


I l l .  Conmr a Crra b. 
-3-20117 

1 
4 rat rd subbe 

THE- ENERGY SrORAGE HEAT EXQLAIGER 
O l a r t a s i t m ~ D c c . l n f o r u a i w m - R . r d  

1 4 
19. S e w l t y  asatf. (of this reporr) 20. k u n t y  Chmf .  (of  t h ~ r  pagel j 21.  No. of P m  1 22. Rice' I 

5 - b e  
-. 197l 

6 Rortamnq Orgrruaha?Co6 

' Fa sa ie  by (k Nat~ordi T e c h r , ; ~ :  1n:cxrn:;on Seiv,:e. Sp: lng f~e iS.  V l rg in ia  22i51 



TABLE OF CONTENTS 

INTRODUCmN AND SUMMARY .......................... 

2.1 SELECTION OF W E  ELECTRIC UTILITY POWER 
p m  .................................... 

2 . 2  THERMODYNAMIC STATE RIINTS 

A N D P L A N T P E R F O R W C E  ...................... 
THERMAL ENERGY STORAGE LOCATIONS IN TEfE TJTLITY 

PLANTCYCLE ..................................... 
3 .1  CANDIDATE LOCATIONS ......................... 
3 . 2  RECOMMEXDED LOCATIONS ...................... 
THERMAL ENERGY LNIT SIZING ......................... 

PLANT LOADCL%VES .......................... 
T E S m S f G O A L  ............................. 
SELECTION O F  PEXCING CAPABfLlTY TO BE 

PROVIDED BY TES ............................ 
CANDIDATE PHASE CRANGE MATERIAWCONTAINER 
MATERIALS .................................. 
Screening Criteria ............................. 
Fluorides ................................... 

................................... Chlorides 

................................... Hydroxides 

............................... Nitrates/Nitrites 

Carbonates .................................. 
Sulfates ..................................... 
Oxides . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Thermal Mass Transfer Corrosion ................... 

. . . . . . . . . . . . . . . . . . . . . . . . .  Salt Thermophysical Data 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  Salt Purity 



CANDIDATE HgAT ~ C E i A N G E R  CONCEPTS . . .  
T u . t m / W  . . . . . . . . . . . . . . . . . . .  
Heat Pipe H e  Exchqpr Cbcept . . . . . . . .  
Macnwncapwlnted PCM cula3# . . . . . . . . .  
lute- Pumped Irrop . . . . . . . . . . . .  
Fluicwng Enclpsulatad PCM . . . . . . . . . . .  
MaPiag PCM Concept . . . . . . . . . . . . . .  
~ A L  PCM S E L E C ~ N  FOR PLANT/CYCLE 

LOCATIONS . . . . . . . . . . . . . . . . . .  
P E R F O R M A N C W ~ T  SCREGNING OF CONCEPTS 

Wecornmemkd Plant a d  Cycle Lmaticms . . . . .  
Recommended H e a t  Exchanger Coacepts . . . . . .  
CONCEPTS RECOMMENDED FOR DESIGN 

REFINEMENT . . . . . . . . . . . . . . . . .  
DESIGX REFTNEMENT . . . . . . . . . . . . . . . . . . . . .  
5 . 1  HEAT EXCHANGER DESIGN . . . . . . . . . . . . . . .  
5 . 1 . 1  ThermalAnalysis . . . . . . . . . . . . . . . . . . . .  
5 . 1 . 2  Structnral Analysts . . . . . . . . . . . . . . . . . .  
5 . 1 . 3  DesignSensitivity . . . . . . . . . . . . . . . . . . . .  
5.2 SYSTEM LAYOUTS . . . . . . . . . . . . . . . . . . .  
5 . 3  CONTROLS . . . . . . . . . . . . . . . . . . . . . .  
5 . 4  INTERFACE WITH PLANT . . . . . . . . . . . . . . . .  
5.5  SAFETY CONSIDERATIONS . . . . . . . . . . . . . . .  

. . . . . . . . . . . . . .  MANUFACTURING CONSIDE RATIONS 

. . . . . . . . . . . .  6 .1  HEAT EXCHANGER FABRICATION 

6 . 2  SALT PROCESSING . . . . . . . . . . . . . . . . . .  
. . . . . . . .  6 . 3  SHIPPING AND ONSITE INSTALLATION 

COST EVALUATXON . . . . . . . . . . . . . . . . . . . . . .  
. . . . . . . .  7 . 1  ITEMIZED CAPITAL COST BREAKDOWN 

7 . 2  PLANT PERFORMANCE-OPERATZNG AND 

. . . . . . . . . . . . . .  MAINTENANCE EXPENSE 

. . . . . . . . . . . . . . . . . .  7 . 2 . 1  Operating Expenses 

7 .2 .2  Maintenance Expensea . . . . . . . . . . . . . . . . . .  



TABLE OF WNTENTS (W) 

Sedioa es!? 
........................ 7.3 ~ / B ~ ~ ~ ~ L Y ~  7-7 

7.4 INSTALLATKIN TN NEW VERSUS EXISTING PLANTS * 7-7 

8 ACTION RwmED FOR SYSTEM IMPLEMENTATION ........... 8-1 

APPENDIXA .............................................. A-1 



LIST OF ILLU8TRA'IlON8 

. . . . . . . . . . . . . . . . . . . . . . . .  Work F l w  Plan 

Programschedule . . . . . . . . . . . . . . . . . . . . . . . .  
Aefe-OB Poser PlantR . . . . . . . . . . . . . . . . . . . .  
Plant Beat IWm and Generating Costs . . . . . . . . . . . . .  

. . . . . . . . . .  Selected TICS Lwatioas in Fkmer Plant Cgclee 

Thermqhpaical Property Data of Sel& Wts . . . . . . . . . .  
TotalTgSSpbmCmt-M . MEutia, FeedraterHatthgCase . . . .  
Itekenoe UtfUly Power Planta . . . . . . . . . . . . . . . . . .  

. Cooper Nuclear Station Unit No 1 . . . . . . . . . . . . . . . .  
. . . . . . . . . . . . . . . . . . .  Three-Mile Island Unit No 1 

F t . M a r t f n ~ N o . 1  . . . . . . . . . . . . . . . . . . . . . .  
R . St . Vratn Unit No . 1 . . . . . . . . . . . . . . . . . . . .  
Rosetoa Untt No . 1 . . . . . . . . . . . . . . . . . . . . . .  
Plant Heat  Rates and Gene- costa . . . . . . . . . . . . . .  
1977 Utility Plant Construction Coda . . . . . . . . . . . . . .  
TES bcatioas in Power Plant Cycle8 . . . . . . . . . . . . . .  

. . . . . . . . . . . . . . . . . .  Description of TES Locations 

Power Plant/~ES Location hfatrix . . . . . . . . . . . . . . . .  
W o n  2 Single L a p  Regenerative Hasting Augmentation . . . . .  
Location 4 Single Loop Reheat Augmentation . . . . . . . . . . . .  
Locstion6SingleLoopCmsoverStaamAugmenWion . . . . . .  
Location 8 Single Loop Separate Pcrwer Coaversion Cycle . . . . . .  

. . . . . . . . . . . . . . . . . .  Referenoe Utility Power Plants 

. . .  Normalized System Average Weekday Load Curve (Peak Season) 

Typical System Daily Laad Variation Curve . . . .  . . . . . . .  
Optimum Reduction fn Peak Width vs  . TES Corrt . . . . . . . . . .  
Effect of Load Variation Cruve on Peak Load Reduction . . . . . .  
T d a l  Energy Storage Requirements for 5% Peaking Capability . . . .  
Preliminary Candidate Salt/Salt Eutectics . . . . . . . . . . . .  
Thermophysical Property Data of Selected Safta . . . . . . . . . .  
Suggested Salt Purification Requirements . . . . . . . . . . . .  
Cost Estimates - Salta Recommended for TES Systems . . . . . . .  
Tube & Shell Heat Exchanger Desiepa . . . . . . . . . . . . . .  



LIST O F  I L L U ~ T I O N S  (Cont) 

Number 

4-12 

4-13 

4-14 

4-15 

4-16 

4-17 

Title . 
TES Shell and Tube Heat Exchanger Conoept * 

Ft . Martin Heat Balance, Fedwater Heating Storage Mode ....... 
Ft . Martin Heat Balance. Feedwater Heating Uaage (Peak) blbC1B .... 
TES Heat  Exchanger Nodal Dfagram ....................... 

.....................  eat ~xchanger Desfga/Analysia ~ o g i c  

lacation of Energy Stored in TES Cycle for Ft . Martin Fadwater 

. . . . . . . . . . . . . . . . . . . . .  Heating and Auxiliary Power DesIgns 

........ Salient Physical Characteristics. Analysis Casea 1 and 2 

TES Outlet Fluid Temperature. Ft . Martin Feectwatsr Baating . 
Case1 .......................................... 
Transient Ehergg Supplied/SLored by TES . Case 1 ............. 
Salt Temperature Map . Case 1 .......................... 
TES Outlet Fluid Temperature. Ft . Martin Feedwater Heating . 

C a s e 2  .......................................... 
Salt Temperature Map . C a s e  2 .......................... 
TES Outlet Fluid Temperature. Ft . Martin Feedwater Heating - 
c-3 .......................................... 
Salt T e m p m e  Map - Cage 3 ......................... 
Salient Physical Characteristics. Analysis . Case 3 = . . . 
TES Outline Fluid Temperature. Ft . Martin F a r  Heating - 
c-4  .......................................... 
TES Control System . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Heat Pipe Heat Exchangar /~ES Cannister Schematic . . * 

. . . . . . . . . . . .  Hexagonal Arrangement of Heat Pipes h Canniskr  

Gravity Assisted Wick Cross  Section Schematic . . . . . . 
%clung Arrangement . Macroencapsulated PCM . . . . . . . . . . . . . .  
Fluidized Microencapsulated PCM Concept ~ . ~ . ~ . . . . . . . ~ . ~ . . .  
Moving PCM Conmpt . Schematic . . . . . . . . . . . . . . . . . . . . . . . .  
Drum Heat Exchanger Concept . . . . . . . . . . . . . . . . . . . . . . . . . .  

. . . . . .  Energy Storage and Usage v s  . Temperature, Ft Martin Plant 

Salt Amounts for Tube and Shell TES Units . . . . . . . . . . . . . . . . . .  
. . . . . . . . . . .  Schematic of TES System Utilizing Steam Latent Heat 

Heat Exchanger ~ e m p e r a t u r e / ~ n e r g y  Profile ................ 



LIST O F  ILLUSTRATIONS (Cont) 

Number Title . 
Revised Flow Ratse for Recommended Four Plant Cycle Locations . . . 
Heat  Exchanger Temperature for Recommended Four Cycle Loca t io~s  

R e v i s e d  Flow Rates for Ft . Martin Feedwater Heating Case . . . . . . . .  
Heat Balance. Ft . Martin-Base Case . . . . . . . . . . . . . . . . . . . . . . .  
Heat Balance. F't . Martin Feedwater Heating-Storage Mode . . . . . . . .  
Heat Balance. F t  . Martin Feedwater Heating - Pealung Mode . . . . . . . .  
Heat Balance. Ft . Martin, Auxiliary Cycle-Storage Mode .......... 
Heat Balance. F t  . Martin. Auxiliary Cycle-Peaking M d e  . . . . . . . . . .  
Summary of Net Plant Heat Rates Ft . Martin . . . . . . . . . . . . . . . . . .  
Ft . Martin Revised Fluid Conditions and Heat Balance . . . . . . . . . . . .  
Tube and Sbell Design. Ft . Martin Feedwater Heating . . . . . . . . . . . .  
Tube and Shell Design. Ft . Martin Auxiliary Power . . . . . . . . . . . . . .  
Liquid Metal Intermediate System. Ft . Martin Feedwater Heating 

Liquid Metal/Water Heat Exchanger . . . . . . . . . . . . . . . . . . . . . . . .  
Comparison of Thermal Hesistances. Tube/Shell and Liquid 

MetalDesigns . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Liquid Metal Loop Design. Ft . Martir  Feedwater Heating . . . . 
Liquid Metal Loop Design. EX . Martin Auxiliary Power Cycle * . . . . . .  
Tube and Shell Heat Exchanger-Standard Configuration . . . . . . . . . . . .  
Stayed Configuration Tube and Shell Heat Exchanger . . . . . . . . . . . . . .  
H a  Exchanger Weight Breakdown . . . . . . . . . . . . . . . . . . . . . . . . .  
Total Volume of Welds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Comparison of Estimated and Experimental Thermal Conductivity 

Values for Several Molten Salts and Salt Mixtures . . . . . . . . . . . . . . .  
Tube Spacing Sensitivity to Salt Properties . . . . . . . . . . . . . . . . . . . .  
Summary of Typical Heat Exchanger Design Sensitivity to Salt 

Properties . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Feedwater Heating System Schematic . . . . . . . . . . . . . . . . . . . . . . .  
Schematic Layout of TES Array . . . . . . . . . . . . . . . . . . . . . . . . . . .  
F't . Martin Plan View . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
Plan View. Ft . Martin Feedwater Heating . . . . . . . . . . . . . . . . . . . .  
Pipe Dimensions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  



LIsT OF XLLZWTRATIONS (Coat) 

a?k Page 

Pip Lengths and Weighta . . . . . . . . . . . . . . . . . . . .  5-28 

. . . . . . . . . . . . . . . . . . . .  F'fphg 5-3iB 

Low Tempeftturn Sbell-Tube Heat  Exchanger Prices . . . . . . . .  7-2 

. . . . . . . . . . . . . . . . . . . . . .  Typical mt Coete 7-4 

Total TES Sy&m Capital Cost . FI . Martin Fmdmter H&r 

Case . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7-5 

Investment Cod Summary . . . . . . . . . . . . . . . . . . . .  7-5 

Cagdkl Cads of Sepamb Power Canversion Loop. Ft . MEutin . . .  7-6 



FORWORD 

Thsmttbl. isl inthbreportwmpreprred~tireGmnAerorpace~tionm'thmrinrubcontrsctrupport 
from the electric utility engineering ud adt i tecturd firm, Burm and Roe, Inc: LCePrta Robert Vmdmek and 
C k i s  Wlner of B m  d Ros, Inc.. performed the p k t  thmm&nmk anal* d prepersd tha imtdlotlan 
~ e n d c o n ~ . D r r . A l i n e B w u d u s n d G e o r g e h n z p o v i d e d m r r w t t i n g o n t h e p o p e r t i e r o f ~  
a n d d d e d I n t f i e ~ o f E p e d R c t r k e u t s c t i c r f w t h b W i c e t b n . T b ~ T e c h W M a M g e r o t N A S A  
M ~ C s n t e r r r a t M r . ~ b y c e . T h e ~ w i r h r o e x t h n d ~ ~ t o t h e r b o v s p e r o o M d  
for thsk #I& amtributionr 



Electric utilities provide electricity on demand, which is generally maximum during 

t k  late aftarncmn, with considerably less power required overnight and on weekends. The 

integrated average system demand i s  typically 60% to 80% of the peak load. Excluding those 

utilities producing hydroelectric power, the hdustry approach is to consider the load curve 

composed of base load, intermediate load and peaking load with the o p t b u m  equipment selected 

to match demand. Base load is the "round the clock" load that the utility meets with i ts  most 

fuel efficient equipment, i. e . ,  coal or  nuclear power plants. As the daily load increases, the 

utility incrementally brings the next least costly equipment on line. Short term peaks a r e  

usually met with small  older oil-fired plants, gas turbine o r  diesel equipment. This i~ of 

course an over-simplification of a complex procedure which must include consideration of 

plant s h e ,  part  load capability, start-up constraints, traasmission dispatch considerations, 

and the purchase and sale of power to neighboring utilities. However, it does illustrate an 

essential fact; that pea- loads a r e  generally met with the least fuel efficient equipment, 

and thls equipment uses oil. 

h h h  energy meesage, Preeident Carter emphasized that the U. S. deperdence on oil 

mu& be greatly reduced. In the near te rm,  new utflity plants will probably be coal o r  nualear 

fueled and some existing plants will be switched from oil to coal. The dependence on oil-fired 

equipment to provide intermediate and peaking loads can be reduced in one of two ways: (1) by 

cycling coal o r  nuclear plants to follow the load curve, o r  (2) by baseloading coal or  nuclear 

plants and storing excess off-peak energy for later use in meeting peak deaands.  Many 

methods of energy storage, e.  g . ,  batteries, compressed gas,  fly wheels, and super-conduct- 

Fng magmta have been suggeskd. Currently, the only method in use i s  punped hydro 

etorage and this rel ies  on euitable site geography. This study wse to evaluate the poten- 

tial for  thermal energy storage (TES) to meet peaking power demands. Specifically, the use 

of the latent heat capacity of salts that melt at  the high temperatures required for energy 

storage in conventional utilities was to be explored and a suitable heat exchanger aefined. 

The heat absorbed in melting a material can be double o r  triple the sensible heat stored by 

heating the material to a higher temperahre .  Latent heat storage thus offers the possibility 

of designing much smaller TES systems, but also htrcduces many technical concerns since 

salts a r e  typically corrosive, have low thermal conductivity, and may be hazardous. 



ThFs report documente a &n month atudy performed for the NASA Lewis Research 

Center to assess  the technical and economic acweptabllity of a latent heat TES heat exchanger 

aystem for application in conventional utillff es. The study 7ras divided i n b  five tasks that 

progressad according ta the work plan presented in Figure 1-1 and the schechtle shown in 

Figure 1-2. The goal of our program waa to determine whether a coal o r  nuclear genera- 

plant with a TES system is cost effective (considering both Lnvastment and operating costs), 

compared to a similar sized plant cycled ta follow the load curve. Since both plants must 

meet the electrical demand, turbLne/generator requirements a r e  the same. Investment 

cost comparison i s  thus the cost of the TES system versus the cost of the larger  steam 

capacity (boiler o r  nuclear island), which i s  @I 1977 prices) approximately 9450 per  KWe. 

Based on the latent heat capacity of suitatle salts and typical plant load curves which deter- 

mine the total energy to be stored, we showed that the TES system must cost l ess  than a h s t  

$1 per pound of salt  for a system providing significant peaking capability (6 increase in 

capacity). A typical 1000 megawatt electrical plant requires approximately 14 million 

pounds of salt to store the required 900 megawatt-hours of thermal energy to provide 6 b a v a  

of capability. 

Operating costs with the TES system must consider two thermal inefficiencies; one is 

heat loss from the storage unit and the second is the thermodynamic necessity that heat 

must be returned to the p w e r  plant cycle at  a lower temperature than it is extracted due to 

temperature differences required to transfer heat inb and out ~i storage. The latter i s  

not a heat loss but a loss fn energy avaJlabi1it-y. The alternate approach of cycling a 

(larger) plant to follow the load curve, however, also i n t r a c e s  an inefficiency (operating 

the boiler at  less  tban 100% load). Detailed heat balances b e d  on specific energy storage 

and usage conditions and plant duty cycles a r e  required to determfne which system, in fact, 

has the lower fuel cost. 

To maximize the r&m of our plant cycle analysis, five existing nuclear and fossil 

electric utility plants were chosen to represent present day technology (see Fig. 1-3) and their 

current operating data were obtained (see Fig. 1-4). TES concepts can be considered as 

possible retrofits to these plants o r  a s  new plant construction of that generic type. Ten (10) 

locations for the TES in the plant cycle were identified, which resulted in 35 feasible plant/ 

location combinations. Sfnce the study was  to emphasize heat exchanger cowepts and not 

differences between plants, the choice was narrowed to one plant; the coal fired Et. Martin 

unit in  West Virginia and two locations (or sea) of thermal energy storage. Both cycle 

lwat iom u e  main steam a s  tbe heat source. Usage in one case was for  feedwater beating 

which decrsased turbine steam extraction and hence increased turbine output. A second case 
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used storage energy to generate steam for a separate Mine/generator (see Figure 1-5). 

h parallel to the plant cycle analysis we identified canlklllte salta for use as tbe storage 

media. Selection was based on cost, compatibility with steel contaLner materials, thermal 

performance aml safety. The recommeded salt eutectlcs are in the chloride, nitrate/nitrite 

and hydroxide families. Figure 1-6 srlmmnrfies the 16 salts selected, which CoFrer tbe tem- 

perature range of intereat ( - 300 to 900"F), in 100°F increments. 

