inlet.

6.1 Model coupling

The models for the air cooler, water cooler, and cooling tower have previously been
developed as three separate models. By coupling the three models into one, it allows for
analysis on the hybrid configuration as a solution for Brayton cycle cooling. The model will
also have the ability to test either all water-cooling or air-cooling, which provides a powerful
tool for analysis of different cooling scenarios. Figure 87 shows the main GUI that illustrates
the entire schematic of the hybrid configuration process and indicates the linkage between

models.
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Figure 87: Main GUI for the hybrid configuration model

The addition of seven equations is required to link the three models, Equations 6.1 to 6.7:

Air cooler to water cooler:

Mcoz,4c = Mco2,wc

TCOZ,out,AC = TCOZ,in,WC

P C02,0ut,AC =

Water cooler to cooling tower:

Myaterwc =

PCOZ,in,WC

mwater,CT

Twater,in,WC = Twater,out,CT

Twater,out,WC = Twater,in,CT

Air cooler to cooling tower:

Tair,in,AC = Tair, in,CT

6.1

6.2

6.3

6.4

6.5

6.6

6.7
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The addition of the seven equations allows for the three models to run simultaneously and

track the performance of each component. Figure 88, Figure 89, and Figure 90 represent the

GUT’s for the water cooler, air cooler, and cooling tower, respectively. Each GUI window

can be accessed from the main GUI by clicking on the respective component.
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Figure 88: GUI for the water cooler component for the hybrid configuration model
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Figure 89: GUI for the air cooler component for the hybrid configuration model
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Figure 90: GUI for the cooling tower component for the hybrid configuration model

6.2 Model inputs and performance constraints

The model was first run with on-design conditions in mind. The on-design conditions meant
that the model would run under certain inputs and performance constraints that would allow
the size of the heat exchangers to float. Depending on certain conditions such as varying
ambient temperature or varying the heat load imparted on each component, the model will

output the size and power input required for each component.

The major performance constraint that was held constant for all of the simulations to follow
was the use of the recompression design point, which was one of three design points
discussed earlier in Chapter 1. The recompression design point not only produced the best
results from earlier tests on the air cooler heat exchanger, but it is also the point of interest
for the work being done by John Dyreby, who provided the three design points (Dyreby,
2012). Refer to Figure 2 and Table 1 from Chapter 1 for a summary of the recompression
design point. By selecting a design point, it establishes the carbon dioxide mass flow rate by

knowing the total heat load, outlet pressure, and inlet and outlet temperatures.
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The advantage of the hybrid configuration is related to the fact that the size of the air cooler
can be reduced by increasing the approach temperature. For cooling, the approach
temperature is defined as the difference between the temperature of the hot fluid exiting the
heat exchanger and the temperature of the cold fluid entering the heat exchanger.

The approach temperature can be varied two ways, in the case of the hybrid configuration.
Either the fluid temperature between the two heat exchangers is set or the fraction of heat
load for each heat exchanger is set. In the tests to follow, a variable representing the fraction
of air cooling (fac) was established as the control knob for the approach temperature. The
fraction of air cooling establishes the fraction of the total constrained heat load applied to the
air cooler and the rest is applied to the water cooler/cooling tower. If the fraction of air
cooling increases, the approach temperature for the air cooler decreases, and vice versa.
Knowing the total heat load to be shared by the water cooler and air cooler, setting a fraction
of air cooling allowed for the calculation of the heat load to be applied to each component.
Setting the fraction of air cooling also means that the model now can represent three different
cooling scenarios: all water cooling (fac = 0), all air cooling (fac = 1), and hybrid cooling (0 <
fac < 1). This will be the method of comparing the different cooling scenarios later in the
thesis.

6.2.1 Water cooler

The water cooler model requires several parameters and performance constraints in addition
to the design point and fraction of heat load applied at a system level. Table 25 summarizes

the values of these additional inputs that were used in the on-design simulations.

Parameters Performance Constraints
Channel Heights = 3 [mm] Outlet CO; Pressure = 9.98 [MPa]
Plate thickness = 2 [mm] Outlet CO, Temperature = 48 [C]

Inlet Water Temperature = 30 C

Pressure Drop Ratio of CO,
(Total for both air-cooler and water-cooler) =
0.5%

Table 25: On-design water cooler inputs
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For the water cooler, there are geometry constraints found through a design study that
minimized the mass of the heat exchanger. In the design study, it was found that channel
heights and plate thickness were driven to as small as possible to minimize mass. The
channel heights are driven to as small as possible because the heat transfer coefficient
increases inversely with channel cross-sectional area (Kirby & Rumbold, 2009). Plate
thickness was driven to low values because of its proportionality to conduction resistance and
its reduction in material. A simple stress/deflection analysis found that a 1 mm plate

thickness would hold the required pressures.

Typical micro-channel heat exchangers currently being developed have ranges of 0.2 mm to
5 mm for width and height of channels and 0.5 mm to 5 mm for plate thickness (Kirby &
Rumbold, 2009). These same micro-channel heat exchangers were rated up to 55 MPa of

pressure.

The outlet CO, pressure and temperature are set according to the recompression design point.
The last constraint was the pressure drop ratio of the CO,, which is defined as the pressure
drop over the inlet pressure of the CO,. This constraint was selected to keep the fluid
velocities in a reasonable range between 5 and 15 ft/s (i.e., 1.5 and 4.6 m/s). The inlet water
temperature and pressure drop ratio constraints are removed when the heat exchanger sizes

are set in the later off-design simulations.

6.2.2 Air cooler

The air cooler also requires several parameters and performance constraints that are

summarized in Table 26.
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Parameters Performance Constraints
HX Configuration: Circular #1 Inlet Air Temperature = 43 [C]
# of tube passes = 2 Inlet CO, Temperature = 104.2 [C]
Tube wall thickness = 2 [mm)] Pressure Drop of Air = 160 [Pa]
Width ( parallel to CO; flow) Pressure Drop Ratio of CO,
= (Total for both air-cooler and water-cooler) =
3 times Height (perpendicular to CO> flow) 0.5%

Table 26: On-design air cooler inputs

The first parameter is the HX configuration type from the compact heat exchanger library,
which was previously discussed in Chapters 4 and 5. Configuration “Circular #1” was
selected due to its performance in the design study performed in Chapter 5 as well as it being
one of the only configuration with a tube diameter of approximately 25 mm (i.e.,
approximately 1.0”). According to a review by API, by far the most common tube diameter
used by air-cooled heat exchanger venders (ACHE) is 25 mm (i.e., approximately 1.0”) (API,
2006). API 661 also says that stainless steel tube walls must be at least 1.6 mm thick.

The number of tube passes (in the direction of air flow) was set to 2, which is typical in air
cooler designs (API, 2006). The last parameter was constraining the height of the ACHE to 3
times smaller than the width. This aspect ratio is common practice for ACHE to help reduce

the header size, which is typically the most expensive part of the air cooler (GEA, 2011).

The inlet air temperature is set at 43 C which is one of the higher ambient temperatures seen
throughout the year in Daggett, CA. This temperature is varied to see its effect on
performance in Section 6.7. The inlet CO, temperature is set according to the recompression
design point. The pressure drop was constrained to 160 Pa which was found to be a typical
pressure drop for a 2 pass ACHE (GEA, 2011). The pressure drop ratio constraint for the
CO,was discussed earlier about controlling the fluid velocities in Chapter 6.2.1. The pressure
drop ratio constraint is replaced by specifying the heat exchanger dimensions in the later off-

design simulations.
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6.2.3 Cooling tower

The additional performance constraints required by the cooling tower are summarized in
Table 27. For a detailed look at how the cooling tower model was developed, refer to Chapter
3 in the thesis.

Performance Constraints

Range (water) = 10 [C]

Inlet wet bulb temperature = 21.4 [C]

Inlet dry bulb temperature = 43 [C]

Outlet Water Temperature = 30 [C]
Table 27: On-design inputs to the cooling tower

The range for the cooling tower, which is defined as the difference between the inlet and
outlet water temperatures, was set to 10 C. This has been found to be a typical value for the
temperature difference across a water cooler (GEA, 2011). The mean coincident value for the
wet bulb temperature at dry bulb of 43 C was found to be 21.4 C from the TMY2 data in
Daggett, CA. The outlet water temperature was set at 30 C to establish a minimum approach
temperature for the cooling tower of around 8 C, which is slightly greater than the minimum
recommended approach according to GEA Heat Exchangers (GEA, 2011). The inlet air
temperature was set equal to the air cooler inlet air temperature and will also be varied to see

its effect on performance.

6.3 On-design performance curves

Given the previous set of input conditions, the model can be run for multiple fractions of air
cooling in order to track how the hybrid configuration and each component performs. By
selecting a fraction of air cooling the heat load for each heat exchanger is set. The model then
solves for the heat exchanger sizes, water and air mass flow rates, and power required by the

water pump and fans in the cooling tower and air cooler.