Final screening was to select two promising TES systems for detailed performanoe 

and economic evaluation. Alternate heat exchanger concepts were assessed, ~1~ 

atandsrd technology such as a tut>e/tlhell heat exchanger with the saJl an the shell side, 

and variations using heat p i p s  or an inkmedtate 1- to transfer heat from the utility 

fluid to the d t .  These are examplea of passive systems wbere the salt phase change 

materid (PCM) la used in bulk and is static. Alternately, macmncapsuM PCM (bricks) 

can be configured fnto a checkerboard heat exchanger, or micmncapaulated PCM can be 

fluidized aad heat-transferred to and from the flowing stream. Movfng bulk PCM systems 

can also be devised using molten salt pumps, solid conveyors ard scrapers. The rcaaon 

f o r  moving or fluidized systems Is to eliminate the large thermal resistance resulting from 

any significant thickness of static salt. All static systems require a large heat exchanger 

area to overcome this resistance. 
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pipe unit, while exhibiting desirable features, was not feasible at the Ft. W i n  plant tem- 

perature levlel s h e  LY) suitable heat pipe working fluid i~ available. Heat pipe units a m  

reascmable for the l m r  temperatam steam ooaditiane typfoal of mlsar plants, but we 

felt that tim £irst apphaticrms of a new technology (TES) would Itot be In a nuclear plant. 

Near term reuommeWons are therafore the stadad tube/abell aad the tube/sbell 

with interxm3lah OiqUkf metal) fluid loop. The latter &ra the advantage of isolating the 
salt h m  the W t y  steam and has ae- mxbml advantages, krt dms add the complexity 

of a liquid metal loop. For the longer term a moving PCM eystem has pnunise. In this 

system, moltan salt is pumped to a rotating drum where it ie scraped off. The solid is 

mllectedinastoragetank. ~ l t f n g i s b y k t i n g c = o h h t h e ~ m o f & t a n k a n d t b e  

liquid is drawn di for t r a d e r  to a aeparaie tank. Total starage volume is M c e  aa large 

aa the tube/sbell, but the required heat exchanger surface area much less. Equipment 

needed for the system is non-sbdard so that estimated costa would not be nearly aa 

reliable as those for the tube/sbell unit. Based m thts evaluation, we chose the krbe/shell -- - 

d the fntermdiaie loop tube/shll as the two c=oacepta for design refinement and c& analy- 

sis. Each w a ~  applied to both feedwater heating a& separate cycle wage locations in the 

Ft. Martin pkxt cyule ard plant heat balawes were computed for  comparison with the base 

plant. 

Incorporating a TES in the cycle to supply feedwater heating results in an improvement 

in net plant baat rate with fuel (coal) saving of $183,000 per year compared to cyclmg the 

plant. No change in net plant heat rate results in the separate power cycle case. 

We suggest a stayed structural arrangement for the upper a d  lower domes of the 

bhe and ahell unit which greatly reduces unit weight and cost. Although not optimized, this 

approach results in a TES capital cost of - $22.5 million which is  somewhat less than the 

cost of enLarging the plant to provide a peaking capability of h u t  7% (see Fig. 1-7). 

A apecia1 sikration for the application of TES e x i d  when a plant is converted from oil 

to coal. This results in derating the b i l e r ,  thus leaving excess turbine capacity. For a 

typical 500 megawatt plant the exha  7% peaking capability would require a larger T-G costing 

abu t  $8.6 million. If this is available "free" in a conversion it considerably improves the 

TES economics. Moreover, installation of TES removes a disincentive to coal conversion, 

namely, the loss of capacity, whicb would require the utility to accelerate its new plant 

ccmtruction schedule. 



Fip 1-7 Total TES System Capitd Cost-Ft Matin, 



Overall we feel that latent best TE8 is a viable means of providing peaking aapahlUQ 
an fta m merits, campared to oyaling a d or nwlear plant. Thfs does nd n e o e w  
xman that it i~ euperior to other TE8 eyeteme wfng seneible heat storage. So- of Wee 

epetems use very hxpemive atorage mnferlal (water, Foolt, eta. ) and amtalnere (saber- 

gnxmluavem, &.). Ahhaghour strvfyhae Idwrtrtled a a b t h g t  are aleorehtlvely Loar 
In met, haat ermhanger owta a m  high drre to the high ternparahre and pressure. 

E ki suggested, therefore, that a further epaluaticm af sotive heat amhanger deelgae 

that minimize haat exchanger area be performed to mmp1et.e tba assesement of the latent 

beat TES option. 



IWFEREKCE POWER P W T S  

2.1 SELECTION OF FTVf: EXBTIX'G ELECTRIC UTILITY W W E R  PLANTS 

The initla1 task was to salect erisfAng power plants which typify the large cantral 8ta- 

tion units presently in service and am represantative of future conetwtion. These ln- 

cluded : 

-r Nuclear Station Unft M. 1, located in Nebraska, shich was used as a 

mica1 nuclear-haled boiling water reactor power plant. 

Three Mile bland Unit No. 1, located in Pennsylvania, representative of a nuclear- 

W e d  pressurized water reactor power plant. 

Fort Martin C h i t  KO. 1, Iocated in West Virginfa, representative of a supercr+Ucal 

 once-^^ boffer fmsfl-fueled central station power plant. 

Fort St. Vrain, lccated in Colorado, representative of s. nuclear-fueled high tem- 

perature gas cooled reactor power plant. 

h addition to these reactor and boiler types, a high pressure, d m  type boiler, f w i l  

fueled station using 2400 p s i g / l O O O O ~  s h a m  was included, as these ekam conditions are 

representative of tbe majority of large oil and coal fired central station power plants in the 

U.S. today. Roseton Unit M. 1, located fn h'ew York, was chosen as the representative 

2400 p i g  unit, which is oil-fired. Figure 2-1 describes the reference power piante and 

lists unit sizes and steam conditions. 

2.2 THERMODYSAMIC STATE POIh'TS A?iD PLANT PERFOmZA?JCE 

For each of these power plants the base load station heat balances were obtahed and 

are included as Figures 2-2 thxqh 2-6. Also included as Figure 2-7 are the associated 

heat rates and generating coats at the high side of the main transformer. Although the fossil 

fueled power piants are cunsiderably more thermodynamically efficient (lower plant heat rate) 

than either the BWR or PWR nuclear plants, the nuclear plants have lower yearly operating 

costa per kw hours generated due to exceptionally low fuel cost. The Fort St .  Vrain nuclear 

plant includes the advantages of both fossil and nuclear plants in that it has efficient 2400 

psig/lOOOO~ throttle conditions comparable to a fossil plant and lower fuel cost associated 

with nuclear plants. 



3. Sltpercrfdcd Foadl fuslsd F a t  kbtln W . V I  W 
Bdk M#l 



Fig. 2-2 Cooper Nudear Ststion Unit kl "Max Cakuld"  
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Fig. 2 4  Ft. St. Merdn Unit #I "Max. Cdcubted" 







The installed cost f o r  tbe v a r i w  power plants in the shdg varied from - $ 1 3 2 / ~ ~ ~  bo 

$ ~ ~ o / K w ~  with the two fossil plants at the low end of tbe sale ,  the HTGR next, and the BWR 

and PWR as the most costly, respectively. Nde that althxgh the nuclear plan& =re all 

initially placed in operation in 1974, construction costs varied from about $287 to $367/KW. 

In the case of fossil  plants, Roseton's capital oost of $268/KW lies within thh w e ,  but 

R. Martin's figure of $132/~W must be adjusted to allow fo r  ib earlier caastxuction perfod 

(initial operation, 1967). 

Since a new TIS installation s k l d  be oompared to an incremental capacity increase of 

a new plant, we s W  base cost analysis cm aurent plant costs arhich are sbown in Figure 

2-8. Here it can be seen thar there .t: no s&ntficant d i f f e m  between the coeb for  nuclear 

ard fossil plants, therefore either can be amsidered for  h r p o r a t i m  of a TES system. 

Since the near-drm n a t i d  goal is to reduce d e w e  on oil, premmably TES mndd be 

utilized in coal o r  nuclear plants. W t m ,  allltbough an oil-f3re.d which waa selected 
bestuse of the aogilabiLity of operating data, has steam cauditioas represenhtive of mrny 

coal fired plants. It should a h  be mentioned that If an oil p h t  is converted to ad tbe 

boiler is &rated, resulting in excess turbine capacity. Thia is an  k k d  s i h a h n  sine TES 

could tbeu be added witbout requiring additional turbindgenerator capacity. 
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THERMAL Z=NERGY STORAGE LOCAT#)NS IX TXE UTTLITP PANT CYCLE 

?herma1 mew atumge la!atiom can be divided into several categories by 

challderistfcs.  hcatiazs a m  described as single loop and M e  loop. Single low t ypa  

are dmmcteristic of hmi l - fded  bodera and boiling water mactore where t2e &aam 

prodnced directly entern the pwer #lammsicm cycle. Double loop types represent PWR 

and H T G R p h h  arbere -zed aTater and belium, rapectively, are cimdahd in a 

primary I-. Heat is trrurafermG fn a M h g  hest emhanger e r e  fdaaber i~ hwttPd 
rad ewporated to pmvick eecorriary steam to a purer conversion cycle  loop. 

Latent heat stored fn tbt fused salts cantsfned in a thermal energy storage 

-r can dm be cltrariRed by usage. Thfs energy may be used to augmentthroZtle 

flw, augment rebeat flow, prov6de rebeat ehergy, pmvide fedwater heatlng or pnrvtde 

energy to a separate V r  canversicm cyc le  tmitg steam or other working fluid. 

Tbe ten candidate TES beat exchmger locations selected for cumideraidcm fn Task 2 

wen?: 

1. Doable Imp Regenerative Heat ing  Augmentation 

2. single Regene- Heating A w e -  

4. s n g k  I m p  Reheat  A l l g l n ~ o n  

7. DoabIe b o p  %parate Power C~lveraion Imp 

8. Sfngle I m p  Separate Puwer Ccmverafon Imp 

9. DoaMe Loop Memediate Heat  Exchanger/Thermal Storage 

10. Slngle Imp lirkrmedi& Heat  Exchanger/Thermal Stcrage 



-4 echamao representaiioo of each candidate location ia included as Figure 3-1. 

EYgure 3-2 cimhhm a a r t  description of each candidate location. 

3.2 RECOMMENDED IXX=ATEONS 

The ten TES location8 combined with the five operating power plsnt type8 gives 50 

wmbtnatMn of p e r  plant types and TES locations with feedwatar temperature 

in the varfaus cycles ranging fiom 100" F to 515°F d the main throttle steam temper- 

ature from 5 4 0 ~ ~  to 1000"~ .  Cougiderfng the 10 candidate lmtiaas d the steam gene- 

rabor Feqcdremenb af the five plants, 15 of the origfnal 50 combfnatiom were deleted 

as not appLlcaMe dnce W a e  involved m e  loop pwer systems with doable loop beat 

exdmqpr schemes (aee Ffgve  3-3). Single loop beat exchanger scbemm3 are, 

at thfe level of ecreenlng, all applicable to doable loop power system. A screening 
evahmtirn wa.8 then made of the remahhg 35 q l i cab le  combfnsHnnR am&&rlag eff& 

on overall cycb performance, physfcal compbxtty of locatfng the TES units in a @en 

cycle, operating 1- with TES units fn the cycle. and licensfqg cttfftcultiea as- 

M wifh implemalatlcla Details af the Puwer P l a n t / ~ ~ S  kcation matrir screening 

arepre-fn-A, 

For nuclear cycles, the main reason for elimination of cases was that the TES 

d d  often have to be located inside of the primary contafnment which d d  nxessltate 

major containment redesign. The use of primary reactor fluid in t& TES d d  m a -  

sitate shielding of the TES unit. Thi a would require a d d i t i d  cost penalties and d 
WrbJect the TES to NRC U w m h g  reqnlremznte. Xuclear UcensFng mqdrementa 

d d  have to be resolved before plant construction a d d  p d  Bdtfitting (retro- 

fitting) these systems would be oat af the question. 

Some f o s d  plant cases were elimfnakd for a munber of reasons. For example, 

me cam? (C -9) w d d  have Ganaed the boiler reheat &on to be under-utilized when 

operating at raked cmdltions. Other reaaons included heat exdmuger temperature design 

problems (i. e. , bmfficient temperature difference between working fluids) and turbine 

cycle changes (e.g., excessive exit temperatures) that would have been necessary to 

Lmplement the TES sy&m which would have degraded performance instead of enhancing 

it. Handling l q z  stcam flows fn the TES a d  matching stream pressures for read- 

m M m  to low pressure turbine sections were avoided dne to ~ y s t e m  and oontml com- 

plexities. 
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XCOIYCEPT NOT APPLICABLE FOR THIS PLANT 

Fig3-3 ~Plant/TESLocstionI#atrix 
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Based on this sul.eening evaluation a total of ten oombfnatfona of TES cyale louatlaae 

and power plante were recommended as worthy of further cowideratian as follows: 

Power Rant Cycle Description Power Plant Name Plant Gemria Type 

Regenerative H e a t i n g  Three Mile Island Nwlear PWR 

Augmentation 

Regenerative Heating 

Augmentation 

Regenerative Heating 

Augmmtation 

Regenerative Heating 

Angmentatfm 

Fort Martin Supemritical 

FossLl 

Ft. St. V m h  Nuclear HTGR 

Rebeat Augmentation c-wr Nuolear BWR 

Reheat Augmentatian Three Mile Island Nuclear PWR 

Cxwsover Steam AugmenMdctn Three Mile Islad Nuclear M 

Separate Power Conversion Fort Martfn 

rn 
Separate Fower Conversion Ft. St. Vrain 

m 
Separate Power Conversion Roseton 

w 

Supercritical 

Fossil 

Nuclear PWR 

Righ Pressure 

Foseil 

These cases were selected for further evaluaticm becauee they all appeared to b 

trnfinfcallg achievable in mat: (a) thermodynamically they presented no apparent problems, 

(b) physical complexity of the TES integration did not appear to preaent Lnsoluble en- 

gineering problems, (c) nuclear cases did not violate the primary cantainment and 

lessened any chance of NRC licenaLng problems a;ld (d) they did not appear to present 

unmul ope rating diffi cultie s . 
PrelFmfnary state pMs  for the recommended hatiom are given in Ffgure 3-4 

thrmgh 3-7. 
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' m t 3 p h a a e a f h p ~ ~ 3 ) ~ o i t r o ~ :  P C M s e l ~ a n d  

Heat Ekdmqpr Chx+qt S e l e d i a a / m .  After e8lecthg five rep-tattve (raferemx) 
pmer nlnntff (Task 1; a r ~ I  mmmeadfng ten auxlidabe laxttions for tbe TE8 in tba3.e 

aplea (Task 2). the next &brt w a ~  to eebect a d  match t3-m PCM to the concept (depending 

c m e p e c L t i o p L a n t s t a t e p o f r r t ~ ) d t n ~ l a t t a h l F ? h e a t ~ r ~  

fbrSELQhO(IIDBPt. 

~ h i e & r t ~ ~ a d w d d a i l y L l a d ~ E o a d ~ f o r e a o b d t h e  

five refemme utility systems. Shca eczmomfcal pmking q d d l i t y  is related to TES 

axt, p l e p e r f o r m e d a a i m p l e ~ d d a * t k m b r i e e d c m f h e t r a d e 4 ~  

boiler and TES eysLam CQ& to edahlfh systam target cast, storage M a n ,  d 

totalheatstored. ~ ~ e d n a b o a c r e e n ~ ~ ( P C M s ) d ~ ~ r  

oaQtainer material& 

Baeedmthfsfnformatfaa, a n m n b e r o f c i u x & b & b e a t ~ r c a D c e p t a w e r e  

reviewed ind- tube/8heIl, heat pip, pmnped loop, f l u i d h d  

microen- and moving PC& 

One or more salteukdhweretben matnhrdcRftfitbekatedmnger aax!e#a in 

order b select an bbgrakd de8ign for the ten plant cycle locaticsns. 

4.1 PIANT LOAD CURVES 

As s b w n  in Figure 4-1, each of tbe Sve reference prrwer plants mal!m up a 

portion of one or more utility systems. Ae part af ita data collection role, the Federal 

Power Commission FPC) annually compiles and dfatribubs daily power consnmptian 

and peak plant capacity informatian. Using the FPC's labst prblished information, as 

a service the General Electric Company pmvided hourly load factors for each system 

for "average" weekday axi weekend conditions r e o o a  over the finrr seasons of the year. 

With t&s data, mmp b r  plots of the aptem's pmer  mnrmmption on an hourly basis for 

weekday and weekend periods were p r e p a d  (see Appendix B). 



Since peak load caodftioas occar b dlfferant aeamm depandlng an locatha, tb 

mwmuil period waa selected during which peaking occurs for each plant (utilfty r!ystem). 

For example, in -&ern regions peak loads will d y  be m d e d  dorlng aummr?r 

months when air-uxrlitimfng is in great de-; arbereas in northern 

mgiona, winter heating abd pmducticn requirement8 usually p- gmakr de& 

than other seasom. Regadless d season, peak ebergy fs reqnfmd during daytime 

bavs (8 AM to 8 PM) and energy &marxi is greater duriug weekdays tban over 

weduxds. 

Bamd an the hfgbm average daily peak load &mami fbr eaOh system. a 'born- 

ahred" @ dema& oarve was gmembl for eeoh ay&em. As eboan in Figure 4-2, 

n ) f k r a m t b e y ~ ~ c M f e r e n f s e a s c m e a a d d i f f e r e n t ~ ,  t b a b p a f t b e d a i l y p e s t  

ldtmrveSor&sgstemiaremsrkablysimflar. lbisdailypeakamldbeprorWed 

b y T W b g s b o r i x z g h e a t m ~  ' I b e ~ c m ~ ~ r i t ~ a l a o ~ t o  

d d e r  weeb id  heat storage for nee dnrhg the week or even off-eeaem storage for ase 

bring the peak usage seaaaa Witftart detailed calcpiationa ft b clear that thb fs hot aa 

cud effective as daily energy storage. ?he pnrpose d TESfsto ,dace tbe reqcrLred 

s t e a m ~ r a t t c r n ~ a t a s a ~ d M @ 5 0 ~ ~ .  ForagivenKFV,re&ctfcmaf 

the daily peak, weekend storage would require storing five times as mPch heax as daily 

&rage amf henoe the TES mrn d d  be five times larger, even negiecting tbe fact 

that week lcmg storage would remlt in a d d i t i d  heat losses from the #xy&m. Seaacrral 

storage is, of course, even less cost competitive. Our stndy was therefore totally 

focwd cn a system utilizing over-night e m =  storage. 

E m m i c a  will play the critical mle in the decision to adopt TES s p t e m .  