126

Figure 91 shows the total required power as a function of the fraction of air cooling. The total

required power includes the fan power for the air cooler and cooling tower, as well as the

total water pump power from the cooling tower and water cooler. As seen by Figure 91, the

total required power is significantly higher for the air cooler when compared to the water

cooler, due to the size of the fan required by the air cooler. This can also be seen with the

percent of total required power for the air cooler, cooling tower, and water cooler. Percent of

total required power is defined as:

Total required power:

Wtot,req = WAC,fan + WWC,pump + WCT,fan + WCT,pump

Alir cooler:

Water cooler:

Cooling tower:

WAC,fan
FAC - W
tot,req
F, _ WWC,pump
wc — :
Wtot req

WCT, fan + WCT,pump

Fer = W
tot,req

6.8

6.9

6.10

6.11
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Figure 91: Total required power and percent of total required power for the air cooler, cooling tower and

water cooler as a function of the fraction of air cooling

The cost of water that is being lost through the cooling tower must be considered. Figure 92

shows both the total required power and the cooling tower makeup water as a function of the

fraction of air cooling. The plot shows that there is the tradeoff between the water use and

required power input.
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Figure 92: Total required power and cooling tower makeup water as a function of the fraction of air

cooling

The total cost of the required power and make up water can be examined in order to see if

there is an optimal point for operating the hybrid configuration.

The cost of electricity is usually presented as dollars per kilowatt-hour. The price of
electricity can vary depending on where it is being purchased from, as can be seen by Figure
93. The U.S. average cost for electricity is around $0.1 per kW-hr (U.S. Energy Information
Administration, 2010). The following tests will use a range of electricity cost from $0.05 to
$0.25 per kW-hr.
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U.S. average retail price per kilowatthour is 9.83 cents

P
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Figure 93: Cost of electricity across the United States (U.S. Energy Information Administration, 2010)

The cost of water is harder to define. The California Energy Commission (CEC) estimates
water cost at $1.00 to $2.50 per 1,000 gallons (California Energy Commission, 2006). This
estimate is based solely on the value of the water and the range is given depending on where
the water is being purchased. The CEC also gives an “equivalent cost” of water at $3.00 to
$5.00 per 1,000 gallons (California Energy Commission, 2006). This equivalent cost includes
the value of water as well as other elements like the cost of water delivery, piping
installation, well maintenance, etc. Given this information, a reasonable range of water cost
to be tested is $1.50 to $4.00 per 1,000 gallons.

The initial investigation uses electrical and water costs of $0.1 per kW-hr and $3 per 1,000
gal, respectively. The ambient air temperature was also varied to see its effect on the
performance. Figure 94 shows that there is an optimal value for the fraction of air cooling,
which for the 43 C ambient dry bulb case is around 0.37. It also shows that as the ambient
temperature is decreased the fraction of air cooling matters less and less. As the cooling fluid
(i.e., air) temperature decreases, both systems (air cooling and water cooling) become more
efficient. At 43 C, the approach temperature is small and the cost to run the precooler is

almost double at some conditions when compared to 30 C or 20 C.
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Figure 94: Operating cost per hour as a function of the fraction of air cooling at various ambient dry
bulb temperatures

These results show that there is an advantage to using the hybrid configuration. This
investigation allowed the size of the heat exchangers to vary in size to meet the performance
requirements constrained in the inputs. Also, this result is only for one set of costs for

electricity and water.

The hybrid configuration can take advantage of the varying ambient conditions seen year-
round. On the hottest days it can use the more efficient water cooler, while on colder days it
can reduce its water usage by using the air cooler. On a system level, the size of the heat
exchangers would be established and remain fixed throughout the year. Operating conditions
would be set at the optimal fraction of air cooling where the minimum cost per hour occurs

for that ambient condition.
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Selecting a point on one of the curves in Figure 94 establishes the size of the heat exchangers
required to meet that load at the specific design point. The 43 C curve was selected as it
would guarantee that the total required load would be met by the specified sized heat
exchangers. Seven points were selected, as shown in Figure 94, corresponding to fractions of
air cooling of 0.0 (no air cooling), 0.075, 0.2, 0.35, 0.5, 0.75, and 1.0 (no water cooling). Off-
design simulations can be run to see how each design performs on a yearly basis. Using
weather data for Daggett, CA, the model varies the fraction of air cooling, at each ambient

condition in order to find the minimum value of cost per hour.

6.4 Capital investment analysis

For large scale power production, the heat exchangers represent a major portion of the total
cost to run and purchase the facility. It is important to have a valid and relatively simple way
to estimate the cost of the three components in the hybrid configuration in order to be able to

do a cost analysis on the system.

In 2002, the DOE did an analysis to assist engineers and scientists in performing rapid cost
estimates on typical components for system studies done on new processes (DOE/NETL,
2002). The DOE prepared a report with generic cost curves that provide purchased
equipment cost as a function of a capacity variable. In the report they include cost curves for
typical air coolers, water coolers, and cooling towers. The purchased cost given by the curves
is in 1998 dollars, so a conversion factor is used, called the Chemical Engineering Plant Cost
Index, Equipment Index, to escalate the cost to 2011 (DOE/NETL, 2002). The Equipment
Index, for 1998 to 2011 is:

724
)

D =D —
ollars,o11 ollars;ggg * (436

The curves were used to estimate the cost of the three components at the seven designated
design points selected from Figure 94. The curves for the air cooler, water cooler, and
cooling tower can be found in Figure 95, Figure 96, and Figure 97, respectively. In each of
the figures, the image on the top represents the actual cost curve produced by DOE and the
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image on the bottom is a curve fit to the actual curves. This curve fit allowed for fast and

easy calculation of the purchased cost given the certain capacity variable.

The air cooler cost curve, Figure 95, requires the bare tube area, which is the surface area of

just the tubes on the air cooler, excluding the area of the fins.
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Figure 95: Curve fit to purchased equipment cost curve for an air cooler as a function of the bare tube
area (DOE/NETL, 2002)
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The total area of the heat exchanger can easily be found using the compact heat exchanger
library in EES (Klein, 2011) as a function of the heat exchanger volume (L*W*H) and a (the
ratio of the total surface area to heat exchanger volume). The total surface area is then equal
to:

Atota = (L* W *H) x a 6.13

The compact heat exchanger library also provides the ratio of fin area to total surface area,
Asin/ Atorar. SO the bare tube area can be found using:

Afin )

Apare tubes = Atotal * (1 -
total

6.14

The water cooler cost curve is actually an estimate for a shell and tube heat exchanger, as
there was no curve for compact heat exchangers. It was felt that the cost curve for a shell and
tube heat exchanger would be similar to the heat exchanger being evaluated in the model.
With that in mind, the cost curve required the total surface area of the heat exchanger as the
capacity variable. This variable is very simple as it is an output of water cooler model
because it is necessary in fundamental calculations within the model.
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Figure 96: Purchased equipment cost curve for a water cooler as a function of the total heat exchanger
surface area (DOE/NETL, 2002)

Looking at the cost curves, the water cooler is the least expensive component of the three as
well as being the least affected when it comes to the size required to meet the load. The
analysis assumes one sized water cooler that would meet the required load no matter what
fraction of air cooling the analysis was running at. This assumption was made based on the
results from the on-design tests which showed that the precooler size varied only slightly, for

a wide range of conditions.
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Figure 97: Purchased equipment cost curve for a cooling tower as a function of the water flow rate
(DOE/NETL, 2002)

The cooling tower cost curve requires only the water flow rate, which is required for
calculation of cooling tower performance. The cooling tower model uses data from actual
performance data from a Baltimore Aircoil Company tower, model 31301C (Baltimore
Aircoil Company, 2011). The assumption in the following analysis is that the model
representing this specific tower scales so that the performance estimates are provided for
other cooling tower sizes. From Figure 94, each design point is assuming a different sized
cooling tower based solely on the capital purchase cost curve which is a function of water
flow rate. As the value of the fraction of air cooling increases, the cooling tower size (cost)

decreases.

With good estimates of the purchase cost for each heat exchanger at each of the seven design
points, a bar plot was produced to show the spread from 0 to 1 fraction of air cooling. This

can be seen in Figure 98.
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Figure 98: Capital investment for the air cooler, water cooler, and cooling tower as a function of fraction
of air cooling

The water cooler was the least expensive component among the three components. The air
cooler was the most expensive component of the three heat exchangers. Figure 98 also shows
that at zero fraction of air cooling, an air cooler does not exist and at unity fraction of air
cooling, a water cooler and cooling tower do not exist. Also, looking at the cost of the
cooling tower for the fraction of air cooling equal to zero, shows that it is approximately
equal to $200,000. This estimation agrees with the quoted unit price of the cooling tower
modeled (i.e. $98,000), discussed in Chapter 3, which would require two cooling towers to
satisfy the entire load for an all water cooling system. Everywhere in between has some sort

of cost for all three heat exchangers.

With the capital investment for the heat exchangers figured out for each of the design point

the next step is figuring out how to analyze hourly weather data over the course of a year.
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6.5 Weather data

The hybrid cooling configuration can take advantage of the varying weather conditions
during a year; therefore it is necessary to do a simulation using hourly weather data for a
year. The only required information from weather data for a certain area is the ambient dry
bulb and wet bulb temperatures. The area of interest is Daggett, CA; TMY2 weather data are

appropriate for this analysis.