We are not e r i b f n g  a Bystem that will m a a n t l y  change the plant'a heat rabe, and 

therefore will Dot vary the fuel cxmwnned to gene* electrical energy. 131e tmde4f 

is b d  on potential capitsl equipment savings and an the o p e r a t i d  advantages of 

bmelaaded equfpment. Although we w i l l  later &ow that a TES ByEtern may actually fm- 

p m  fhe plant's h a t  mk blfefitly, the eumomic trade-off prfmarfly involves tbe querJticm 

of incmased boiler mpacity v e m  the use of TES. That is, with a TES 8y8tem we can 

3nxiersize" the boiler for a certain peak plant cspsdty requirement, with TES providing 

the peak energy demand. 
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To gatn a firat-cut insight into the wlatt~e eco~omic advantage of TE3 and ePaluate 

a target-cost for tbe PCM beat exchanger, we m g M  operational ~ f c i e ~ ~  and 

performed a sLm;>le capital coat comparb .  Here ,  the axst of boiler LsM capac* 

to TES rystem (salt, bat e9lhnnger. fabrWan, instahtion, etc.) ooeta must 

be trdd off. Current (1977) custa for boiler (foasil) a d  rwlaar fslaads raage from 

$350 to $450 pttr electric KFk' (Figwe 2-8). TIE cost of a TES system, bowever, is 

thpemknt not mly on peak power level (KW) bat XI shape of tbe load curve, since tb 

amamt of phase change materfal required is a function of stored energy. Caasider a 

typical daily load come such as in F 3 p  4-3. The cost of t b e d  tmergy Btorage will 

lm d a k i  to th area &r this co~-ve fur any peak p m r  reQctfcn speciffed, i.e. : 

ahere Cs = salt coat per unit weight 

AH = heat abso- by salt (latent plas sensible) 

K = amt multfplfer for total qstem (heat exchanger, p ip fng ,  l ad ,  etc.) 

t = time 

Comp-rtng the option of TES etorage to fncreaaed boiler capacity, it 'p9ys" to 

store thermal energy as long as the Incremental cost of the TES fe l ess  than, or at m o d  

equal to, the incremental cost of adding a d d i t i d  steam genersthg equipment. For eaoh 

Lncrement of p e r  AP, the incremental TES cwt is:  

KC t AP 
ATES Cost P s 

AH 

Bearranging this expression: 

Syatem Coat (K Cs) 
- 

A H  
- 

Unit Weigbt of Salt 



&#fng tbe irmremed T E S  mst per unit power gemnfed (ATES Coet/AP) equal to 

the ood Of a d i i t i d  boller or ll~loEear ialmxl oapmity dowe us to determFae tbe optimum 

TES cost per unit weight d salt for a specW usrge dnraticm. Before this point, aaings 

wfUfncrsaseasusageh~,~hfle~ynadthts,tot.lsa~wLIldecreaeeasusage 

fmrsaees aad mystam eventrtally t>eoomee rmproLftable (mqptive &wings). 

Uefng the foregoing erpreesioa, Figure 4 4  ab<lrvs tbe relationship between salt beat 

storage (which far a fir& -on <=aa be cwas- to be latent haat), TES w t  and 

operating time. ObPicmdy, tbe hfgber the salt's Latent heat uf fusion, the more energy we 

can store at a given unit cost. For example, with a total TES& d$l per pamd of salt, 

the figure &cnm that tbe optimum duratian for which tbe T6S system can supply peaking 

paarer abart 5-7 for saltr, with latent heab Of a b a t  70 cal/gm, which will be 

sboam later to be @pkal of srlta that are dtsble for W application. 

A sdmequmt review af the system Load crrrvecr for tlm five utility plants (see 

Figure 4-2) ahowed that a 5-7 hour Ptorage capability wculd result in a 5% peak reduction. 

Baaed on this goal we m l u d e d  that the T6S system could cost no more than $1 per p a r d  

of salt. To allow for the expected high wet  af the beat exchanger and associated piping, 

site preparation and W cost, engineering fees, etc., it is m n t  that a suitable salt 

must be identified that msb much Less than $1 per polmd. 

From tk above analysis, we can determine the optimum operating time @ws) 

for the TES system based on a TES unit cost. Althagk thfs is Wpencient of the plant 

load cume, the total dollar savings realized with the TES will depend on the load curve. 

For example, using a TES system with tbe steeper load curve illustrated in Figure 4-5 

will result in greater total dollar saving8 than for the flatter curve. The total TES cost 

will be a function of the area d e r  the load curve, but savings in steam generating 

capability is only p r o p o r t i d  to the reduction in h e w  af the peak. Therefme, net 

savings of the steeper load curve over tbe flatter one will be r e W  to tbe indicated area. 

This analysis also gave an indication of the potential containment mareria16 that 

could be considered. &Ised on a "target cost" of $1 per pound of sa l t ,  we could not con- 

sider exotic metals such as Raatelloys or h x m l  alloys for large surface area heat 

exchangers. In fact, this indicated that we were limited to low carbon or at most stainless 

steels. This latter decfsion obviouly affected s d t  selection: Not only were we now 
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looking to identify a salt mating l ess  thm, say, $.25/Ib, kut the salt or salt eutmtiua must 

also be euffigiently with wubm or Btainleas Bteel to gummbe a eyetern deefgn 

life goal of 30 yeare. 

As wfll be ahom in the follcdng paragrilphs, muob of our subsequent effort verified 

the cmclusians rearbed from thte relatively simple, preliminary economio a U y .  We 

iterated many designs Pnd potential salt decfaiane using this evaluation oritexla. 

4.3 SELECTION OF PEAKING CAPABILXTY TO BE PROVIDED BY TE8 

As previously & s m d  (section 4.1), a review of ' h o ~ z e d "  system load c u m s  

indicated that tbese c m s  would be similar for each of the five referem systems u x k r  

conaideralion (see Figure 4-2). R e v i m  the swrn  I d  data d comparing tbe fn- 

clueion of TES to the alternate cost of peakixtg &xmx& (cycling a large 8ta.m 

generator), it was cwrmclakd that the system could b most profitably ued on a daily 

(rather than weekly or m m l )  bash to provide peakLng capability of approrfmatnly 5% 

of capscity. 

Therefore, as  a first cut, wing the nmmalized m e s  presented in Ngnre 4-2 

we eatfmated the peak power saving CMW), tbe period @curs) for which the demard ex- 

ceeded 5kt and, therefore, the amount of energy that llecded to be stored. Figure 4-6 

summarizes the results of this analysis for each system under consideration. Notice 

that the period during which demand exceeds 95% of the "wrmalized" peak plant capacity 

ranges from 4.34 to 7 . 6 8  hours. On the average, then, for a "typicalf1 system we may 

say that in order to increase system capacity by 5% we must store energy over about 

18 hcnus which will subsequently be used to meet peaking requirements wer the remaining 

6 -hour daily period. 

After we design the TES syrstem and determfne its cost, an iterative evaluation ts 
required to determine tbe correct optimum peak reduction for a specff ic plant and load 

curve. 
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4.4 CANDIDATE PHASE CHANGE MATERIALS/CONTAINER MATERIALS 

4.4.1 Sureenfag Criteria 

Ae disuu~sed in the p r e v f u  section, au preliminary ecunomic tradeoff indfcatod 

that the total TES system capital cost (including ealt, heat exchanger fabrication, Inatalla- 

tfon, etc.) would have to be lase than abwt $1 per polml of salt. 

Therefore, we initially set out to identify salts that mdd be purchased at relatively 

low cost a d  were SufTiciently compatible with stainless steels to satisfy cur 30-year life 

design gcml. It was also important to establtab the cost of additional purification beyond 

commercial grade Levels that would be required for this application. This is a very real 

problem for which a definite answer is unavailable due to a scarcity of corrosion data. 

In re4ewin.g data we also sought to evaluate other parameters of interest, such as safety, 

toxicity and environmexxtal impact. 

Although selection of salts for use in thermal energy storage systems has been given 

a great deal of attention by various researches in recent years, most of this work has 

consiatsd af analysis o r  experiments on specific salts so  that less data has been developed 

than is desFred, especially when attempting to evaluate a broed range of salts. Only partial 

ciakit is available, therefore, regarding thermophysical proper~ies,  let alme containment, 

corrosion or  purity information. Much of the existing data applies to salts when exposed to 

air (metal beat treating) which would tend to overstate corrosion problems, o r  to salts that 

have not been uniformly purified, so that data of different investrgators do not agree. For 

certain single salts ard for a very few specific eutectics, relatively complete data does 

exist which can be used to predict how similar salts may behave. 

For our application, the following initial screening criteria were established for salt 

selection: 

Melting point between 200-500°C (400-900°F) 

Inexpensive ( <  $. 25 per lb. as a guideline, based on large quantity costs 

published in the Chemical Marketing Reporter (CMR)). 

a Few safety hazards beyond those ordinarily associated with hot liquids. 

Low corrosion rate with low carbon or stainless steel, so that 30-year design life 

is  possible. 



A number of salt families are candidates for latent heat thermal energy storage. 

Tbsee are fluarides, chlorides, hydmldda, nitratdnitrltes, carhnatss, eutfatss, bro- 

mides and eome odd-. Varioun researchers have recommended ealts from these tRmrlree 

for specific thermal storage applications. Individual coneideration of each of these types 

will be given below, togethcr with our reasons for positive or negative reoornmmdaticm for 

the alcsctric utility application. 

Initially, single salts were screened on the basis of price. Since it was not clear that 

a sufficient number would be identified m this basis, and a~ msts will vary depending on the 

quantity ordered, we began with salts costing up to almost $3/lb. Appendix C lists 175 candi- 

date single salts initiaily selected from the CMR (Ref 2). From the literature and dfscus- 

sfom with Drs. Janz and Borucka, our consultants, eutectics us@ these arlts which melt 

in our desired range were determined. The cheapest were selected for further evaluatfon 

(Figure 4-7), making sure that our entire temperature range w a ~  covered. A dhcussion of 

aalts by type8 is presented in the following paragraphs. 

4 . 4 . 2  Fluorides 

In general, fluorides possess the "best" thermal properties and therefore have rc- 

ceived a great deal of attention. Many researchers have developed TES systems using 

fluoride salts (Reference 1, 3 and 4). For our application, however, fluorides were rejected, 

since costs are relatively high although thermal properties are excellent. According to 

Reference 2, the cost of commonly considered fluorides are: 

KT? $ .62/lb 

NaF $ .32/lb 

LiF $ 2.62/lb 

These costs are not the last word on the subject since Reference 4 lists possible revised 

prices based on a large incresse in production rates and improved production techniques. 

Under these circumstances the prices might become: 

According to Reference 3, the only fluoride mixtures which melt below 500°C (lOOO°F) contain 

large amounts of LiF, BeF2 or MBF4 (where M = alkali metal). Of these, BeF2 is expen- 

sive and highly toxic and therefore was rejected. MBF4 haa a significant vapor pressure 
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.'-+ - 
"-, +m BF3 aPd oan,be extremaly comaive even to high nickel content alloys and was rejeuted. 
, -.< 

&iF ie relatively w v e  a d  pams the problem of availability. E v e n - d e a t  TES syatsmB 

--;-$or utility plants will require approximately 10  million Ibe . of salt per plant. Foote Mineral, , 

.- .#is largest manufmturer of LiF (and of ti ealte in general), informed us that their potesUai: - 
", ' pmduction aapacity of U F  wae only 4 millfan lba. per year; that any program to signifl- - '; 

". * ,* . 
'wy inoreme this would mquire 18 to 24 months lead time before produotian would 

qommence, and would involve considerabie capital Investment (Reference 5). For thie 

paam,  the me of U F  in tbe immediate future in large eyetern wae canaide=ed impractical. 

Fluorides were therefore eli- fxom furCher consideration a c r e  e u b t i o e  h a w  ac- 

. pptable melting points were not available in large quantities at reasonable prices. Other 

objections to fluoridea include the fact that they give off toxic fumes when heated, especially - 

&iF and MgFZ (Beference 6). However, W e  objcwtion ma) not be a problem in a well de- ' 
, I  

signed system. KF (Reference 1) i s  hygroscopic. In eecond generation systems wing a 
, - 

,TES unit which q r e s  heat directly f m m  the boiler at hi& temperatures, fluoridee should 

be conaidered. Reference 1 canta.ins resulta of complete experimsntal Fnvesttgatiolls of ail . 

imprtant containxient and aafety questions related ro a fluoride a h u t i c ~ .  

Chlorides do not exhibit thermal propertie8 as desirable aa fluorides, nor i s  there 

as muoh data available. However, several chloride eutectics exist which melt in our desired 

temperature range and meet our tcu . .t cost criteria, 80 that chlorides are among our recom- 

mended salts. Initially, we considered eutectics made of the following single chloride salt& 

Cost of Industrial Grades 
(Reference 2) 

NaCl 

KC 1 

m 1 2  
ZnC 1 

BaC12 

CaC12 

ZnC12 was subsequently eliminated not only becauee of its relatively high oost, but 

h c e  it has a tendency to supcruool (form a glass, Reference (6)), is very c o m s i v e  (at 

least in the presence of moisture) and gives off toxic fumes d e n  heated strongly. -The de- 

oieion to elimFclate ZnC12 w;u, rduotant, since it has a low melting point (54loF) and would 



have permitted the uee of ohloride salts down to 442" in a eutmtio mix. Solus euteotics of 

A1C13 exiet whioh malt at low temperatures, but these were ruled out einoe AlC13 r w t s  

v i ~ r o u s l y  with water f i e l w  HCI . Fumee of H C l  are produced when AlC13 comes Fnta 

con- with moist air and AlC13 is oorroelve to skin (Referen~e  7). Furthermore, under 

atmospherio pressure, AlCL3 does not melt but sublimes. It is felt that this would 

raul t  in excessive safety and handling problems , The five (5) remafaing chloride sal ts  

form eutectics whioh melt above 7 25°F so that chlorides ur, reoornmended for the bigh end 

of energy &rage only (800-1000'F). 

Thermal pmparty data m chloride salts are scarce, and that lo r  eutsctics is almust 

non-adstant. Referenoe 8 liste p m p e N e a  ( P ,  A Elf8, op, k) for these :;dta with some 

excaptione; e.g., no values are presented for liquid thennal conductiviry for any of the 

listed ealta and values of solid thelmal conductivity a r e  included only for NaCl and KC1. 

It is worth noting that authorities argue thst muoh of the data tbst does exist is unreliable 

or even contradickwy (References 3 and 8). It is important that the properties of the 

eutectic salta under dimuesion here cannot, in general, be setimated from values of the 

uonstituent aalte. ExpwlrnerGgd determination of pmpertiea is a prerequisite to any hard- 

ware program. 

Authorities agraed that even if present in minute amounts, water would cauee exces- 

sive corrosion with chloride salts. Littlewood Weferences 9 and 10) Koger (Reference ll), 

Susskind (Reference 12)  and DeVan (Reference 13) support the hypothesis that molten chlor- 

ides can be contained in mild steel if they are dry a ~ d  pure. Susskind tested a eutectic of 

NaC1*KC1.MgCl2 in 1020 mild steel for 1000 hours at 500°C and noted no intergranular o r  

mass transfer corrosion. The penetration depth was  . 7  mFls/yr. It must be pointed out 

that extreme ca re  was taken with material. preparatfon. All apparatus in which salts were 

prepared were thomghly  cleaned and leak tested using a He mass spectrometer detector. 

Inert atmospheres of helium o r  argon were used and theee were purified by passage oPer 

titanium chips at 850°C. The outectic was prepared by vacuum-melting and outgassing at 

500°C to a pressure of less  than 20 1. Reagent grade salte and anhydrous MgCIZ  were 

used. Reference 14 reports successful containment of chlorides after removal of water 

with a gettering metal (aluminum or  magnesium). Obviously, if such strlct  purification 

standards must  be met for the qcantitfes of salt involved in a utility installation, i t  will 

materially increme the PCM cost. This wi l l  be dbcussed in a la ter  section on salt  

oomsiodpur i f ica t ion .  



MgC12 and CaC12, when heated give off toxic fumes which could be a : mblem if a TES 

unit ruptures. Also, chlorides have a very large volume change on fusion. For example, fo r  

NaCl the volume change from mlid to liquid is 25%, so  that Lgnificant salt mov2ment will 

ocaur durFng cycling. CaC12 i s  ii dessicant, so that an exothermic reaction will occur If it 

oontacts water. Chlorides should be operated under a dry S2 atmosphere. con- 

tamination of MgC12 r e s d t s  in the formation of oxichloride cement (MgOCl), which could be 

a problem. 

The hydroxides considered were: 

LiOH 

XaOH 

KOII 

$1.97/lb, Reference 15 

$ .13/lb, Reference 15 

$ .075/lb, Reference 2 

Of these, LiOH was eliminated because of cost and availability, although it had the best 

Aermal and corrosive properties. 

Data on the properties cf hydroxides are more available than for chlorides. Reference 8 

gives a complete set  of data for XaOH except for solid phase thermal conductivity. It should 

be notsd that KaOH in addition to a solid-liquid transformation at 610°F, wtuch has a 

A  Hfs = 36 cal/gm, also exhibits a solid-solid p h a e  transformation at 5GQF,  with an ad- 

ditional AH = 38 cal/gm. 

A non-eutectic mix of SaOH (91%), SaiY03 (8%) and 1% unspecrfied corrosion cclntml 

additives 1s marketed under the name " ~ h e r m k c e p " ~ )  by Cornstock and Wescott, Inc. 

(Reference 16), at a cost of about $. 20 per lh. 

Two contaminants which pose a corrosion problem in  SaOH a re  H20 and C02, which 

can be absorbed from the atmosphere. Use of a bianket atmosphere i s  essential and Refer- 

ences 3 -nd 17 agree it should be H 2 .  Reference 3 notes that this introduces possible long- 

term prot.;ms with hydrogen embrittlement of the alloys a d  weldments of the containment 

unit. The danger of explosion inherent in a p re s~ur i zed  H2 atmosphere (Reference 1 7 )  sug- 

gests that satisfactory results might be obtained using 3. mixture of 10% H 2  and 30% S2 which 

would reduce the rfsk. Reference 15 questions the s e r i a u s n e ~ s  of C02 contamination and 

points out some contradictions in existing data reg~rding water contamination. Most author- 

itim (Heference 8 and 15) suggest using stainless steel, however, Comstock and Wescott 



use mild stsal In their 'Tbrnkeep" sgetem apparently made possible by thsfr use of a 
aorroaion inhibitor. Corrosion may be b be a~orse for KOB #an UaOB 

f '  
(a&- 15). 

Hydnuddes are  extremely hygmscopio and any contact with watar would came a highly 

- d e r m i c  reaciion, possibly explosive in nature. In addition, hgdnuddes are oauetfo and 

could be a danger to parsonael in the vicinity of a rupbired contaipsF. h r d l n g  to Befar- 

enoe 6, NaOH mag @re aff b x b  funas when &mngly batmi, 

While the thermal propertie8 of tll+sates/aitrite eutectica are not as good aa those of 

chlorides and hydroxides, the low IH 3ts, gcmd m m & n  pmpertiea and law ruelting pointe 

$ .095/lb, Reference 2 

Na!!Og $ .076/lb, Refemme 2 
L1 NaNO2 $ .3095/lb, Croton Chemical 

Eutectic mixtuns of these three salts have been s.ailahle under variw trade names as 

heat transfer fluids eince the late 1930's (U-TEC-TIC, HITEC, HTS, Partherm). Rofer- 

ence 18 describes a 290°F rne1tm.g point eutectic called "HIITS", which ie identical to HITEC, 

Partherm 290, and U-TEC-TIC, References 19 d 20, Fairly complete data is adlablo 

for these salts bec=ause of their long use. 

The propertiee of sevaral eutectics of these salts are  available, particularly of the 

290aF melting point eutectio. No p M e m s  are envieioned in obtaining data for these ealts. 

Nitrates/nitrites are superior to most s d t a  in that they form a pasaivating layer on 

steels by the formation of surface oxide layers. Moreover, &e presence of small amounts 

of water does not appear to increase the corrosion rate aigni£icantly (Reference 3). Kirst, 

et al, give a corrosion rate on mild stsel of .0003 idmonth at 850'~ (Reference 18). B b t  

corrosion problems will result from solid impurities in the melt, particularly with 

X a P 4  and A 1  oxides. A blanketing atmosphere of N 2  is recommended by weral wxucces 

(Reference 3, 17 and 18). 

Ni t r i t e s  do not pose some of the hazards associated with other salts; they evolve no 

toxic gases nor are they cawtic. Timy should, however, be kept mt of cantad wfth cyanfde, 

aluminum, and organic mar  @re hazard). At temperatures above 454 '~ .  n i t r i b  con- 

tiouowly d d e  by 5 N a N 0 2  -- 3 N d O 3  + N+O + N2.  This represent8 the upper limit 

to  which the . salts are uaaful and care should be taken to prevent nitrite contamkg TES 



, u n h  from o v a r h w .  Baker Chemical Usta the decompitlon point of NaN03 aa 380'C. 

Compared to chlorides, nitrttee pre3-t much less of a problem fmm volume c b g e  on 

fuaion, the incream for NaN03 beFng 10.7%, that far KN03 only 3.3% and that Tor NaN02 

than 20% (Befersnce 8). 

Rsfsrencb 15 m ~ r n m e n d s  cartmnates over chlorides a d  hydmxidea as heat storage 

salts. However, 311 of the reammended eutectics which melt below 10007' contain 

L.12C03. Hence, the same coat problem ($ .76/lb) and availability problems *ch apply to 

U F  also hpply to Li2COg, although to a slightly lesser degree. In any case, significant 

pmdwtlon capcity would have to be Wt M o r e  large scale use of carbonates can be oon- 

aidered. This is unfortunate since carbnatss have very good thermal pmpertiea. More- 

over, the presence of the Li2C03 appears bo have a passivaiing effect an &eel surfaces. 

Baaarch czmed out at IGT (Reference 15) baa shown that the 300 series Stainleas Steels 

are conpatable with alkali cubmata for periods over five yeam, Reference 3 Liets a 

e u M c  mix of 57% K 2 0 3  and 43% MgC03 which melts at 860'F and as such would be mit- 

able for onr system. It was eliminated from our list of recommended eutiectics aince it is 

more expensive (K2O3,  $. 0975 lb, blgC03. $.30/lb. ) than the selected chloride evteetic 

arhich melts at 864' F and which has a higher heat of fusion. 'lib carbonate e u h t i c  w d d  

probably be more aggressively cormsive than eutectics containing Li2C03 since work by 

Janz haa shuwn that it is the formation of a LIFe02 pasaivaUng layer arhi& is -ponaWe 

for slowing the oormaian of these systems. 

4.4.7 Sulfates 

Sulfates were rejected because of their erdremely corrosive nature. When heated, sul- 

fates tend to form sulfides wbich result in rapid steel corrosion (Reference 3). An oxygen 

atmosphere has bwn suggested to retard sulfide formation, but the presence of O2 rasults in 

a Werent  8et of m m s i o n  problems as the stsel ia prone to oxidize. 

Reference 3 discusses the possible use of B203 a~ a PCM, but rejects its use since it 

is corrosive and difficult to purify. Reference 15 disagrees on the c o r n s i o n  point in the 

oam of stainless steel but the tests were only conducted for a few hours. The thermal p m p  

erties of B203 are similar to those for hydmddee and it melts at 450°C. Since there is 

no lack of chloride salt mixtures with b u r  thermal proixrties, B203 is not *ecommadd.  



4.4.9 Thermal Maas TraPefer Comaion 

In addition to the co rndon  problems mentioned abwe we w d  ment la  tbst of 

thermal mass transfer cormdon. Accol.ding to R e f e r a m  8, orhen a temperature gradient 
exi.at6 in a flowing salt system, thermal potentials exist whioh remove metal at hot po4a 

and depoait metal at cooler points. These reactions are electmlytio a d  are called 

Paradaic w e  transfer. Suasklnd (Reference 12) mmhrctsd mam transfer tsets on a 

chloride eutectfc. Plugging occurred in a 1/2 inch etaidem steel tube loop after 4000 hcnvs 

of operation. T b  indicates that mass transfer corrosion may be a concern with a flowing 

salt ~ystam. A l h u g b  this phenomenon could conceiveably occur in static aalt eysteme with 

large temperature gradiente, it is not expected to be a pmhlem in wlr case since tempera- - gradients are emall and heat exchangere are canfigmed so that salt is heated fmm 
t b t o p a n d ~ f m m t h e b o # o x n w b f c h ~ c o n v e u t i a n c u r r e n t s ,  

4.c lo salt Tharmophpeical Data 

Along with the chemical composition of each selected salt compound, Figure 4-8 also 

liata the tharmophyaical data required in order to deb*= the PCM heat exchanger; i . e. , the 

latent heat of fmion ( AHfs), specific heat (9, solid and liquid thermal conductivity 

Qg and kl), and solid a .  liquid density ( P s and P ). Unfortunately, thermophysical 

aalt data are difficlllt to compile. Different experimentere report Marent  properties and 

available anslytical p ~ ~ s  are questionable for predicting what cannot be measured. 

In the following paragraphs, therefore, a brief dLscussion of the sources of data for each of 

the thermophyeical properti- is  presented, along with qualitative evaluation of the accuracy 

of tabulated data. Footnotes in Figure 4-8 identify how each piece of data was obtained. The 

salts hted are the cheap& available in their temperature range on a $/ AHfs b8ais. 

Densities ( p~ PL) - For most of the single salts considered, experimental d u e s  for the 

densities of the solid and liquid phases are available. This is not the cass  with most of the 

eutectics considered. We have, therefore, estimated the eutectic densiues by ratioing 

deneitiea of the constituent salts by the weight percentages of each salt present in the eutectic. 

Various sources (e. g. References 8 and 15) doubt the accuracy of this method but offer no 

prsferrable mekd. Both References present axkct ic  densities, but disclaim their accuracy. 

Heata of Fusion ( A HfB ) - The state of data for haab of fusion is similar to that for 

density, and we have treated them the same way. Estimated d u e s  given by References 

8 and 15 are ~hilar ,  but both B o m k a  and IGT feel theae xumbera are not ;+ccurate. 



h PAG
E 

qU
m
 



Specific Heats - Sightly leas data agpears to be avallable for spscifio beate, and dta;cla,-n 

' z ie available only fo r  a m  phase (solid or  liquid). Bomoka suggeets using a fector of 
cpl/cPs = 1.10 b estimate the specific heat of a phaee when a value for the othsr phase @ 

. . 
aklable.  We present numbs18 from Rafemnm 8 and 15 when available, aad ratio by : 

areight 6) the valuea for 6i@e ealta thag are not. 

'Ihermal Conductivities - ?he least data are available for thermal conductivities. Bra~~$e#e 

et a1 . Reference 3, state that data for chloiides m so sparse and in8ccurata that they can 
wt even present it. -4nalytical pracedures exist for the thermal conductivity of tb llquSde 

fc 

phase, but they are c a n s i d e d  to be inaccurate. Complicating this is the fact that, 

according to Bomka,  accurate measurements of thermal conductivity is  difEicult so tW 
such eqerixnenta values as do exist must be substantiated to establish accuxaay. 

-.- - 

We have listed data and estimates presented in Reference 8, 15 and 3. Other ducts  

have been set by also using d u e s  of the Liquid phase for that of the solid phase or by awQp- 
.; 

ing approximate v?laea formd for some salts for al l  sits in that h d y  (chlorides). 

As g a h d  from the above dimmion,  much of the data presented in Figure 4-8 

is unavoidably suspect. The question is whether this uncertainty is eignificant to our 

overall goal of determining the h i c  feasibility of a latent heat the ma1 energy storage 

system. We will answer thie in a later aect2on with a sensitivity study af a specific heat 

exchanger canfiguration. By taking reasod.de  variations on critical salt properties, we 

can determine the overall impact on the totai system cost and heuce feasibility. 

4.4. ll Salt Purity 

The required degree of salt purification can onlybe estimated. First, it w a ~  naces- 

sary to determine puxity levels of commercially available salts. SuppLisrs of Bait in large 

quantities were cantacted includmg Foote Mineral, Cmton Chemical Company, &lorton Salt 

Company, Hooker Chemicals and Plaatdca Corporation, Dow Cheinical, and IbIC Chemical 

G-. The d a b  receivedfor Ca Cl2, hIgCl2, NaC1, KOH. -OH, Nah'02, KXO2 and 

Ca(&03)2 is presented in Appmhx D. 

Tke purity of the salts range fmm 90 to 99.5% @ot includmg water of crpebllizafion) 

with a variety of impurities. In the case of blgCl2 6H20 and CaC12 2H20, mu@y 50% 

and 20% HzO, respectively, are contained in t'm crgetal lattice. To determine whioh of th~ 

various impurities might pose problems and have to be r e m v d ,  b e e  data were sent to 

Drs. Borucka and Jam for their commente. A l t h @  bdh condtanta qreeeed  mm- 

tions a b u t  mxnatiq the addd purification required without supporting test data, we felt 



that fnoludlng We cost was important fo a fair eacmomto evaluation of the TES ~~ 
Tbrefom, we asked that they give us their apinione cm this subject. Dr. b ~ 0 k a  cuntacfad 

the five mppbm 8nd found that none appeared intereElted in fu&r purifying the salts prior 

to deltverp. h r  purinaation she was h e f e d  to J. T. Baker Chemical or MallLnokrodt, wbo 
p d u m  small quantities of magent grade matarlab. 'Ibis may lndicate tbat extra pdfica- 

@an will bave bo be undertaken by the TE S user. Both Dm, Jaxu and Boruoka agreed that 

water aad oxygen a m  antical canhminanta and that water muet be removed from salt8 to 

the maximum degree pcwsible. b t h  further felt that trace8 af X a F 4  a d d  be tzlwblesoma, 

eqmcially if it were to mparab f mm the hulk mase and collect in one location. Dr. Bomka 

fmbr  commented that removal of 81 oxides, K#04 KC103, Bg metal and Mg @B)2 tracea 
'be reg&&, Her camaata are wrmnzarlzed in Figure 4-9. . . - 
Both investigatore stressed the need for further research on the effect of thew trace 

hqnu4tfes on oorzoslm. Janz and Boxucka described dmilnr techniques for removal of 

traces of water and oxygen. Bdh agree that such purificatian ehwld be undertaken aftsr the 
salt has been placed in the TES heat exchanger, so that atmospheric cantact will not 

occnr after purification. B is mbxvorthy that the cost of fuel oil to heat the salt for tbis pur- 

pose d d  be only 112 $Ab at 40$ per gallon of oil. Other caste are difficult to estimate. 

'Xhe need for a vacuum freeze/tbaw pudlcation cycle can increase thickness of the TES heat 

exchanger walls, thus incmasing system costa. Alternately a larger vacuum shell d d  b 

cunatructed to hold the heat exchanger eo that only one very heavy walled rmit would be m 

q u i d  which d d  punfy many units. 'Ihe capital coat per unit will be lower as more units 

are p m s s e d  so that if TES use becomes wide spread the cost d d  bcome quite low. Tbe 

ccmt of a pressure veaael to contain a TES heat exchanger would be about $300,000, or d y  

about $. 021'Lb of salt for a TES ayatem for a single 1000 megawatt utility p l a t .  The p m  
&re to remove solid impurities (NaS04 primarily) was desoribed by Dr. Bolllcka aa best 

canducted in aquaxu solutions of the parent aalt by mleated chemical reactiaee. This would 
indicate that solid purification might best be wldertaken by the ealt manufacturer. 

W prices for our ncornmended sa l t s  are given in Ngure 4-10. Column 1 givea the 

bulk cost for "as received" salt quoted in Reference 2. Column 2 gives prices per panid 

quoted by suppliers in truckload quantities ( > 20,000 lba, the largeet lot quoted and 

therefore the lowest price). Aa pmviwsly mentioned, Reference 18 suggests that a a i m -  
cant increase in demand of fluoride p d t  couid result in a cost reduction. The same may be 

true for cur recommended salts, so that the advent of wide~read TES ueage could result in 

lower prices than those quoted. In the other direction, prices will increase dw to added 

purifioatian costs. In two extreme caws  (MgC12 and CaClz), oryetalline water accolmte for 





. , '*,P 
--?ey 60% and 20% of the salt waight respectively so that in order to gat 1 lb  of mhydmm -. . .- * * ^ \ -  

:2$$ZgC1Z, 2 ibm of MgCl2 orgefals mud be pumbaeed; thls effectively doubles the coat d tbl~,$'- ., 
>% 4- ;p& - 

I v: 

'-'.+dt even withoat iDoladtng water r e m o d  m t .  Thie adjmted purohase priae a8 i ~ - ' ~ ] i  . - -z- 
r . 
-5 - * - 

.;'i$Column 4 includes an allowance of $.05/lb on all salts for the energy required for water -. 

.+ *- 

',removal, amortization of a vawum vessel and pumping station for vacuum bakeart, and pwi- 
r I 

f "* 
,̂'aiaos - nr for extra supplier charge for solid impurity removal. It wiu be ehown later than mr 
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1 M H  2 5  .I43 
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fis 4-10 Cost Estimabas - Salts Recommsnded fur TES Sjlstwrrr 
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- As previoudy stated, a goal of the etudp wse to coneider a rsaeonable wrmber of 

' ..- ' 

heat exchanger d e w  so that a selection of promielng TES configuratione ooutd be q+&. 
' 

.- J* f:? 
Tbe intentiotl was wt to opllmize a single de-sign, but rather to demonetrate design <>- t- . - -. . 

: feaalbi3it-y a d  detsrmiae overall cost eElectiwenees of latent heat thermal &rage. . la,'lp 
- .  - .  

Although preliminary calculations were performed on each ~OIXX@, more work war, doae 

on the tube/W which we selected as our baaeiine design. 

4.5.1 ~ube/SheU 

'I'ube/shell heat exchangers for feedwater heating are  currently in widespread use 

in the utility industry. lhey  are generally constructed with U-tadma and a single tube 

sheet as shown i n  Figure 4-llA but can also be double tube sheat construction aa shown 

in Figure 4-11 B & C. A large plant can employ six or  more feedwater heaters ia series  

to raise the temperature of water leaving the condenser from 10&110~~ to a p p ~ ~ l y  

500-550'~ prior to errtering the boiler. Feedwater in the tubes is heated by steam on the 

shell side which is extracted from varioue points in  the turbine(s). These heaters are 
usually installed horizontally aud can be up to 50 ft. long. They are typically 8-10 ft. i n  

diameter. Our proposed TES tube/ehell heat exchanger ie a variation on this design. Lo 

order to prevent rupture of the unit which muld occur i f  melting salt I s  not free to 

expand, our tube/shell design must provide a froe liquid surface with the melt line 

proceeding down from the top of the unit. The most direct way to accomplish thie is to 

use a double tube sheet, single paas unit mounted vertically as conceptually ahown i n  Figure 

4-12. A single tube h t ,  single pass unit mounted vertically with the tube sheet at the 

top might also work, but p.as conaidered a greater risk for initial designs becauee of the 

possibility of blocked liquid relief paths due to settling of the solid. During energy storage, 

steam from the boiler eaters  the top of the unit and flowe downward through the t u b e  BO 
? 
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B) TWO-PASS TUBE, BAFFLED SINGLEPASS SHELL SHELL-AND-TUBE HEAT EXCHANGER 
DESIGNED FOR MECHANICAL CLEANING OF THE INSIDE OF THE TUBES (COURTESY 
PAlTERSONXELEY COJ 

C) HEAT EXCHANGER SIMILAR TO B EXCEPT WITH A FLOATING HEAD TO ACCOMMODATE 
DIFFERENTIAL THERMAL EXPANSION BETWEEN TUBES AND SHELL (COURTESY 
PATTERXW-KELLEY CO.) 

2J.OPQJ20 Fig. 4-1 1 Tube & Shell Heat Exchanger Derignr 
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tbat ealt m e l t u  progreeaee from top to I ~f the unit. The shell contains the salt 

phase obange material. During energy usage, £eedwater antsrs the bottom of the unit and 

d t  is oolidffied from the bottom up. 

To minimize the numbsr of heat exchanger modules, each unit should be as large as 

practical. Remonablo l imib for railroad car shpping wiaout special provisions are 40 f t .  

long by 15 ft. diameter. This size unit will weight (including salt) approximately 400,000 lba. 

which is  also acceptable for on-site hoistmg by crane. Within overall size comtrainta the 

design problem ie to determine tube eize and spaoing that meets performance req&emente 

at minimum cost. 

Although the bulk of our analytical efforts for o&er designs relied on c l o d - f o r m  

solutions and hand caloulakiom, a computer analysia was performed for the tube/ahell 

design. This analyeis verified the adequaoy of the hvld calculation methods and permitted 

more  rigorow evaluation of our baseline design. The aaalys~e was performed to size the 

TES heat exchangers requfred for feecfwater heating at the Ft. Martin plant. Figures 4-13 

and 4-14 present the preliminary st& p i n t  conditions and net plant heat rates during 

eneig  'wage and usage (pakiag) modee. 

A tht  .ma1 network d computer program was set up to model the performance of 

our baseline tube/sholl TES heat exchanger. The program represents one tube of a 30 foot 

long heat exchanger, and waa initially set up with six salt and five extraction 

locations (see Figure 4-15). 

The model includes a sub-routine to control extraction of steam from the unit on the 

storage side and wabr  on the ~ e a g e  side as a function of exit temperature from each of 

the sections. During energy storage, the logic was written to permit fluid flow from one 

eection into the next as long as the temperature was greater than or equal to a control 

temperature ('I'cZ). Once temperature dropped below this control point, the program would 

divert the flow out of the unit so that further fluid cooling could not occur. During energy 

etorage the steam enters at 1,000" F and should exit at '705°F (see Figure 4-13). Therefore, 

for the initial run (Case 1) we set the control temperature during storage at 705"F, which is 

the desired outlet temperature. Similarly, during energy wage the program permitted 

the fluid to flow through the ealt sections until its temperature equals or exceeds another 

control point (Tcl). Here (Case 1) we set thie Umit LI the h i r e d  outlet temperature of 

514°F for our Initial runs. 
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Figure 4-16 describe8 the overall logic that was used to size 4 evaluate the tube 

shell heat exchanger. Ae shown, the first step was to select an overall heat exchanger 

length for evaluation wbich we took as 40 ft .  Following this, we determined the type and 

mass of salt required fmm an energy/temperattm plot ior each caee (see Figure 4-17). 

Next, based on these -rgy requirements, we segmented the total heat emhanger lens\ 

amongst the variou salts selected. We then estimated the required pipe emw for the 

various salts based on maintaming a minirrmm temperature difference of about lrlO°F 

between the fluid line and the salt melt 3 i n t  uefng a hand calculation. As Will be diSCUBBBd 

in more detail later, we calculated the melt line posibon based m a slmpllfied one- 

dunensional heat transfer equation from Caralaw and Jaeger (Reberence 21). 

Using the total mass of salt required, the leagth of salt mgmenta and pipe spacing 

determined above, we then calculated the total number af pipes required and the m;.~es flow 

rate (and velocity) tkmugh each pipe. M'e thcn ran the pmgmm to determine perfarmama 

of the T E S  unit. 

Salts and dimensions shown in Figure 4-16 were determined using this procedure for 

the Ft. Martxdfeedwater heat- case. As s h m ,  Cases 1 and 2 have different flow conW 

temperatures (Tcl & T c Z )  bote that for these calculations, we used prelurunary power 

plant information. For subsequent design refinement, d e w  computer analyses were 

used to integrate the TES into thc plant cycb  znd change these initirrl brmadynamic 

conditions (see Section 5.1). 

Since we chose to analyze a single tube throughout the heat exchanger, thc number 

of pipes was based on the minimum epacing dictated by the various salts. Thus, in a 

two-salt unit, if salt #1 required a minimum spacing of 4 inchea and salt #2, 5 inches, 

the total number of pipes required was then calculated based on the 4 inch spacing. 

Altemahly, we could have varied tube spacing in the various salts by varying the mass 

flow rate through the tube in the variws salt sections. Obviously, we would then require 

a diffkrent number of tubes in the variou sectione of the unit. In our design refinement 

effort (Sed2an 5. i, ) a more realistic appraisal of ?x& spacing and flow arrangement was 

made. 



(2): b t m n h a  mmponent r a l ~  ard mass required b a d  an ~ ~ t u r e  profile. 

(a: Based on re& of St~ps (2). (3), and (4). dcuhte total rurnrber d pi* requid 
g i t d ~ f & W r a t e e n d ~ t h r o u g h ~ p i p e .  
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Based on the initial temperatum/energy pmfile of the Ft. blnrtin/feedwater heating 

case it was decided that a tw-salt unit, using NaCl . NaXOg and KC1 NaCl blgCl2 

eutsctics iilould be satisfactory (Figure 4-17). Neglecting the sensible heat storage of 

each salt, it was initially determined that each salt would store an equal amount of 

energy and, therefore, the total heat exchanger length was segmented into two equal 

sections of 20 feet each. Preliminary analysis, however, elmwed that the sensible heat 

contribution would be significant (-30% of total) and that ten feet of the SaCl W O 3  
unit would be inactive. ?he analysis was therefore xun for a 30 f o d  long bsat 

Pressure d q  calculations and fhe total and latant energy stored and used (~upplied) 

are also presented in Figure 4-18. As shown, pressure dmp thmugh the heat exchanger 

section neglectmg entrance effects, elbows, etc., will be insignificant. The energy data 

presented  ha^ been extracted from our computer runs and corresponds to the third day of 

operation from an initial  table salt temperature of 1, 00O0F.. For this case we want to 
9 store 1.26 x 10 BTU. Storage of a larger amount of energy W c a t e s  that the mms of salt, 

and hence the heat exchanger size, can be decreased. Obviously, energy stored should equal 

energy used. The imbalance between tbese parameters indicates that a daily stsady state 

cadition wzs not fully achieved. 