Ina TMY?2 data file, ambient dry bulb and wet bulb temperatures, as well as other
information, are given for every hour of the year. Figure 99 shows dry and wet bulb

temperatures from a TMY2 data file for Daggett, CA over the span of a year.
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Figure 99: TMY2 weather data for Daggett, CA showing dry and wet bulb temperatures at specific hours
during the year

The issue with having data for 8760 hours of the year is that running any sort of analysis that
optimizes for each ambient condition requires significant computational effort. The model

takes approximately three seconds to converge on a solution at each ambient condition, so
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with 8760 runs it would take approximately eight hours to do one yearly analysis. The way to
resolve this issue is to bin the data, by taking ranges of dry bulb temperatures and finding the
mean coincident wet bulb temperature associated with this range. The amount of hours that
the specific range of dry bulb temperatures is seen throughout the year will also be given.

6.6 Binned data

There are many methods of binning weather data, but in this case BinMaker™ (BinMaker,
1995), is used to convert hourly data to bin data. The program’s main screen asks for the

location of interest for the weather data, shown in Figure 100.

B ake ersio 0 = x

File Configure About

Welcome to BinMaker(TM)

@ ACCESS TO AND ANALYSIS OF
TMY2 METEOROLOGICAL DATA

Select State Select City/WBAN #
Ca v ARCATA
BAKERSFIELD
LONG BEACH 23129 ~|
City State WBAN#  Latitude Longitude Elevation
DAGGETT [ﬁ| 23161 ] N 3452 |wW 116 47 | 588 m /71929 ft

Proceed | Exit

Figure 100: BinMaker™ main screen

From there, times of interest can be specified for the selected location. The GUI allows the
user to select specific months as well as specific times during the day. For the analysis that
follows, the hours from 9 A.M. to 3 P.M. were used as the hours of interest throughout the
entire year. These are the hours that typically see the most amount of solar irradiance and

when solar power plants would likely be running. This GUI can be seen in Figure 101.
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Figure 101: BinMaker™ GUI for selecting times during the year

In the case of the analysis to follow, the weather was binned by dry bulb temperature in 2°C
intervals, displaying the mean coincident wet bulb in that range as well as the amount of
hours for each interval. This can be seen in Figure 102.

¥: Conventional Bins for DAGGETT CA  WBAN # 23161 (2555 Hrs) [H[EIEJ
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Back Next Sance Exit Program

Figure 102: BinMaker™ GUI giving users the option for variable to bin and bin range
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Finally, the program outputs a text file that can be imported to an excel file. The excel file
can be seen in Figure 103, which shows the dry bulb range, mean coincident wet bulb, and
hours.

Mid-pts DB (C) Hrs WB (C)

45 44 to 46 1 21.3
43 42to 44 10 21.4
41 40to 42 50 20.5
39 38to 40 86 19.6
37 36to 38 136 18.9
35 34to 36 136 18
33 32to 34 153 17.2
31 30to 32 190 15.9
29 281to 30 173 15
27 26to 28 167 14.1
25 24to 26 157 12.6
23 22t0 24 175 11.4
21 20to 22 195 10.7
19 18t0 20 140 9.5
17 16to 18 187 8.1
15 14to 16 180 7.2
13 12to 14 163 6.5
11 10to 12 120 5.1

98to10 64 3.2

76to8 48 2.1

54to6 17 0.5

32to4 6 -1.2

10to?2 1 -2.9

Figure 103: Binned weather data showing dry bulb range, mean coincident wet bulb, and hours

By binning the weather data, the number of runs that the model has been reduced from 8760
to 23 runs. The model is run for each ambient condition varying the fraction of air cooling in

order to minimize the operating cost per hour.
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6.7 Off-design performance curves

The off-design analysis allows a larger and more realistic picture of the performance of a
specifically designed system of heat exchangers. To make this analysis cover a wide range of
possibilities, five tests were created that varied the cost of water and electricity. The control
test was the average values of $3 per 1,000 Gal and $0.10 per kW-hr. There were four other
tests also run in which both costs were halved (Test #1), doubled (Test #2), water-doubled
and electricity-halved (Test #3), and water-halved and electricity-doubled (Test #4). These
tests are summarized in Table 28.

Water to Electricity

Cost of Water Cost of Electricit .
fest [$/1,000 Gal] /WA [kw_c:rs;l"‘g;'(;’ cal
Control 3.0 0.10 30
#1 1.5 0.05 30
#2 6.0 0.20 30
#3 6.0 0.05 120
#4 1.5 0.20 7.5

Table 28: Five tests run varying the cost of water and electricity

Table 28 also includes a column of the cost of water to cost of electricity ratios in kKW-
hr/1,000 Gal. This ratio is reported in order to test the dependence of the results on individual
costs as opposed to the ratio of the costs. As seen from Table 28, the control, #1, and #2 tests
all have the same water to electricity cost ratio, while #3 and #4 have two different values.