Figure 4-19 presents a plot of the exit water and ateam temperature chving the energy 

usage and storage periods for this analysis. Aa shown, over significant time periods the 

feedwater outlet temperature w a ~  significantly higher o r  lower than the desired outlet 

temperature of 514"F, and the steam terqperatrrre was abcwt 100°F below the desired d e t  

temperature of 705OF over most of the energy storage phase. This figure represente 

conditions after- 48 hours of operation, starting from an initial salt temperature of 

1 , 0 0 0 ~ ~ .  F'ig. 4-20 presents energy used and stored (BTVs) as a function of time for this 

case. As shown, (1.26) lo9 BTU1s were supplied during the energy usage phase, while 

(l.39) l o 9  BTWs were stored during the energy storage period. W s  implies that steady 

stab has not been reached and W the pmgram wuld  have to execute more cycles to achieve 

final canditiom. 

Figurc 4-21 presents a map of nodal temperatures at the end of the storage and usage 

periods. This plot enables UE to evaluate the adequacy of our preliminary pipe spacing cal- 

culation aud also how much (If any) of the salt will remain inactive. As  shown, it appears 

that our hand calculations can adequately ~ipecify the required pipe epacing. b M n g  at the 

end af s t o r ~ o ,  we see that the salt temperature at the farthest locations and greatest depth 
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starting from the entrance a r e  a t  the melting point for each of the salts (Node 15 = 725' F, 

Node 8 = 567" F). This implies that increasing the active salt  radius would not increase the 

latant heat contrlbu+hn of the salt. It is srgmficant that the lower section of the heat exchanger 

(nodes 3, 5, and 7) remain8 at constant temperature (424OF) throughout the usage and s tor  - 

age periods. This suggesb that we have oversized the heat exchanger and that we can elimi- 

nate another five (5) feet of total length, reducing the final unit to 25 feet long. Thie reduc- 

tion may be attributed to our preliminary method of sizing the TES unit based on latent heat 

storage only. Eote that if we wish to maintain the 40 ft. length we can increase the flow 

tlmxgh the tube and thus r e q u i r e  fewer total modules. 

Our analysis extracts fluid from the unit in discrete steps based on two contml tem- 

pei-atures. Another case (Case 2) was run to examine the influence of this parameter with 

the same conditions a s  above, except that steam control temperature (T ) was se t  5 0 ' ~  
c,2 

higher than before (755 rather than 7 0 5 ~ ~ )  and water control temperature ( T ~ ,  I) waa se t  

50°17 lower (464 rather than 5 1 4 ~ ~ ) .  This change did not signifxantly affect the final 

results in te rms  of fluid outlet temperature, although some parts of the P C M  chd run a i m -  

cantly hot&r (see Flgures 4-22 and 4-23). 

Concluding this ser ies ,  in o d e r  to evaluate the effect of pipe length the ansys i s  was 

repeated for  a sixty (60) foot long TES unit using the 705' and 514' F control temperatures 

of Case 1. In this case, the mass  flow rate was doubled to compensate for  the longer heat 

exchanger length. Here again, the results were not very much different f m m  Case  1 

m g u r e s  4-24, 4-25, and 4-S) and the bottom secticn ( l o  feet) was inactive. 

Ekaluations of these results indicated that more effective and less  expensive control 

systems would improve TES performance. It was decided that using a conventional regenera- 

tive fluid/fluid heat exchanger would give better control of the TES outlet temperature and 

also simplify heat exchanger construction. The results of a preliminary run made for this 

systsm with a heat exchanger effectiveness of 30% i s  presented in Figure 4-27. As shown, 

the design does lower the variation in outlet temperature. Tnis design can be improved 

further by including a bypass around the modulating heat exchanger (Figure 4-28). 

We concluded this preliminary evaluation of the tube/shell unit and proceeded to evalu- 

ate alternate concepts. The preliminary analysis provided us with several major analybc and 

design conclusions. It showed (for a realistic duty cycle) that a significant amount of energy 

( - 3096) i s  available a s  sensible heat, decreasing our  previous estimates of salt  quantities 



required. It also verified several analyttaal teohnfques, paxtioularly our metbbd of oalou- 

lating tube apacing, and helped to develop analgtioal teohniques used in aur deeign refinement 
effork (see Section 5). It also revealed that the inolueion of a eimple mgeneratlve heat 

emhanger with bjpaesee would be an effective method cif mtrolhg TES fluid outlet condi- 

U r n  on tabe/shell unite. Some method of outlet temperature m t m l  is  mquired in all 
etatic ealt ~peteme since the heat exchanger effectiveness deareases with time aa the malt 
(or salidCflcatian) Une progresses away from the tube surface. Since a major portion of the 
energy ie stored as  latent heat, the t h e d  resfstance between the ntility fluid (steam or 

water) and the melt line directly affects the heat t m f e r  rate. 'I'he major advantage of tb 

moving aalt eystems discused labr is that t h i ~  thermal reaietance can be minimized. 
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ORKIIEIAL PAGE 1S 
OF FOOB QUALITY 

How Rate per Pipe: 

Totd Flow Rate: 

CJumbw of 1" 00 Pipes; 

Total Length of P i :  

Reaure Drop: 
(ignoring enam effects) 

Salt Type: 

Salt Weight (Total): 

Salt %ion Length: 

Rpe Spaang (mten); 

Section D i a m f w  

BYparres: 

BTUKube 

Total: 

Limnt: 

BTU, Total HlX 
Total : 

Latent: 

106 Ibmhr, water side (storege) 

6.4 Ibrnhr, steam s i d a  (usage) 

2,217,000 Ibmhr, water side 

134,162 Ibmh,  s t a m  skb 

80 feet 

1 , 2 6 4 ~  Feet 

8223 psf water side 
023 psf steam side 

Salt #l - 
4.6 NaCl 95.4 NaN03 

Salt #2 

14.5 KC1 22.3 NaCl 
63.2MqC17 
4,213,306 Ibm 

40' 

2.75" 

31' 
4 

Control System W c :  

'Results are based on initial salt temperature of lUCClO~ and correspond to two days after stan. Energy s z 0 . d  ?tot 
equal to energy used impiies that quasi-steady state has not bee, reached. 

Fig. 426 Salient Physical Chamwistics, Analysis Caoe 3 
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4 . 5 . 2  Heat Pipe Heat Exchanger Concept 

The heat pipe heat exchanger i s  s u p ~ r f i c i a l l y  s imi la r  tc, ihe tube/shell heat exchanger 

except that the tubes extond into the nlanifold r t ~ i o n s  (\vhich become tub, . ~ k  heat 

exchangers) and a r e  individually sealed heat pipes. Heat pipes 3 r e  re la t i , .  l y  h g h  conduct- 

ance devices, but they st i l l  introduce some additional thermal  res is tance  compared with the 

tube/ahell. They have a number of advantages, however, which may offset this: 

Vapor p r e s s u r e  of the w o r h g  fluid in the heat  pipes 1s generdlly lower than 

that  of the steam o r  feedwater, permittiug thinner tubing to be used. 

The m o u n t  of working fluid in an individual heat pipe i s  smal l  ( less  than 1/2 lbm),  

minimizing the potential hazards  of reactions w;th the PChI if a leak develops. 

W s t  diaphragms can be provided in end caps  at  both ends of each heat  pipe, 

so that if a leak develops wit?, ei ther source  o r  sink fluid, the heat pipe will 

s imply become an open conduit between these l ines,  minimizing any c h r i c e  of 

bursting a pipe and reacting with the PCM. 

Failed individual pipes mus t  be recapprd to close the leakage pi th ,  blt cause 

v e r y  little loss  in total s torage capaii ty.  

One of thc problems in designing a heat p i p e / ~ ~ S  system is lack of suitable heat 

pipe w o r m  fluids for the 600-800°F temperature  range.  SucIear  pIants oblerate tx-low this 

temperature  range,  and a r e ,  therefore ,  h t k r  suited to  this  TES concept than a fossl l  fueled 

plant. For  example, the Three  Xi le  Island plant was considered with TES ubed to elimi- 

nate most  of the steam extraction for the final feedwater heater  d u r w  ~ e a k  power periods. 

A schematic of the system is shown in Figure 4-29. 

The TES u n  ' L F  ;ized to permit  approximately 5% additior-A power generation for a 

six-hour usage pe: i The s torage par t  of the cycle takes 18 hours. For  the t e n ~ p e r a t u r e s  

involved, the use  : :. single P C h I ,  a sodium nitrate,  sodium hydroxide eutectic (h1.5'1 S a S O  
3' 

15.5% SaOH) with a melt  temperature  of 475" F was selected. Tne heat pipes must  be 

capable of operatiV,g over the full temperature range of 410" F to 565" F to cover extremeb 

of the s torage ana *ls.ige cycles. For  these temperatures ,  Douthernl A ,  a 26.5-F diphenyl, 

73.5% diphenyl oxide eutectic working fluid (also marketed under a variety of other trade- 

names) was selected for the heat pipes, based on conlpatibility with s tee ls ,  re la t ivel j  low 

vapor p r e s s u r e  (495" F boiling point), and an anticipated low level of reactivity with the phase 

change material .  Fronl a heat plpe perfornlance p i n t  of view, the principle disadvantage 

of Dowtherm A i s  i t s  relatively low liquid thermal conductivit? 065 ~ l 'U /hr" ) ,  which wil: 
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require 3 good internal wick design to avoid excess'qe camperaturc drops. Water, with 

approximately 4 t ir-es the liquid thermal conductivii,, might als- kG used as a worlung fluid, 

but might require use of nlonel tubing xather than steel, has hrgh vapor pressure at these 

temperatures, arld would react with the PCM should a pipe burst. 

With the hezt p i p e / ~ E S  canister arrangement sbown in Figure 4-29, heat pipes 

a r e  oriented vertically. and heated a t  the bottom end (the evaporator) during heat storege. 

The lengk or pipe located in the PCM canister acts  as a condeneer during heat stomge. and 

condensak returns to the evaporator assisted by gravity. For usage, the f e d w t e ~  heat 

exchanger is located a t  the hlg )f the canister. Tbis portion of the heat pipes now ~ c t s  ;as a 

condenser, the PCM reqion acta as evaporator, and gravity again assis ts  codensa te  retLrn 

from condenser to evaporator. \'olumetric expamion of the D l  7 (liquid density = 
3 l20.7 Lbm/ft3, solid density = 140 lbm/ft ) on melting is arommod;tfed by a w i n g  the 

heat exchangers so that they correspsnd m effect to a counterflow arrangement, though 

sepalated by the PCM.  In this way, the hottest heat pipe dul-ing stclnge is also the hottest 

during usage, and will be the f i rs t  pipe to initiate melting during usage. Since the heat r :pe 

is virtually isothermal along i ts  lerggth, thz melt layer should form continuously along i t s  

length, providing a flow path for liquid to reach the void volume a t  the top of the canisbr .  

In addition, a melt layer should form adjacent to the m e b l  plate sepamting the sbrage heat 

wcharrger and the PCM. This should p r m i t  liquid PCM to flow from any partially meited 

pipe region (possibly as a result of mild longitudind temperature gradients) to fully melted 

rqgions, minimizing pressure gradients in h e  E M  

With this arrangement, tube spacing is based on propagation rates of the liquid solid 

interface in a manner similar to that wed for the &-shell heat exchanger, allowing for 

additional thermal resistance of the heat eschanger ard heat pipc. An approximate -or. 

for the melt  radius, R,  at any time, t for  constant fluid temperahre, Tf, i s  then: 

where, 



In the hespreeaton ior K1. PPCM and 1 Khr refer respectively to the  length^ of heat pipe in 

the PCB1 rind the aotlve heat egchanaCer; U, ie the overall coefficient of heat t m d e r  in the 

active heat eJrc?hnnpRr (inchding the heat pipe frim coefficient in the heat exdmnger reglon), 

and hap h &e heat pipe film coefaoient for the length of pipe in the PCM r* Rrbe 

6paohg iB rwlNlafed for the usage mode in thie example since the PCM melt temperature 

CTm = 475'F) Le closer bo fEuid tzmperature &wing uage than during Btorage. and since 

umge heat flux ie 3 timea that of storage. For thie case, the &r aide i l l .  coefficfent t~ 
20 

e&bmdd to 3e 300 B T U ~  ft F) . ?Be heat pipe ftmctio~ as a wndenser tn the heat ex- 

changer, with cmdemhg fiLm coefficient. ?or M e r m  A working fluid. estimated to be 

20W) ~TlJ/hr f t 2 ~  F. This is kwd an a gravity-misted wick design developed at Grummq 

wing data obtained with Frean-12 working ihrid. zclfustsd far the cliffereme in liquid con- 

ductivity. The overall co&icient of heat transder ie then 

me PCM regtan of the heat pipes acts aa an evaporator. with hEVAp esthabd at 600 BTu/ 

hr ftLE', extraplated h m  Freon-E data b r  a gravity assisted wick. 

Wall thlclmese, tw, k u d  on tm .d ihg  ~ & r a t i ~  is -1y given by: 

For a Bafety fador, SF = 3, a maximum pressure of 1080 psi @eg:e&ng internal pipe 
6 pressure), and a modulus of elasticity, E = 29 x 10 for stee;; 

or tw = . 03Tf for a 1" diameter tube. 

With this value of tw, di = 0.926" for a 1'' tube and, 



The fluid temperatore, Tr during usage varies from 410" F to 457.1' F. g i v e  a mean 

temperature difference (with Tn, = 475' F) of: 

frwn Fvhich, for a six-hour usage period, 

f r o  whfch @ =  9.06, R/a = 3.01, since a = l;2", R = 1.50", and the pipe centers should 
- bepton3"spacing. Energytdorage-iatedaulththephasechangeproceasisAHfB- 

76.5 BT U/lbm . 
In addition, here is some sensible heat storage, 

- 
where T = average temperature of the solid PCM at the end of usage 

9 

a average tempemturr of the Liquid PCB1 at the and of storage. 

With the approximation: 



BTU %m - 0.45(475 - 456.8) +.45(504.5 - 475) = 21.5 - lbm 

ThBP, %~tal = 76.5+21.5=98~~U/lbm 

Ehergy &red per foot of pipe L t&aa, 

and for lpCM = 36': 

The pipes are assumed to be arranged in a hexagonal array as shown in Figure 4-30. 

We require an amount of active PC M per f o d  of pipe given bg: 

Or, M1 = 6.151 lbm PCbl/ft of pipe 

Eac!. hexagon must contain suffici~nt mass for 3 heat pipes, with sufficient area to 

~ m m m o d a t e  b e  lipuid phase. p = 120.7 hm/ftJ, hence: 
1 

m e  cross-sectional area ai-qxiated with each pipe is tben, 
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If we w e  caatstere with d : & c  r r! = 12', the number of pipee per rnnister is: 
c' 

n 

and the heat storage par anbtsr L: 

For a total storage requkem-t of: 

9 QT = 1.965 x 10 BTU 

the number of d b r s  requrred b: 

n = Q#Q, = 45.2 - 46 canisters 
C 

The mass of PCM required i ~ :  

M - 1 d c 2 - K  n a  2 
pcm = Nc [ 4 P I pPCILI 

The heat  pipes, as stated ea r l i e r ,  use Dowtherm A w o r m  G ~ i d  and a gravity 

ass is ted wick design. The wick design used in these calculations (Reference 22) is s b u n  

schematically in Figure 4-31. The maximum heat flux, Qmax, each pipe must carry 

occurs during the usage cycle, with 

- F: ----- 
Qm 

- 217C3 - 3617 BTU/hr 
usage 6 

For this heat flu, two a r t e r i e s  a r e  required, each about .0511' in diameter. The u.aU 

wick consists of fine circumferential grooves, 96/inch of leixth, approximately 8 nlrls deep 



and 4 mils wlde. 'l%e arterles a m  forced against the well by a spring type spacer. It should 

be noted that these arteries are somewhat different from those wed In heat pipes designed 

for Bpace applications. The arteries are open at the enda and do not require capillary 

integrity. For this reason, they should be relati-~ely inexpensive to fabricate. Machining 

the fine circumferential grooves will  be a major item in fabrication cost of the heat pipee. 

R may be possible, however, to reduce the number of grooves required, particularly in the 

. W M  mgton which tas the greatest length and lowest heat flux. This i s  left for a more 

detailed design p b ~ s e .  

The use of heat exchangers at both tap and bottom ends at the heat pipes presents an 

additional pmblem in heat pipe design, since the bottom heat exchanger will tend to trap 

inactive working fluid when the top heat exchanger i s  wow. Fortunately for this case. 

the bottom heat exchanger can be made with a very sbort vertical height. The Bteam side 

will have a candensing 91m coeflicient : 

for which: 

where, 
21700 %, *rage = - = 1206 B T U ~  

18 

For 2 H,x = 1/2 a, AT = 3.65' F 

The inside of the pipe at the W o r n  wlll be functioning as  an eva. . ntor, with 

h ~ ~ =  6 0 0  B T U / ~ ~  f t 2 ' ~ .  Then, 



The total ATm at the bottom during etarage pN1 tben be: 

This is acceptable coneidering the overall tamperature dlfferanoe between the condsnsing 

steam and the pbase change t e m p e m :  

Despitc the short length required for the bottom heat exchanger, 'he heat pipe must be 

designed to minimize the extent of flooding of the evaporator surfaces during the storage 

period, since this wdl act to increase the evaporator AT. This problem can be minimized 

by wing a plug to rerfuce vapor space volume at the bottom of the pipe, thereby reducing 

the excess liquid available for floodmg. Also, since f loahg will result in pool boiling in 

the evaporator, with associated liquid expulsion, it should be possible to design a liquid 

trap which would collect any liquid entrapped in the vapor. The liquid trap would be designed 

to return liquid at a ve ry  slow rate to fhe evaporator. In this way the would run par- 

tially full during the heat storage per id ,  and em+% during the heat usage per i d .  



4.5.3 Macrmncapsulated PCM Concept 

In this concept, relatively large quantities of PCM are  encapsukkd with thin layers 

of oontainment material (steel) which would deform to accommcdate volumetric changes 

associated with change of phase. Relatively small quantities of containment material would 

be required, since the thickness would have to be small to minimize bending stress. One 

such configuration, consisting of long "plank" shaped blocks of PCJI, i s  shown in Figure 

4-32 (A) .  The plank cross-aection would be essentially rectangular when the PCM is at 

maximum density in  the solid state. The edges would be relatively stiff, a d  top and 

bottom surfaces would bulge outward as indicated to accommodate vol~imetric expansion 

associated with melting. The planks would be stacked in  a pressure vessel, as shown in 

Figure 4-32 (B), with gap regions provided for fluid flow. The gap height would be 

adjusted by design of the plank edge shape to be as small as possible consistent with 

allowable flow pressure drops and required film coefficient for heat transfer. High overall 

padang density is desirable to minimize pressure vessel size and cost. 

For the configurahon shown, the liquid pressure, P , on melting is: e 

where E = modulus of elasticity of the containment material. The maximum bending moment 

occurs at the edge, where (per unit length of plank): 

with associated bending stress,  

Substituting for  P I 

fram which it iti apparent that s t ress  varies directly with thickness of the containment 

material. 
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AH an example, consider a PChl with high volumetric density change, such as the 

KC1 . KaCl . MgCIZ eutectic used for the high temperature salt In the Fort  Martin feedwater 

heating application. Using stainless steel for the encapsulating material, with b = 24". 

a = 3". and t = ,012" 

0 = 15 x 30 x 10 6 = 10,500 psi 

which i s  below allowable design stress levels for many stainless steels. Xote that the 

thickness of .012" is arbitrary. The planks of PCM need be handled at ambient temperature 

only during initial installation, with the P C M  in a solid state. 

The mass of stainless steel required for encapsulation per pouad of PCM, for the 

dimensions used above, is: 

m 
9 9 pss 

2 (a + b) t 
- - - - -  x = 0.031 

m Ps, pcm ab 
Pcm 

This is small enough to indicate that costs of macroeacapsulation should be modest. 

The time, r ,  required to freeze the PCM, based on a one-dimensional heat transfer 

calculation using only the flat b p  and bottom surfaces of the PCM b U  for heat tranafer, 

is given by: 

WbereTf i s  the mean fluid temperature and b i s  the film coefficient for heat traoefer to 

the external PCM surface. For a pven r , this equation may be rearranged to solve for 

the film efficient required: 

(Tm - 54 r 
- P] P s  AHfs 8 kB 

For the Fort Martin feedwater.hsatitg case, using the  high temperature PCM with a 
i a = 3", and considering the usage mode: , 



Flow rates and gap height between plaaks of the PCM would have to be sfzed to provide at 
least tbia value of film coefficient, but thie should be eaeily accomplished. 

The principal disadvantage of this concept i s  cost of the required pressure vessels, 

An intermediate low pressure c i rn~la t ing  gas loop might be considered to  eliminate the 

pressure vesnels, but cosl ,:the heat exchangers for such a l w p  would probably be 

comparable to the cost of the equivalent boiler capacity being replaced. A better approach, 

primarily suited to very large TES applications, might be to locate the macroencapsulated 

PChZ in deep underground cavities, taking advantage of lithostatio pressure to subatantially 

reduce pressure vessel costs. 

4.5.4 Intermediate Pumped Loop 

The use of a low pressure intermediate liquid metal circulating leap is an attractive 

variation of the baseline tube/shell PC31 concept. The low pressure would permit 

significant reductions in wall t b i cheee  for the tubes and shell domm This would be 

off-set to some extent by the cost of heat exchangers, pumps, and piping for the liquid 

metal loop. Heat exchanger bypass lines could be provided in the loop with bypass flow 

varied to compensate for  the variable thermal resistance within the PC31 associate4 with 

movement of the liquid s d i d  interface. This bypass control should result  in  more urdorm 

steam and water outlet temperatures. 

Film coefficients fo- circulating liquid metal a r e  very high (of the order of 10 4 

3 B T U / ~ ~  fta0p) compared to steam and water flow (50 to 10 B T U / ~ ~  f t " ~ )  and these, in 

turn, a r e  high compared to the equivale~lt thermal conductance, k/(a- In @/a)), for the 

PChI (3-20 B T U / ~ ~  H'OF). The heat transfer a reas  required for the heat exchangers can 

therefore be correspondir?gly smallgr than that of the tube surface area provided in the 

PCM, providing only that temperature drops oa the steam and/or water sides a r e  

acceptable. 

4.5.5 Fluidized Encapsulated PCbI 

Xlicroencapsulatirg the TCM, using particle sizes comparable to that of pulverized 

coal (e. g . ,  50-100 p ) i s  attractive because it eliminates the need f ~ r  heat exchangers, 

though this may be off-set by encapsulation cost. The concept is illustrated i n  Figure 4-33, 

using a one-bin empty system. For heat storage, cold encapsulatsd P C M  is drawn from 

a filled bin, entrained by car r ie r  steam, and deposited hot in the n e d  (empty) bin. One 

bin i s  depleted as the other fills. When full, valves a r e  ad ju~ted  to repeat the process 

of taking PCM from another cold bin and putting it into the previously emptied bin. Bins 





~ o u l d  be large emugh to permit particle settling, with the carrier fluid drawn off at the 

top. F o r  heat removal, the carrier fluid would be iiquid wahr i n  the feedwater heating 

case, o r  liquid evolving to steam in the auxiliary power cycle case. A s  with the other 

PCB1 concepts, several PCBI1s with different melt temperatures might be used, using 

separate sets of bias for each PCM, each based on a onebin-empty concept. The 

microencapsulated PC31 system alould differ from a pulverized coal system in having to take 

full cycle pressure. Provision for bin-tu-bin venting would be required to minimize pressure 

variations during PCbl transfer. Also, i t  would be desirable to have 

so that all the heat transfer for each PC31 could be accomplished with a single entrainment. 

The sensible energy storage would be greater for microencbpsulated PC31 than for other 

ooncepts, since the PCM would quickly appraacb the carrier fluid temperature, with 

e l e  exit temperahxe differences. This  permits use of s d e r  quantities of PCN. 

Tahing the Ft. Martin feedwater heating case aa an example (See Fig. 4-17), using the 

same car r ie r  fluid temperatures and PCM's for b d h  storage and usage a s  for the 

tube/shell case, the high temperature salt (KC1, NaC1, h1gCl2) (see Fig. 4-8) would s tore  

h& at 800"~. and oool to 5 1 4 . 4 ' ~  after giving up its heat. The heat stored would then be: 

or. Ari ,  = 264 B T ~ / l b m  

This compares to 230 ~ T ~ / l b r n  for the same PChl used in the shell and tube heat 

exchanger. The additional 34 ~ T ~ / l b r n  would reduce the amount of PChI required by 

12.9%. For  the low temperature PCM (NaCl - NaK03, see Fig 4-8). 

A% = 0.43 (705-567) + 84 + . 44  (567-487) = 178.5 ~ T u / l b m  compared with 135.3 

B T U / \ ~ ~  estimated for the shell tube case. The additional 43 .2  BTU/lbm would permit 

\ a reduction of 249: i n  the amount of PChl required. KO allowance has been taken i n  these 

\numbers for the sensible heat stored in  the encapsulating materid.  W e  all systems will 

4 1 



hava oontainmeut material with assocf ated sensible beat atorage, tbe maaa of such mntArial 

may be somewhat Larger for mirroencapsulation tho  it would be for dbr  umcepb. 

The ratios of carrier fluid mass flow nte to PCB1 mass flow rak;. for tfils exam& 
during storage would be 1.46 a d  0.49 for the high a d  low temperature PCM's, 

respectively. The !ow mass ratio for t&e Low temperature PCM could present 3 design 

problem (e. g., high pressure drops or two eatrainments). hrittg usage, the corrcspoding 

carrier fluid flow rate ratios w d  be 24 and 8.1, which a h d  be adequate. Tt should be 

n d e d  that these mass flow ratios would be amstant dmiug the storage a d  rrsage p m a w a .  

This may be a significant adndage for the microen-on technique when mmpared to 

heat-exchanger concepts which require bypass lines aod outlet ternprahve amtrols. 

For the encapsulation process, the PChl may be considered as enclosed in a 

spherical shell, with inkraal diameter large earn@ to accommodate the PCM at its 

lowest densicy state (1. e. . highest tenrpemre liquid state). Some vold volume would 

emst at all other states. The shell wouki then have to be thick enough to reaist bnckling 

in the high pressure carrier fluid environment, with thickness given by: 

wherc P is carrier fluid pressure, S. F. i s  Safety Fador, E i s  shell material modules af 

elasticity, and r is shell radius (sheli assumed thin). For the Ft. Martin ~ ~ t i o n s  

assuming encapsulation with nickel, and using a safety fa,ctor of 3, 

For r = 50 p, t = 2.36 p . If such capsules could be made. the mass, Me of the 

encapsulatiog material required would be given by. 

For nickel (sp. g. = 8.9) a d  NaCl NaNOg (sg. gr. = 1.88). 



The mass of nickel in thie case wculd te 67% of that of the PCbl, and bulk encapsulatmg 

material costs would be e&lcantIy greater than the PCAI casb. h cast encspsdahrg 

r a a t e r ~  (perhapa non-metallics) as well as low cost encapsulating process would appear 

necessary for  this concept to be viable. 

Fluidizing and entraining the particles is not anticipated as a p.-oblem. For turbulent 

duct flow, with a friction factor of O.QO5, carrier fluid velocities for the lowest and h @ ! t  
3 density fluids (1000°F. 3500 psia steam at 4.86 lbm/ft , and 423°F. 4323 psia liquid at  

52.6 lbrn/ftd) of 20 and 5 ft/sec, respectively, would appear adequate to entrain 100 p sized 

prtxles in a vertical duct. The correspomhg terminal sink velocity of such particles 

wovW be approximately 1 and 0.25 ft/sec for low am3 lug$ density carrier fluids, and 

adequate residue time would have to be pmvidd in the bins to permit the particles to settle. 

The time requirtxi for  heat transfer s W d  be at least as small as the particle transport 

time. M3st of this time will be associated with the phase change process. An approximate 

solution for the freezing process, alloaring for the temperature rise of the carrier fluid 

as freezingproceeds. is: 

(4-16) 
3 PCh 

For the Fort Martin case the freezing times for the h g h  and low temperature PChI's would 

be 0.35 and 0.27 seconds, respectively. With a carr ier  fluid velocity of 5 ft/sec, heat 

transfer would occur over distances less  than two feet, which is well under the flow lengths 

required for bin-to-bin mass transfer. Hence, no additional residence time would be 

required for the heat transfer p m s e .  



From a d e t y  point of view, microencapsulation presents two prdalems, failure of 

encapsulating &ells and failure of the pressurized bins. Encapsulating shell failure 

would release snlall quantities of PCbl which could react with carr ier  fluid, with some 

particle agglomeration probable. Use of relatively course mesh s c  vens or  p e r i d c  bin 

cleaning m i a t  be required. Bin structural failure, aa with any prchssure vessel, i s  a 

serious problem, but only the void volume in the bin would contain high pressure fluid 

capable of contributing $ i r k  of expansion. Also, the encapsulated particles should presant 

somewbat less hazard than the bulk PChi. 

Major clrawbacb of the m i c m e n c ~ s u l a t e d  system a re  &owns associated with 

materials and processes for encapsulation. If encapsulated PChl could be provided at 

m a k r a t e  -st ( -- Slflbrn), the system would be more attractive but would still result in add- 

ed cost for pressure vessel and high pressure vaives. Developnlent of hardware and flow 

relations associated with handling'micmencapsulated PChl are wrt trivial problems, but 

appear soluable with straight forward engineering effort. This would only be warranted, 

however. if the encapsulation problems were solved. 

4.5.6 Moving PChi Concept 

The moving PCB1 concept attempts to minimize required heat trausfer mrface area 

by eliminating most of the thermal resietance within the PCIII. The liquid-solid in- 

terface is always kept close to the heat transfer surface. This concept i s  illustrated 

schematically in  Figure 4-34. During usage, liquid PChl flow through slit nozzles 

on to rotating drums. The heat sink fluid flows through the drums, cooling the surfaces 

and freezing the PCM. The solid PChi i s  scraped off after making a partial rotation, 

falling into a storage bin. For heat storage, the source fluid i s  fed through heat exchangers 

located at the bottom of the bin which has a pitched floor arranged so that the PChI drains 

off a s  it melts. The liquid PChI is pumped into an insulate\l storage tank untll needed for the 

usage part of the cycle. 

Many heat exchanger manufacturers were contacted during this study to obtain 

information on mtatmg drum heat exchangers and available hardware. ' I l i a  effort was 

largely ~ s u c c e a s f u l .  hlost manufacturers felt that special equipment h u l d  have to be 

developed for this application. AccoldLngly, what follon?s is 2 diacussion of heat exchanger 

characterietics eseentially developed from baeia principles. 

For the drum fi-eezing process the PChI thickness, d , which can be frozen during 

rotation through an angle 8 (less than 2 17 ), at a rotational speed, 51 , neglecting sellslble 

energy contributions and assuming one-dimensional heat transfer. may be approximated 

by the relation: 



Fig. 434 Moving PCM Concept - Schwnatic 



- 
2 3  (Tm - Tf)B 

where. B =  - 
kS Ps AHfs 

with, 
h = sink fluid f i lm  coafficient 

tw 
= drum wall thickness 

kw = drum wall thermal conduciivity 

Tf = mean sink Fluid temperature 

The rate at which PCM can be frozen by an idividual drum of length, L, ad radiua, 

R, is then: 

from which it can be seen that the mass freezing rate, m, increases monotonically with 

42 , aeymptotically approaching an upper b i t :  /; 

High values of U and 8 are clearly desireable. Some dnun manufacturers have expressed 

doubts that the solidified P C M  will adhere to a stainless steel surface. In the c a l c u l a t i o ~  

which follow, 8 has h e n  taken as 3 71 /2, assuming liquid to be supplied to the drum 

somewhat before top center, and removed somewhat after bottom center. Special tech- 

niques to a s m e  adhesion may be required to accomplish this. 



To obtain blgh values of U, we need high values of h and a relatively thin wall, tw. 

This can be accomplished by putting the sink fluid through multiple passages adjacent 

to the drum surface, using many stiffening ribs, as shown in Figure 4-35. The drum 

surface will tend to bulge outward between the riba due tr, high sMr fluid pressure. The 
deflection, b . fcr given rib spacing, wall thickness and a i d  fluid pressure is 

For specified values d 8w and tw, tbis expreosion can be rearraoged to compute the rib 

spacing, 1 . 
To provide some information on the size and performan w of the r+=.Eera and bin 

bottom heat exchangers for this concept, Limited calculations were performed applying 

this concept to the high temperature salt  used in the Ft. Martin feedwater heating case. 

Some representative numbers, taken from the tube-shell study, are given below for the 

salt a d  the source 4 sink fluids: 

(1) Salt: 

6 
Ii$ = 1.68 x 10 lbm 

(2) Heat  Sink Fluid: Feedwater, 

T in = 4 8 7 ' ~  

Tout = 514.4'~ 

P = 4323 psia 

Six-hour usage period 



(3) Heat  Souroe ;.'hid: Sham 

Tout 
= 8 0 0 ' ~  

P = 4200 psia 

Eighteen hour storage period 

F o r  this case, a rollor design was developed, not optimized, as follows (see Figure 

4-35. 

No. of rol lers  = 20 

Roller Radius, R = 6" 

Roller Leqgth, L = 12' 

Wall thickness, tw = 0.120" 

Rib thickness. tf = 0.235" 

KO. of ribs = 36 

Rib Span, = 0.812" 

Passage height, S = 0.24" 

With feedwater flowing through the rol lers  in parallel, the flow velocity would be 
2 0 nearly 1 3  ft/sec, providing a film coefficient, h = 5460 B T U / ~ ~  f t  F ,  with a pressure drop 

of about 5 psia. The overall coefficient of heat tranefer is about 570 B T U ~  f t 2 " ~ .  If the 
3 7r 

rol lers  rotate at 30 RPM, and the PC51 adheres over 3/4 of the circumference ( 0 = T) ,  
i t  should be possible to freeze a layer of P C M  with thickness d = 0.021". The amount of PCM 

solidified is then approximately 1200 lbm/hr/ft of roller length, and the rollers would have 

to be 11.6 ft. long to solidify all the PCM in tbe 6 hour period. Bulging of the roller 

surface, 6 w, should be only a little more than . O O l f '  due ta the high pressure of the 

feedwater, and should not present a problem i n  stripping off the solidified PCM. 

Fig. 435 Drum Heat Exchanger Sohamatic 
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For the bottom heat exchanger used to melt Lhe PCh1, a passage geometry s imilar  to 

that used on the rol ler  was assumed. SFnce the steam i s  under high pressure s i d a r  to that 

of the feedwater, a t  a steam velocitp of 20 ft/eec, the steam side film coefficient would be 
20 approximately 465 BTU/hr ft F. At this team velocity, approximately 265 channels, 

corresponding to a width exceeding 2 3  ft would be required to handle the total steam now. 

The log mean temperature differance fo r  storing the b a t  is about 154'~. and the heat t m m -  
7 

f e r  rate needed i s  about 7.33 x 10 ~ T r ~ h r ,  hence the heat transfer surface a rea  required 
2 is a b u t  1640 f t  . Given the width of 23 ft, the length would have to be about 71 ft. The 

steam preseure drop associated with this length would be abut 10 psi, which should be 

acceptable. 

Bin dimensions must be established to fit this b a t  exchanger Fnto the bin. The 
3 mass of PCM requires a volume of 12,Ua30 f t  . Allawing some void volume, this could be 

provided bv a 24 ft. cube. The bottom heat exchanger could then be made up of 48 panels, 

each 1.5 ft. wide by 24 ft. long, arranged in accordion fashion as indicated in Figure 4-34. 

Panels would be divided into 3 sets  of 16 each. Steam would flow in parallel through the 1 6  

panels of each set ,  and in se r ies  through the 3 sets.  The panels would have a slight longi- 

tudinal pitch s o  that liquid would be drawn off by gravity as i t  formed. The solid would be 

forced against the panel surfaces by gravity. 

This rotating drum concept has several advantages over the other concepts discussed, 

as it minimizes the high pressure heat exchanger surface area,  while permitting a low pres- 

su re  P C M  storage vessel. The principal disadvantage i s  mechanical design of the rotating 

drum, which requires rotating seals for the high pressure sfnk fluid. The seals  could be 

pressurized with the same inert gas used to provide blanket pressure over the PCM, but 

aome of this gas would then enter the sink fluid and have to be removed by the condenser a i r  

removal system. Alternatively, a seal scavenging eystem might be used to remove any 

water o r  steam leakage before it could contaminate the L3CM. In addition, there a r e  several 

other moving heat exchanger concepts which eliminate the seal problem but introduce other 

mechanical design problems. If rotating heat exchangers were available, the moving PCM 

concepts would be very attractive, and might well be the lowest cost approach for utilizing 

latent heat TES. 



4.6 FINAL PCM SELECTION FOR PMT/CYCLE LOCATIONS 

Initially, the quantity of aalt required was calculated based on the latent heat etored, 

However, it w a ~  shown that the sensible heat contribution would be significant (-30%). 

Hence, a more refined procedure was required in order to select the final quantity of salt 

required. To select a salt for a given application, it is  necessary to know the tsmperatures 

at whioh energy i s  available o r  must be delivered. Salts must be chosen which allow edfi- 

cient temperature difference (AT) between the fluid flow temperature and the salt melt 

temperature for both the storage and wage  parts of the cycle. As an illustration of our 

final salt selection process, consider the Ft. Uartin feedwater heating and auxiliaxy power 

generation cases: 

Figure 4-36 shows the flow stream temperature as a function of percent of total energy 

for these c u e s .  Also shown a re  selected salts. Them salts were chosen from the list of 

recommended salts in Fig. 4-8 on the basis of melting points, allowing sufficient tsmpera- 

ture differences between the melt p i n t  and the flow temperature to affect heat tramfer. 

Where more than one salt could have been chosen, the cheaper salt, on energy stored/ 

cost basis, was chosen. From the salt melt temperature the total percentage of energy 

which can be stored in each salt can be found directly. As shown, 33% of the total energy 

will be stored in the high temperature salt and 67% in the low temperature salt  for tb feed- 

water heating case. 

For the shell and t u b  designs energy will be stored as both semfble and latent heai. 

In order to estimate the btal mass of salt needed, tbe contributions of each type must b e  

taken into account. In order to do this an estimate of the salt temperature profile at the 

end of the uage pericd and at the end of the storage period was made. The general pro- 

cedure w e d  was as follows: 

From inlet and outlet temperatures and enthdpioe, salts were selected 

and a percentage of the total energy stored was aasigned to each salt (as 

shown in Figure 4-36). 

The "average" salt temperature was  determined aesuming that the salt 

average temperature profile follows the fluid stream temperature profile 

and that the difference between them is equal to the difference between the 

salt  melt point and the fluid temperature olosest to the salt  melt point. 

a The total available latent and sensible storage oapacities for eauh salt wae then 

calculatsd. 

The weights of each salt were determined. 
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As stated, i t  WM atlsurned that average salt temperature would follow fluid tempera- 

ture. Therefore, the difference between salt temperature at the maximum radius (tube 

spacbg/2) and the fluid stream waa a constant, being equal to the minimum fluid tempera- 

ture in h module minus the salt melt temperature. From the average salt temperature 

the total available energy per unit mass of salt waa calculated as follows: 

where 

Tm = salt mslt temperature 

Ts = average solid salt tamperature 

T) = average liquid salt temperature 

C 
P. 8' Op,l  

= solid and liquid salt specific heats 

ufs 
= Salt Latent Heat of Fusion 

For example, during the storage period of the Ft. *Martin feedwater heating case, the 

salt will errtract heat from superheated steam, cooling it from 1000" F to 705" F. The high 

temperature salt will extract 335% Of this energy bringing the steam down to a temperature 

of 800°F. At  the exit of k s  module, therefore, assuming that the salt at the mid-point be- 

tween the tubes ie at the melting temperature (725", a maximum temperature difference 

of 75°F is developed. Hence, based on our earlier assumption, a constant temperature 

difference of 75°F is  assumed between t'e fluid steam and salt at this radial position througL- 

out the module. Therefore, the salt  temperature at the module inlet will be 925°F (100C - 75T).  