With the established testing matrix, the model was run at the each of the seven different
design points selected from Figure 94. As stated before, using the equipment associated with
each design point the model minimized the cost per hour by varying the fraction of air
cooling at each binned ambient condition. The cost per hour, which includes the power from
the water pump for the cooling tower and water cooler, and fan power from the cooling tower

and air cooler, was multiplied by the number of hours each binned ambient condition saw



142

throughout the year. These values were summed to produce the yearly operating cost at each
design point. The seven design points were plotted with the yearly operating cost as a
function of the fraction of air cooling. Figure 104 shows the curves for same water to

electricity cost ratios and Figure 105 shows the curves for different ratios.
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Figure 104: Total yearly operating cost for the precooler as a function of the fraction of air cooling for
same water to electricity cost ratios
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Figure 105: Total yearly operating cost for the precooler as a function of the fraction of air cooling for
different water to electricity cost ratios

These plots show where a cooling system should be designed based on one year’s operating
costs. In each of the curves, the minimum occurs between 0 and 1 indicating that on an
operating cost basis there is a benefit to running a hybrid configuration. Looking at the
difference between Figure 104 and Figure 105, it shows that there is a major dependence on
the cost ratio but no dependence on the individual costs. Figure 104, where the curves
represent the same cost ratios, shows that the minimums occur at the same fraction of air
cooling. On the other hand, Figure 105, where the curves represent different cost ratios,
shows that the minimums occur at different fractions of air cooling. In Figure 105, the curve
representing a cost ratio of 120 has a minimum occurring around 0.5. This occurs because a
high value of the cost ratio means water is expensive compared to electricity, so the
minimum will likely occur by favoring more air cooling. The opposite is true about the cost

ratio of 7.5. This curve represents a case where the cost of electricity is expensive when
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compared to the cost of water, so the minimum occurs closer to water cooling. This cost ratio

has a minimum limit of zero (i.e. free water) and no maximum limit (i.e. free electricity).

Figure 106 illustrates the optimal fraction of air cooling as a function of the cost ratio.
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Figure 106: The fraction of air cooling as a function of the water to electricity cost ratio
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The gray shaded region represents the realistic range of cost ratios, as electricity and water

will never be free. It is interesting to see that on a purely operating cost basis, as water

becomes free compared to electricity there is still a benefit to having some air cooling to

share the load with the water cooler. On the opposite end, as electricity becomes free

compared to water, there is a point where the system should be designed for all air cooling.

A purely operating cost analysis leaves out the impact of capital investment costs. Capital

investments are usually large compared to the operating costs especially near the beginning

of the life cycle of the process. It is important that operating and investment costs are

analyzed over a period of time to make a decision on the most sensible solution.
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7 RESULTS & DISCUSSION

A simple but effective method for cost analysis on a process over a period of time is a life
cycle cost (LCC) analysis. Typically, a LCC analysis includes the cost of capital investment,
operating cost, maintenance cost, taxes, as well as the cost of financing, replacement, and
renovation over the entire analysis period. For large scale operations, the maintenance costs,
taxes, and costs of financing, replacement, and renovation are generally negligible when
compared to the operating costs (i.e., water and energy) and capital costs. This LCC analysis
will only consider the effects of operating costs and capital investments cost. The results of
this analysis will provide a basis for comparison among the three configurations of cycle heat
rejection (i.e., water cooling, air cooling, or hybrid cooling).

One method of determining the LCC is by using the P1 and P2 method (Duffie & Beckman,
2006). The LCC is defined as the sum of two terms; the first is proportional to the first year
operating cost (F) and the second term is proportional to the first costs of the system (E).

LCC = P;F + P,E 6.15

The P constant is the present worth factor (PWF) which depends primarily on the number of
years the equipment will be operated (N), as well as the inflation rate for expenses of

operation (i) and the market discount rate (d).

P, = PWF(N,i,d) 6.16

The P, constant depends on many economic parameters. Assuming that all initial investment
costs are paid in full at the time of purchase and the economic factors such as maintenance
costs, taxes, and costs of financing, replacement, and renovation are negligible, the P,
constant is equal to unity. The P; constant is calculated using the PWF external function in
EES. For the following simulations, the inflation rate and market discount rate were assumed
constant at 3.0 % (Bureau of Labor Statistics, 2012) and 7.0 % (Federal Reserve System,
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2012), respectively. These values are estimates based on current and previous years data.
Table 29 shows the P; constant values with the corresponding years that are used in this

analysis.

vears )