The "average" salt temperature was then set equal to the average steam te r rp ra tu re  

(900°F) minus 1/2 of the difference between the steam and salt outer radiue tenperaturea 

(75°F); i .  e . ,  average salt temperature is  

Iknce, for a specific heat of .24 BTU/lbmo F, a sensible contribution of 33 BTU/lbm WM 

oalculated. Appendix E presents a complek description of these design calculations for the 

Ft. Martin and Roseton cases. Fig. 4-37 summarizes the totd salts required for aaoh of 

these plants aa determined by h s  procdure .  

As shown in the following section, the other plants urder consideration were eliminated 

for other reasons. Therefore, we did not perform similar detailed calculations for them. 

However, as part of our screening procese we did select ealts and perform an economia 

evaluation for each of the remaining plant/concepts. 



Fig. 437 Salt Amounts for Tube a d  Shall TES Units 
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4.7 PEIPFOR~WCE/COST SCREENIXG OF CONCEPTS 

4.7.1 Recommended Plant and Cycle Locations 

Initially we considered using only the eemible heat of the Bteam for charging the TES 

units, but flow rates to the TES units could be reduced mnsiderably if latent as well LE 

sensible heat was utilized. The method of condensing charging steam changed the appeamme 

of the various concepts in that nuid leaving the TES &r charging was liquid, not vapor, and 

this made it necessary to find a method to dispose of this high pressure liquid murce. It 

was then decided to utilize a p ~ s s u r e  control valve to reduce the flow stream pressure. Ths 

fluid became two-phase after the valve and a flash tank was utilized to separate vapor and 

liquid. From there this vapor and liquid were directed to a high pressure feedwater baater. 

A schematic representation of this process appears in Figure 4-38. 

Next, the ten candidate cases were re-examined i.7 more detail in oxder to jetennine 

if there were any remaining technical or economic problems to be overcome. Heat exchanger 

temperature/energy profiles were drawn (Figures 4-39) for the ten cases and various p+ 

leme appeared. For example Cast A4 (Case designations are derived fmm mwer P l a n t / T ~ ~  

I~xation hiatrix in Figure 3-3) had only a 5 0 ' ~  temperature difference an one side of the 

heat exchanger. Also, information from turbine vendors revealed that the application of 

super-heat to low pressure turbines could not be tolerated for extended periods of time 

because of choking of the lowest pressure stages. This also applied to Case B4. Ihe heat 

exchanger curve for Case C2 revealed that the pressure chosen for condensing hot reheat 

steam was too low. Condensing at this pressure resulted in a low condeming temperature. 

This caused a temperature crossover in the beat exchanger curve where the fluid to bc 

heated during peaking would actually lose heat. The same problem existed in several other 

cases. To eliminate this problem it was decided that the highest pressure steam available 

should be used to charge the TES units. Condensing of this fluid, which occurs in the TES 

unit, was to take place at the highest possible pressure with its corresponding high satura- 

tion temperature. Since Cases A4, B2, B4 and B6 had no higher pressure steam supplies 

and due to the various pmblems inherently associated with nuclear plants, such as shielding 

of the TES units, licensing difficulties, and c h o w  of the last stage turbine group, these 

cases were omitted from further consideration. Also Cases D2 and D8 were el imhied from 

further considem.tion when ii was discovered that Ft. St. Vrain, a unique installation, was 

not operating at the time because of reaator plant modifications. This left four cases to be 

analyzed in further dekul, namely Ft. Martin and Roseton Single Loop Regenerative Heating 

Augmentation and Single Loop %parats Power Convemion Loop cases. 
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The use of throttle etaam to provide energy to the TES unite made it  p e l b l e  to r a h  

the condensing temperature. T b  tn turn incmased minimum temperature differences in 

the TES units. New flow rates were then calculated (Figure 4-40) and new heat exchanger 

diagrams were drawn (Figure 4-41) correeponding tu the new steam and liquid conditions. 

This inoreased the minimum temperature dLfference (in any of the four remahbg cases) to 

144 " F, which waa acceptable. 

At this time a heat balance computer analysie w a ~  made for both Cams C2 and C8.  

Tbat is,  all heat and mass componen.t.e were balanced under t h ~  p ~ s c r i b e d  operation condi- 

tions. Th~s wae done to determine the &design prfcrlnance of the power plant with and 

without the inclusion of TES. 

It became apparent in Case C2 (the Single Loop Regenerative Heating Case) that with 

three feedwater heaters removed from service more than the 5% additional pealung was pro- 

duced. Also, the low pressure turbine stage group was experiencing choked flow. Sub- 

sequent computer analyses revealed that to produce only &.? additional 5% px&i.ng, only 60% 

of the flow to the highest temperature heater needed to be bypassed to TES during peakmg. 

Using t h s  criterion, heat balances were done in both peaking and storage modes. The Single 

Loop Separate Power Conversion Loop for Ft. Martin (Case C8) was within acceptable limitb 

in the o r i d  computer runs and flow rates to the TES units during pea- and atorage were 

not altered. The new flow rates for Case C2 are included in Figure 4-42. The heat balances 

for the Ft. &&tin base plant a d  for both feedwater heating and separate cycle TES m d e s  

are included in Figux-es 4-43 through 4-47. A summary of the net plant heat rates (NPHR) 

for Ft. XIartin is presented in Figure 4 4 8 .  

As sho rn  in Figure 4-48, it is obvious that there would be a penalty for operating a 

base plant with TES as a pea- unit in comparison with steady 100% operation of the base 

plant. The increase in daily average heat rate8 for c u e s  C2 and C8 can be translated into 

additional fuel consumption. Baeed on a heating value of 12,075 BTU/)b for West Virginra 

coal, Case C2 would consume an additional 9,107 tons of coal per year and Case C8 would con- 
6 sume an additional 16,134 t m s  of coal, Using a cost of $1.25 per 10 BTUs for this coal the 

additional fuel consumption translated into an additional oxpense of $275,140 and $487,450 

respectively. If the plant without TES were to be operated as a peakmg plant the daily aver- 

age heat rate would have been calculated for the plant operating at 77.4% output for 18 hours 

and at 100% output for 6 hours. This would produce the same daily generation as C u e s  C2 

aud C8. The corresponding net plant heat rates are 8950 BTU/KWHR and 8838 BTUhWHR, 

*Ft. AIartir?, feedwater Heating (C2) & Auxiliary Powor (C8) - Sea fig. 3-3 
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Eba Normal (lO(l%) 8838.0 24 - 

9014.0 18 - 
Hea tin? Pealrirrg 8498 5 6 - 
(a] 8&85.0 24 47 

908&5 18 - 
84302 6 - 
8922 .O 24 84 

kmal LWCI (n.4~1 8950 18 - 
Peaking (lGOO) 6 - 

Plant Daily A- 8922 24 84 J 

which yield a daily average heat rate of 8922 B l W b m  Comparing this to the daily aver- 

age heat rates of Cases C2 d C8 showed an increase in the heat nte af 37 B T U ~ ~  and 

o BTU/KWHR 

Ilerefore, it was concluded that Case C2 was more efficient than cycling the base plant 

md Case C8 showed no efficiency difference in muparisan to the cycled base plant. Since 

Cases E2 and EB are  identical in principle to Case C2 and CB, little wouid be gained from 

including both of the-e plants in the final evaluation. Roseton, therefore, was elhlnated, 

and all subsequent design refmement was  based an inwrporating thermal energy storage 

into the EX. Martin plant for either feedwakr heating or to ~uyply energy to a separate power 

canveraian lwp. 

4.7.2 Recommended Heat Exchanger Cancepts 

As discussed in 4.5, many heat exchanger colicepts can fulfill I* TES mquiremenb. 

Moving PCbI syskrns are theoretically superior since the required heat exchanger ama can 

be greatly reduced. A unit with heat transfer to and from the salt pmvided by heat pipes 

offers important salt/water isolation advantages but currently only appears feasible for the 

lower temperature conditions of nuclear plants. Since our overall goal i s  to determine with 

a reasonable degree of confidence whether a latent heat thermal energy storage system is 

cost effective, we felt that it  was necessary to perfam the design refinement and economic 

analysis on thgse heat exchanger concepts for which performance and cost estimates will be 

most realistic. These are clearly the basic tube/shell and the liquid metal intermediate loop 

tubc/shell. Tube/ahell units are in widespread use in the utility indusky and the required 

liquid metal technology has been applied in nuc1ta.r power plants. 



4.8 COBCEPTS REC0ararE~XlEi) FOR DESICK REFlr;EWT 

b review then. h e r  plant applications retained for further de~ign refbemslt were 

the R=?generatlve Feedwater Heating Augmentation and the Single hap Separate Power C m -  

version h o p  caw, both integrated Lnto the Ft. Martin tjqxxcritical Qssll (d) piant. 

I)cuiag storage for wbsquent fd\FaLer heating, 134,162 1brnh.r d z9n sw-LL flow 

at 3500psla and 1 0 0 0 ~ ~  will be directed mtbe TESunits, 'Ihie flnidfexve~ the TESunit 

at ZOO psia and 705.08~~ and the TES stores 1.319 r lo9 BTVs. ,ihrihg peaking. 601 of 
. 

thefeedwater=low between thesixth and seventhheatera is dive- tow TES units. Thus. 
1 

2,217,000 lb& enters the TES units at 423.4O~ and leaves at the Zid.fedwater tempera- 

ture af 514.4~~. Average daily heat rate is 8685 BTU/K%BR generahon (deducting 
7 arxikuy power) is 1.2364 x 10 h%%Bs representing au of 515,168 KiV.  

For the separate loop case, 182,185 ~bm/hr of main %ygms& tb tb TES 

unita during storage. Wving pealung, 267,634 I b m h  of auxiliary t * \ ' t + f a .  b b  

heated from ~ $ 3 4 ~ ~  and 7145 psia to 750°F' a ~ d  615 psia. '?'his requires thz TES units to store 
9 1.791 x 13 BTUs. The daiIy average heat nte is 8 9 2 2 / % 3 ~ ~ / K W l ~  and daily generatian is 

1.2259 n lo7 TFiVHi3s, represenking an average net daily autp.ut of 510: 788 KW. FLg. 4-49 

contains detsiled informatian relating to these two cases. These temperam and flow can- 
ditions wcre used for design Mnement analyses of b~be/sheU and intermediate loop tube! 

shell heat exchanger d d e s  Lnbgrated into t&e Ft. Slutin Plant presented in the 

Qollowing -cm. 
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Section 5 

DESIGN REFIXEAIENT 

5.1 HEAT EXCHANGER DESIGNS 

To make our final c o s t h e f i t  analysis as  realistic a s  possible, the tube/shell and 

intermediate loop tube &ell concepts were selected for design refinement. This does not 

imply that the other concepts a re  less desirable, only that we felt more design effort was 

required to r e b e  these approaches for accurate costing than was possible in this initial 

study. Before b e g h u g  the design refinement, certain parameters were established from 

other considerations. The salt eutectics were selected from our recommended list (Figure 

4-8) for the appropriate heat exchanger temperature levels discussed in 4.6. ;CIaximum 

overall dimensions of a heat exchanger m d u l e  -rere taken as  40 &. long and 15 ft. diameter 

based on railroad ca r  shipping and on-site bandling constraints. In this regard, i t  should be 

pointed out that a s  several heat exchanger manufacturers recommended as maximum diameter 

of 12 A. some of our calculations are  based on this constraint. As discussed in 5.1.2, we 

feel that this limit i s  design-dependent and at least one of our two structural arrangements 

can b fabricated in the 15 ft .  diameter size. Tube inside diameter was also fixed for the 

majority of our analysis. This i s  a tradeoff between material cost and labor (welding) cod. 

As ~ u b e  diameter is increased there is  more surface area to transfer heat to the salt, so tube 

spacing can be increased; however, the tube wall thickness increases to contain the pressure 

with a larger diameter. Fewer  tube^, however, reduces the number of tube/tube sheets 

welds although each weld i s  longer. In addition to spacing, structural and labor mnsidera- 

tions, the selection of inside diameter also effects fluid flow velocities thmugb the tube 

and hence the inside heat t m f e r  coefficient. Our basic thermal and structural design 

analysis was based on a pipe inside diameter of one inch. The question of optimum tube 

diameter was examined separately so that final designs could be iterated if necessary. 

5.1.1 T h e r m ~ l  Analysis 

Tube and Shell: 

Ihe equations which descrihe the heat flow into o r  out of a pipe surrounded by a salt 

are given by several atanljard hent transfer equations. Considerfry: single o n e - d i m e n s i d  

heat transfer, the energy flux per unit length of pipe ma-r be written: - - 



where kg = salt thermal conductivity in eoUd e t a  

Tw = pipe outaide wall ternperahre 

Tm - salt melting point 

a = pipe outer radius 

R =* salt melt radius 

U may also be expressed in terms of Urn  coafficient and pipe wall thermal resistance as 

where h is the fluid film coefficient 

ri i s  the pipe h e r  radius 

ro =a=pipeouter radius 

Q = plpe wall thermal oonductivity 

Tf = fluid bulk temperature 

Tw = pipe outer wall tempcrabm 

Ignoring energy stored as  sensible heat, enera stored in the salt is: 

Setting these equatiom equal to each other, integrating and marranging gives: 

which describes the relationship between active time, t, pipe spacing, temperature difference 

and film coefficient. 

The intarnal film co&ficient, h, w y  be expressed as follows (Reference 23, pg. 219): 



where: 61 v = --* 

and 

4) 

where i~ = mass flow rsts 

h' = n:mber of pipes 

wbere. >Is = mass of salt 

?bs se t  of four equt ions  may be used to size the s:;skta orice the plpe wall thickness 

(a - ri) hm been determined fmm pressure containment and corrosion considerations. Pipes 

will be spaced on hexagonal centers. The total TES unit diameter, therefore, can be esti- 
2 

mated f m m  the total cmss secticnal area per pipe. since A = n R or R = 6. In o w  

case: 

A = N sin (60°)(2R) 2 

so that diameter = 2 $, (2~) :  (. 866) 

For example, consider '&e Ft. Martin feedwater heating case. Modules for each salt 

eutectic used are separately sized. Consider, first ,  the high temperature sal t  modules. 

From Section 4.6, salt for high temperature storage will be K-1- KaCl- hlgCIZ and 1,679,500 

lbm of this salt  will be required. Since in our  design concept the same pipes will be used 

during both storage and usage phase, that phase requrring the most total pipes will s ize  the 

system. 

As discussed in 5.1.2 a tube whll thickness of .I8 inches is required, including a small 

allowance for corrosion. 

Considering first the storage side, since s t e m  flow will cml from 1000' F to 8 0 0 ' ~ .  

properties are evaluated at 9 0 0 ~ ~ .  Then, 

P v  = 5.2 1bm/ft3 

C1 = .I09 l b m h  ft 

k = .04 B T U / ~ ~  f t ' ~  

Pr = 2.7 

Total Flow Rate = 134,162 lbm/br 



Equation 2 thue becomes h = -0495 ( y e a )  and 

equation 3 becomes V = 4,730,414/Pi 

0x1 combining 2 and 3 we obtain h = 10 ,827fXg8 

The following properties were used for the hi@ temperature salt: 

AHffB = 197 B ~ ~ / i b m  

P s = 140 1bm/ft3 

P 1 = 102 1bm/ft3 

ks = .9  B T U ~  f t ' ~  

After & " g '%" wing Equation 5 then equation 1 becomes: 

7) 
8 l n t ~ / a ) ~  + ( ( R / , ) ~  - 1) /425.6 - .97) = 66.33 

2 Equat~an 4 for this case is L = 3818.5h (R - .0032) 

The above Equatlon 7 uses the log mean average AT acmss the heat exchanger for (Tf - T,). 

In similar manner the equivalent of Equation 7 for the usage case can be calculated using 

water properties at 400' F: 

P = 49  1brn/ft3 

CI = .26 lbm/hr ft 

k = .349 B T U / ~ ~  f t O ~  

PT = .87 

Flow Rate = 2,217,000 lbm/hr 

8 Equations 2 and 3 then become: h = . 827  (V' ) 

Using this and the same salt properties as before we get: 

The expression for the number of pipea, (X, Equation 4) i s  the same for both cases. 



Comparing Equation 7 and 8 it can be seen that since the term on the right of Equation 8 

is smaller than the same term in Equation 7 and since the denominator under the N te rm is  

larger,  this equation will give the smaller spacing. Therefore, the usage case dominates. 

8 Exarmning Equation 8 it is apparent that sl1.c~ the factor of 6563 under N fs 60 large, 

N may vary over a large range without significantly affecting !he value of R ,  Takmg advmlgs 
2 of this we estimate the value of R taking N = 0.  For this cam (R/a) + 24.2 a d  R = 3.345 

inches. 

From Equation 8 fo r  a 12 foot diameter this would require 423 tubes (N) which i s  small 

compared to 6563 (N = 126). The total length of tubing required, L. becomes L = 166 feet. 

which would make 5 modules having 32.2  feet active salt length leaving 6.8' for headers and 

vapor space. bZodule aim for the low temperature salt  was done in exactly the same manner. 

A t  this point we may consider d a e r e n t  flow pattern through the TES modules. The 

choice i s  between parallel series ,  o r  combination flow pa t t e rn .  In a parallel arrangement, 

the flow would be evenly divided among a number of modules. Each module o r  group of 

modules (which can contain more than one salt) acts independently on a portion of the flow. 

While this has isolation advantages, a disadvantage of a paraliel flow approach is  that i t  re -  

sults in low vapor velocity in the energy storage mode. Since the total flow rate and heat 

storage (and hence mass of salt) a re  determined from power plant considerations, the flow 

velocity per pipe is determined by the number of pipes used. ?II the parallel flow case, th~s 

is the number of pipes per module times the number of modules. 

Preliminary calculations indicated that for the R. Martin cases this design would re- 

sult in such a low vapor velocity that the vapor to pipe wall heat tranefer resistance would be 

large, preventing the system from meeting design requirements. The velocity can be in- 

creased by placing some or all of the modules in series ,  where the outlet of one module 

becomes an inlet of the next. Alternately, inserts within the pipes can be used to increase 

the internal heat transfer coefficient. For this study, however, it was felt that this approach 

would be more expensive than choosing the "proporfr flow pattern. 

Based on this type of analysis, it was decided that the five high temperature sal t  

modules required for the Ft, Martin feedwater h~ ating case should be in series. Similar 

calculatiom performed for the low temperature jalt indicated that adequate thermal per- 

formance would be achieved with a combination of five groups of three modules in series. 



Number of Modules 

Flow Pattern 

Salt Maa (Ibm) 

Em Per Module (1" ID, .18"wall) 

pipe length (feet) 
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Total Energy Stbred (%I 

Fig. 5-1 Tube and Shell Design, Fort Martin Feedwater Hgatiryl 
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Ape Speclng t i n c h )  

Module Diameter (bet)  

Total Energy Stored (96) 

2348074D 

Fig. 6.2 Tube and Wl Design, Fort Martin Auxiliary Power 



8 
Conaidering tho question of parallel versus aer ies  flow, i f  the donominator of N /X 

term in Eq~at ion  8 i s  large enough the value of N determined may be doubled or trl?led with- 

out affecting the value of R. Tho preliminary designs for  the Ft. Martin C2 (feedwater heat- 

ing) and C8 (auxiliary power cyole) are summarlzed in Figures 5-1 and 5-2, 

Liauid Metal Run-Around LWD 

A design which separates the water and salt i s  the pumped liquid-metal-run-around 

loop system. Similar t o  nuclear reactor cooling technology, the pumped-loop syetem can 

consist of a sodium-wakr/steam >oat exchanger, a sodium salt  TES unit, and a pumped 

sodiun run-a-ound loop (Figure 5-3). If a p i p  in the sal t  fails, the liquid metal leakage 

will not exothermically react with the salt. A water leak into the liquid metal loop would 

be relieved by a blowout plug located eldsr-nal to both sa l t  and water heat exchangers so  that 

no srgruficant damage would result to the liquid metal-water heat sxchanger. 