0 0

1 0.9346
2 1.834
5 4.336
10 7.921
20 13.33

Table 29: P, constant values at corresponding years

The first year operating cost curves presented in the previous section are multiplied by the P,
values and summed with the investment cost. These LCC curves will show that the optimal

design fraction of air cooling depends on the system’s life cycle timeline. Figure 107 through
Figure 111 illustrate the results to the analysis for the five tests summarized in Table 28 from

the previous section.



x 10°

4000 ——

3500

3000 | Electricity = 0.1 [$/kW-hr]
2500 Water = 3 [$/1,000 Gal]

Life Cycle Cost [$]

500

2000
1500

1000

0 01 02 03 04 05 06 07 08 0.9 1

Fraction of Air Cooling [-]

147

Figure 107: LCC as a function of the fraction of air cooling for the control test, refer to Table 28. The

amount of years of operation varies from 0-20 years
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Figure 108: LCC as a function of the fraction of air cooling for test #1, refer to Table 28. The amount of

years of operation varies from 0-20 years
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Figure 109: LCC as a function of the fraction of air cooling for test #2, refer to Table 28. The amount of

years of operation varies from 0-20 years
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Figure 110: LCC as a function of the fraction of air cooling for test #3, refer to Table 28. The amount of

years of operation varies from 0-20 years
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Figure 111: LCC as a function of the fraction of air cooling for test #4, refer to Table 28. The amount of

years of operation varies from 0-20 years

The five plots above show various LCC curves at various P; constants. At P; of zero, there

are no operating costs and all plots show that the optimal fraction of air cooling is zero (i.e.

all water cooling). This is because the overall investment costs of water cooling are lower

than hybrid or air

cooling. As the number of years is increased the optimal value of the

fraction of air cooling is increased due to the impact of the operating costs on the system. For

all plots, as the P; value increases the optimal value begins to approach a fraction of air

cooling predicted

by an operating cost analysis.

The effect of the water and electricity costs can be shown by plotting only the optimal points

for all tests at various values of P, on one plot, shown in Figure 112,
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Figure 112: LCC as a function of the optimal fraction of air cooling for various water to electricity cost
ratios

It shows that for same cost ratios the LCC predicts the same optimal fraction of air cooling.
The simulations also show that for the tests run with a low water to electricity cost ratio (i.e.,
cheap water compared to electricity, test #4) the optimal values are pushed towards water
cooling. The opposite happens with a high water to electricity cost ratios (i.e., test #3) where

the optimal values favor higher air cooling fractions.

Figure 113 and Figure 114 show the optimal values from the previous curve on plots of
fraction of air cooling and LCC as a function of P; constant values. These curves will show

the effect of the water to electricity cost ratio on the analysis based on the number of years
(i.e., Py).
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Figure 113: 5 curves associated with the minimum LCC value taken from the five figures above showing

the optimal fraction of air cooling as a function of P,
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Notice that the optimal fraction of air cooling is not the same for the same water to electricity
cost ratios when plotted as a function of P;. The control, #1, and #2 tests have the same water
to electricity cost ratios and yet test #1 (i.e., halved costs) favors water cooling and test #2
(i.e., doubled costs) favors air cooling.

As discussed in Section 6.6, the analysis only uses ambient conditions at the hours between 9
A.M. and 3 P.M. each day throughout the year. This was done to simulate the hours of most
solar irradiance when a solar plant would be operating. A comparison between the current
analysis and an analysis of a solar plant operating 24 hours a day (e.g., thermal storage) will
give a full picture of what can be expected, shown in Figure 115. Note both analyses

represent a water to electricity cost ratio of 30.
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Figure 115: Comparison of an analysis done for a full day and sunlight hours of weather data. It shows
the total cost as a function of the fraction of air cooling

The dark solid lines (i.e., optimal fraction of air cooling) show that operating for an analysis
representing operating 24 hours a day, the optimal values favor more air cooling. This is due
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to the ambient temperature dropping during the hours without sunlight and causing the
efficiency of the air cooler to increase. Also, the dry bulb temperature experiences a greater
daily range (difference between the high temperature and the low temperature during a given
24 hour period). The daily range in the wet bulb temperature is on the order of half the daily
range in dry bulb. In other words, a cycle with air cooling would experience a greater
capacity increase at night compared to a water-cooled option. The actual operating point will
likely lie somewhere in between the two lines depending on the number of hours the plant

will be running.

This analysis showed that depending on the number of years of operation, the design point
will differ due to the effect of the investment costs. It also showed that while there is a
difference between analyzing for full day operation and for a sunlight-only operation, it is not
very significant on where the design point will lie. Depending on how many years of
operation and number of hours during the year the plant will operate, there is a minimum
LCC that occurs in between air cooling and water cooling. This suggests that there is an

advantage to hybrid cooling based on an LCC alone.

The LCC analysis represents the optimal fraction of air cooling when reducing costs and does
not represent optimal fraction when reducing water or energy is more important than
reducing costs. Figure 116 shows the total amount of water and energy consumed within a
year as a function of the fraction of air cooling. Notice that approximately 13 million gallons
of water per year are used for an all-water cooling process, while no water is consumed for
the all air-cooling process. Approximately half a million kW-hr of energy is consumed yearly

for the water cooling case while air cooling consumes around 2.3 million kW-hr.
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Figure 116: Water and energy consumed by the precooler on a yearly basis as a function of the fraction
of air cooling

It is important to decide if reducing water, energy or overall costs is the most important
concern because it will change where a cooling process should be designed at. NREL’s
interest in the “precooler” heat exchanger is finding a heat rejection method using ambient air
or some combination of air and water, wherein water consumption is minimized (Turchi,
2012).

In comparing the three different configurations, it was found that there is an advantage to the
hybrid configuration as a cooling solution for the Brayton cycle. The hybrid configuration
advantage lies with the ability to design the system at the optimal point and constantly
operate at a fraction of air cooling that minimizes cost per hour, provided that sufficient air
cooling equipment is available. On a cost stand point, hybrid cooling makes sense because of
the flexibility of the system. It also creates a best of both worlds situation where capital costs
and energy use are reduced when compared to air cooling and water use is reduced when

compared to water cooling.
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8 CONCLUSIONS & RECOMMENDATIONS

The Brayton cycle rejects heat to the ambient environment using air, water, or a hybrid
arrangement that employs both fluids. Cooling with water, from a cooling tower, provides
higher and more consistent Brayton cycle thermal efficiencies year-round, while also having
lower capital costs for the heat exchanger equipment when compared to air-cooling.
However, a major concern with water-cooling, especially for solar thermal applications, is
the large amount of water required for the heat rejection coincident in plant locations where

there is limited availability of water.

To address water limitations, air-cooling has become a major topic among researchers in the
field of CSP technologies. It has been found that while air-cooling will eliminate the majority
of the water usage, it causes reduced thermal efficiencies year-round and higher capital costs
due to the substantial size of the air-coolers.

The alternative to direct water-cooling or direct air-cooling is a hybrid configuration that
combines both water and air-cooling processes. The hybrid configuration strives to maintain
the advantages of each process, but can also potentially mitigate the disadvantages. In the
Brayton cycle using carbon dioxide, the precooler can be configured to take advantage of the
high CO, temperatures by arranging the heat rejection system into two heat exchangers, a

water and air-cooler, each set in series.

The size of the air-cooler can be significantly reduced by increasing the approach
temperature. The size of the air-cooler has been found to be more sensitive to the approach
temperature, when compared to the more physically compact water-cooler. The water-cooler
operates at a lower heat sink temperature (i.e. wet bulb temperature) and completes the heat
rejection from CO,. It is sized and operated to reduce the CO, temperature to the desired

condition for the compressor inlet.
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In comparing the three different configurations using an LCC analysis, it was found that
there is an advantage to the hybrid configuration as a cooling solution for the Brayton cycle.
The hybrid configuration advantage lies with the ability to design the system at the optimal
point and constantly operate at a fraction of air cooling that minimizes cost per hour. On a

cost stand point, hybrid cooling makes sense because of the flexibility of the system.

NREL’s interest in the “precooler” heat exchanger is to reduce water use by using air or a
combination of air and water. The LCC is a good representation of the design concern for
NREL. It shows that on a LCC basis, there is an advantage to designing for a hybrid
configuration. Using the hybrid configuration with air cooling as the primary means of
cooling allows for reduced water usage. The water cooling is used when the load cannot be
met by the air cooling alone. This means that the cooling process is very flexible and can be
optimized to reduce water use and cost. Hybrid cooling should be considered a viable cooling
solution for NREL’s 10 MW CSP plant.

This analysis is part of the future continuation of heat exchanger design for the Brayton
cycle. This analysis considered a relatively high compressor inlet temperature at 48 C. This
temperature is an important constraint because it determines the maximum temperature of the
inlet cooling fluid temperature (e.g., wet bulb or dry bulb). A recommendation would be to
analyze the effect on the overall cycle as well as effect on heat exchangers performance and

size by allowing lower compressor inlet temperatures.

Another recommendation would be to incorporate maintenance costs and other economic
parameters into the LCC analysis. This analysis showed what the effect of operating costs
and investment costs, which typically outweigh most other costs, had on the designing of a
cooling solution. It would be interesting to see the effect maintenance costs, taxes, and costs
of financing, replacement, and renovation, etc. have on the applicability of the hybrid

configuration.
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Appendix

All EES codes have been attached with the electronic version of this thesis.