For this initial study it was assumed that the sodium-water/sbam heat exchanger 

will consist of water tubes surrounded by sodium annuli (see Figcve 5-4). This will simplify 

containment of high pressure water (35004300 psi). It is envisioned that each salt  (by 

generic type) will be connected to an independent sodium loop, in order that different ro- 

quired heat f l u  1,ates at different temperatures rnay b accommodatsrl. 

From Rohsenow & Choi (Reference a), the overall heat transfer coefficient (h )  from 

a liquid metal atream to a Lube wall is: 

7 93 (4 1.8) (Pr) 

Size of the heat transfer coefficient predicted by this equation, using the annulus 

equivalent hydraulic diameter, was so large as to  be neglipblo in the system design. 

Since the liquid metal heat t r m f e r  resistance is very small compared to other resist-  

ances in the system, the flow loop analysis follows directly from the tube and shell case.  

(See F ig - r e  5-5). However, temperatures seen by the salt  and water a re  the same in the 

run-around loop case as in the tube and shell case. If the liquid metal temperature drop is  

small ,  size and configuration of the salt  module must be similar.  Likewise, length of the 

water flow path in the liquid mstal/water heat exchanger must be the same as the water flow 

length in the shell and tube case. B a d  on this, the design for  the Ft.  Martin case  is 

summarized in Figures 5-6 and 5-7. 



LIQUID METAL LOOP 

2 3 4 ~ 4 7 6 ~  Fig 53 Liquid Metal Intermediate System Fort Martin Feedwater M n g  

5 -6 
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As previously stated, the wahrhquid metal heat exchanger mnsiets of annular tubes 

with water flowiug in the inner tube and Uquid metal flowing in the annulus. 

In order to check the assumption of low liquid metal heat transfer resishuze a sample 

calculation was performmi using a sodium flow velocity of 1 ft/sec, and an annular thicknees 

of .25" a d  &urn p~oper t ies  evaluated at 700' F. 

Equation 9 then produces: 

which is large compared to the heat transfer coefficiat of G3 to 1500 B T U ~  f t ' ~  for steam./ 

water. 

The amount of requi red sot n may be estimated f mm the volume of sodium pipes. 

Each foot of pipe in the module contains .00545 ft3 of sodium voltme so the tdal mlume in 

the TES canisters is: 

C2: (. 00545)(5(423)(33.2) + 15 (737)(32)) = 2290 ft3 of N a  or about 122, WO lbm 

C6: (. 00545)(4(33.3)(605) + 1 (675)(35) + 14 (32)(600)) = 2805 ft3 o r  about 149,000 lbm of Na 

Additional amounts will be required for  the heat exchangers and connecting pipe volumes, 

perhaps 20- 30% more in each case. 

The salt quantities required for our heat e x c w g e r  desigm neglected thermal losses to 

the samundings,  since this effect will be negligible. As an illustration, consider the feed- 

water heating design for New York City weather conditions. The heat t m f e r  axfficient to 

the air is (Refemnce 25) 

where V is wind speed in miles per hour. For January the average wind speed is 11 mph in 

New York City, so, 



A typical high temperature insulation in wide use by the utility industry ia calcium 

silicatz, which exbibits a thermal conductivity of about .065 B T U h  fi°F. 

For a 1 fcm$ thick layer of insulation, then, the total c w p h g  from tbe TES unit to 

air is: 

Canservatively assuming that during the 18-hour storage the air temperature will be 0°F 

(average fan air temperature = 34" F, Reference 26), and the TES unit will be at 1000'F 

thn#lgbord thie period, lossea for thh case (20 modules) would be: 

7 
Q = 18 (20) U (l2) 33(. OM) (1000 - 0) = 2.8 x 10 BTU 

This quantity represents only 2% of the total energy stored. Hence, even with this 

conservative anaiysia, which neglects that the average module temperature aril: be less than 

1000'F during 'Lhe 1 8 4 ~ ~  period axtd uses a lw value for air temperature, the hu la t ion  

loss rep~sents only abatut 2% of the tdal eI1P-v stored. Within the pre- nature of 

this tobl analysis, this am- can be negleded at tais point. 

5.1.2 stmcbd Analysis 

Our two recommended designs are bath tube and shell units, the difference being that 

in the liquid metal intermediate loop case, the salt heat exchanger need not be deaieped for 

high pressure. In the basic tube shell case the utiliiy fluid (steam or feedwater) passes 

thmugh the tubes ao the tubes and domes must be designed for high pressure. The maximum 

pressure ie somewhat at the discretion of system design. Ttta main steam (energy source) 

at F't. Martin is 3500 psia, but a pressure drop can exist prior to the salt heat exchanger. 

Likewise, feedwater entering the boiler is at 4323 psis and in the present plant layout the 

ht pump is before the number 5 feedwater heater so the last #ree feedwater heaters are 

designed on the tube side for 4323 psi and a maximum temperature of 514°F (see Figure 4 4 2 ) .  

Since the la& heater steam extraction is at 800 psi it should also be possible to us.? a lower 

pressure pump M o r e  the number 5 heater and add a final pump after the number 7 heater. 

T h i ~  would reduce design pressure to the TES heat exchanger. If we assume that we xmintain 

the present Ft. h W  layout, then the TES unit will see 4323 psi f&a&r at the end of a 

storage cycle when the upper dome is at 1000°F and maximum salt ternperaturce is h t  

900" F. Even with an extra pump the unit would still see hgh presaum steam at 1000°F 

during energy storage. 



Since our TES b a t  exchanger requirement8 are similar to those for the lwt stage 

feedwater heaters at Ft . hiartia, vendor quotes should be obtainable. However, since our 

design temperature i s  nearly 5 0 0 ' ~  higher and the cost of the heat exchanger le so important 
to the overall cost effectiveness of our proposed system, we decided to do some Limited 

structural analysis to define problem areas and perhaps suggest an approach to reduce costs- 

For our c~culations we tmk the design case as 1 0 0 0 ~ ~  and 3500 psi for the rubes and 

domes and ?.00Oo F and 100 psi for the shell. The first configuration to be mrwidered (Figure 

5-8) has forged Bpherid domes and tube sheets in tension and compression. respectively. 

The material selected was 321 stainless eteel with a 14 h i  strength iASb1E Boiler Code, Sec- 

tion Vm). The spheres share a common chord at the plane of tbe centmid of an end ring with 

a cross-section of 36" x 24". with a 72" radius b the centroid from the Longitudinal axis. 

For the 80" radius sphere in tension, 

Thickness = pRno = 3500 r 8 0 1  [Z (l4.000fl = 10" 

For the 93" radius sphere in compression, 

Stress  in the ring due to cumaxd force exerted by the compressed sphere (igporing the 

help from the tensile sphepe) is: 

3500 psi x 93"] [ 1 ] = 13,300 psi 
x -707 x s e t  

24rf 

which i~ within the allowable. 

6 Wlcm pressure for the 93" rariius sphere assuming E = 25 x 10 psi is, 

Tbus, bucklzng does not govern the thickness. 

The shell design for 100 psi and 100'~ ill, 

Thickness = pR/o = 100 psi x 90 m/i4,000 psi = .64" 
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In this design we m6urne thar d a t i v e  thermal eqaas l czn  btween 5% thin wall tubas and the 

heavier (and slcwer t-esportdtug) sbll wi l l  be accomm-ted by a sliding seal between the 

ah& and upper ring. ' i l e  end losd m u t  then be carried by the total number of straight 

tuben. Additional bent tubes c d d  be used (as sbom in Figure 5-8) in oder to fully u t i b a  
the shell mlume for energy storage. 

T b h s  &,igned for 3500 psi and lO0 F t equire a wall of, 

Thickness = Pr/u = 3500 x .5 "/14, OM) = .12511 

3 
The tub aiea in cross section is n x 1" x .I25 = -38 In'. At a tuhe epaclng of 6.7" the ePd 

Load per t a b  is 1 0  psi x 6.7" x 6.7" = 4500 Lbs. 

However, th straight tubes only extend to a radius of ti6" ahile the 1W psi shell 
2 prasure acts over a 90" radius for an area ratio of (90/68) = 3.75. The end load per 

straight tube is titen 1.75 x 6500 Ibs = 7,870 Ibs. 

Tube area requid to wry the end load is thus 

A = l o d o  = 7&70/14,000 = .S in 2 

The end load and cd internal pressure. thus designs the tubes. 

The foregoing summarizes what might be termed a conventional tube/sbell design. It can 

be seen that at these high pressures and temperatures the domes and end ring become massive. 

In addition to material and forging cost, large labor costa can be anticipated to make the deep 

welds joining the domes to the rings. 

As an alternate, therefore, we considered a stayed constmction a~ shown in Figure 5-9. 

h this design each heat exchanger tube i s  welded to a heasy well hollow strut which in turn is 

welded to the e&rnal dome and the domed tube sheet. Since this i s  a more efficient struc- 

ture we used a higher design pressure, 4500 psi, b cover the case where the final feedwater 

pump is before the TES. 



234su050 

Fig 59 stayed Configuration Tube and Shdl Heat Ex- 



At a tub spacing of 6.7 inches the load on eacb stay is 4500 psi x 6.7" x 6.7" = 

202,000 lbs. The net stay area must 3e 

2 Allowing a 1.5" diameter hole (area = 1.8 in ) for flow in and out of the tubes tha 

total gross stay area must be 16.3 in 2 

Stay Diameter = Jv = 4- 55" 

For the top and bottom sheets (domes) assume the skiin next to the stay i s  formed into 

a 30' cane ars shown in Figure 5-9, then, 

The membrane load/inch = 14,200/. 5 = 28,400 lbs/in 

The thickness required is: 

For a bulge h e u t  of 0.29" at the ehortest span between stays and 0.66" on a 45" line 

between stays, 

S p = 6 . 7  x fi - 4.55=4.93It 

R = 4.93" 
As a sphere, the thickness required, 

t = [4500 x 6.051 / [ 2  x 14,000 ] = .97", 2" provided 
where the radius of curvature has been increased to 6.05" to allow for double curnature effects. 

The end ring i~ pulled inwara by the -membrane load N $, 

with a horizontal component = ,833 x 13,600 --: 11,300 lbs/in. 



To make the end ringe em&, height should be selected so that pressura load 

balances the X loads from eaoh of the two plates: 

Designing the ring as a beam simply supported between the plates, 

In summary, the stayed configuration reduces dome thicknesses from 10-12 inches to 

2 inches and the ring from 24" x 36" to a 2-1/2" x 5'' cross-section, while also extending 

the pressure capability from 3500 psi to 4500 psi @oth at 1 0 0 0 ~ ~ ) .  Benefits of this approach 

are summarized in Figures 5-10 and 5-11, where the material and welding requirements for 

each configumtion are computed. It can be seen that the stayed configuration requires 

450,000 lbs less steel resultrng in significant cost reduction possibilities as will be discussed 

in Section 7. 



W' Don?es 10" thick 

BY' Domes 11.6" thick 

Rings l5'Ob 1 :" ID S'thick 

Tubes 6!50 1" ID 1.36" O.D. 

Shell .66 thick 35'long 15'dia 

Total 

Stayed Cunfigutadon 

Stays 2 x 6!jC1+ 4.5" 55 2 W  
Ringr 15'OD 14.58' ID 3" thidc 8 3904 
Domes, 2" thidr 

Tubes as a b o w  

Wlasabwe 

Totai 
234 iU&U 

265470 

Fig. 510 Haat Exchanger Weight Braakdown 

STANdARD CONFIGURATIOh 

Circumferential Length: 68" x 2 x n x 4 = 1720 in. 

V d  of welddin = 1/2 (10" x 10") = 50 in3/in 

Volume of Weld. 8 6 , m  in 3 

PipeLength: 1 3 0 0 x l " x n = 4 0 8 4 "  

Volume of Weldhn = 1/2 x .18" x I" -09 in3/in 

Volume = .09 (4084) = 367 in3 

~ o t a l =  86,367 i n3 of weid 

STAYED CONFlGURATlON 

Circumferential Length: 180" IT r 4 = 1008 indwrs 

Volume of Weidhn 2 ar. inhn 

To=al= 2016in3 

stays 
Number of Stays = 13130 
Circumference = n 5" = 15.7 inches 

Total: 2 x (1400) (15.7) = 40,820in. ara~mference 
3 Volume of Weldhn = 2 in  /in 

Total Volume for Stays 8 1 . W  in 3 

Total 83,656 in3 

Fig. 5 1  1 Total Volume of Welds 



5. 1.3 D e s i g ~  Sensitivity 

Since much of the available sal t  thermophysical property data is questionable, and 

since in  many cases eutectic values must be estimated, it is important to examine the sensi- 

tivity of our designs to possible changes in the design values used. The salt  properties of 

importance a r e  density ( P , solid and liquid), specific heat (c solid and liquid), thermal 
P' 

conductivity (k, solid and liquid) and Latent heat of fusion (AHfS). 

Firs t  conaider the magnitude of expected variations. According to Dr. Borucka 

(Reference 8),  molten salt  property experimental data obtained by different workers in many 

cases  show considerable differences. She suggests that available data for AHfg, c and k 
P 

be assumed at best to lx only k1W0 accurate. Reference 3 considers available data for the 

thermal conductivity of chlorides to be s o  inaccurate a s  not even worth presenting, and even 

Dr. Borucka presents k data for  KCl, NaCl and then only in the solid phase. Value for  

densities are considered fairly accurate, a t  feast for solid densities. 

An added complication is that very  little real data exists for  ebtectic mixtures. Values 

presented for eutectics usually a r e  estimates from values for the single salt. It is possible 

that this results in  gross inaccuracies. IGT presents a comparison of real data with data 

from accepted estimation techniques for  k, (see Figure 5-12). As can be seen, values from 

the estimation technique a r e  satisfactory for certain single sal ts ,  but quite wrong for the 

three eutectics listed. I t  i s  generally difficult to establish a range of inaccuracy which would 

apply. For preliminary purposes, however, we assumed that data for A H c and k may fs' p 
vary by 125%. 

To jlldge how such variation would affect our design, we repeated the design calcula- 

tions for the Ft. Martin feedwater heating case. Consider the high ternpszature salt ,  KC1- 

XaC1- LIgClZ, values from Figure 4-8: 

ks = .87 - .92, used .9 BTU/hr f i  OF 



Fig. 512 Comparison of Estimated and Experimental Thermal Conductivity Values for 
Several Molten Salts and Salt Mixtures 

E A Hg and c are reduced 256 to, 
P 

then the required salt  mass  w i l l  increase from 1,659,500 lbm to 3,276,300 lbrn. L i k e ~ i s e  

for  a s imilar  25% change the mass  of the cold temperature salt, XaC1 r;aS03 increnses from 

5,319,300/lbm to 7,079,600 l h .  This would mean an increase of 25% in the cumber of 

modules required in this case from 20 to about 25. If we now look a t  the equation whch  regu- 

lates pipe spacing, Equation I (page 5-3) ,  and noting that the term (4K/hdi) is aot siguficant 

for  the cases  considered, then the thermal salt  pmperties appear only on the right hand side 

of the equation in the form C k/ Pa -HfS. The larger  this term, the la rger  the pipe spacing 

and the fewer pipes that will be required. Therefor?. if AHfs is lower than we estimate 

(which requires more salt  and therefore more modules), the effect is to increase spacing, 

which is beneficial. Thus, changes in " AHfs" will hurt on one hand and help on the other. 

Since the smsitivity of spacing to this term i s  small there ie an overall pendty if A His is 

smaller than tL(f value used. 

The sensitivity of tubs spacing (R) to changes in the right hand term a r e  shown in 

Figure 5-13. A s  is shown, large changes in the te rm result in much smallel- percentage 

changes in "R" aild "R'". For the Ft. Martin feedwater heating case (?ugh temperature sal t  

module) a decrease in k of 25% would result in a change of R from 3.345''  to 9.0" o r  10%. 

This would mean an increase in the number of pipes of about 2OW0 but no increase in the 

number of mdu les .  If both k and AHfs varied by -25%. then the tube spacing is unchanged 

but the number of module6 required increades by 256 due to the decrease in A nilis. The 

sensitivity of a heat exchanger design to salt  thermophysical pmperties is summarized in 

Figure 5-14. 



ORIGWAL P A G E  IS 
OF PWR UUbLITf 

Fie 513 Tube Specrng Sensitivity to Salt Properties 

Effect of Rum cxunp3 af 10%. 
Salt Quantity (Volume 

mpW=W Tube Speang No. of Tuber No. of Modular) 

p, -.03 -10 -1 0 

234S086D 

'BASED ON !S% LATENT AND M)% SENSIBLE H E A T  STORAGE. 

Fig. 8 1 4  Summary of Typical Heat  Exchanger Design Sensitivity to Salt Properties 



5.2 SYSTEM LAYOUTS 

To determine the system layout i t  was  f i r s t  necessary to establish all equipment in the 

system. A schematic diagram was drawn to illustrate all components of the syst.em. The 

feedwater heating system schematic i s  shown h Figure 5-15. From this schematic, it was 

seen that the following equipment and incidentals were necessary in order  to provide a com- 

plete system: 

Earthwork and grading 

a Roads and paving 

Land and land rights 

Foundations 

r Piping and valving 

o Instrumentation and control 

Flash tank 

a TES units 

The number and dimensions of the heat exchangers for th i s  case a r e  given in Section 

5.1.1. It l ists five high temperature salt  modules in ser ies  and fifteen low temperature 

modules in ser ies  by threes. All heat exchangers a r e  40 feet long and 1 2  feet in hameter. 

A schematic layout of the heat exchanger field i s  shown in Frgure 5-16. Since all the heat 

exchangers were to stand on end to facilitate growth of the salt  melt line, L minimum exclu- 

sion distance about each unit was chosen. It was decided that the army should be kept as 

small as possible t~ keep land costs down and localize e d e t y  considerations as r x c h  a s  

possible. The heat exchangers were laid out uith 40 feet centers as optimum for safety, 

land costs and accessibility. 

Xext, a plan view was drawn of buildings and equipmant a t  the Fort Martin plant 

(Figure 5-17). From this and the layout of the TES ar ray ,  a combined layout was drawn. 

As seen li Figure 5-18, there is no building around the TES units. This was done in order  to 

eliminate an additional cost penalty, and reduce construction time. Also, the units them- 

selves need no more protection for the elements than any other type of outdoor heat exchanger. 

Xo provision was necessary for cranes because the TES units will be rigged into place by 

contract during installation and removed in the same manner if module failure occurs. 

Equipment sizing was done next. The flash tank was sized for a ten minute liquid ',old- 

ing capacity. This  led to a cylindrical tank 6 feet Fn diameter and 20 feet tall with a volume 
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of 565.5 cubic feet. Tank thickneae wae determined from a design pressure of 1000 psia 

and d t e d  in a thichneas of 1.53 inches. Thie veasel is to be canstructed of carbon st& 

and has an a.IosdmatA weight of 6 toas. 

The next task was to determine aU piping necessary for addition of t&e TES system. 

This Lacluded: 

Description 

Specific 
Flow Rate \'olurne 
Qb*) gt3/Lbm) 

1) nrain Staam Srplply to TES units 134,162 -2066 

STORAGE 2) Bain Condenssd Liquid l ine  Do 
FLash Tank 

3) Vapor Lines to Eleaters ?A and 
7B Sheell - 71,146 .5G896 

4) Liquid Lines to Heaters 7A and 
7B W n  Coder Entrance 

USAGE 5 )  Feedwater Line to ION Tempei-;?ture 
TES Units 2,217,000 .01899 

6 )  Feedffater Line Branches to l a w  
Temperature TES Units 739,000 .01%0 

7) Feedmiter Line to High Tempera- 
tum TES Units and to Regain 
Boiler Feetjv'ater Line 2.217.000 . O W 7  

To determine inside diameter of the piping, an allowable velocity of 1,000 @ d i n  of 

inside diameter rp, to 10,009 fpm was chosen to govern steam flow and 16 @s to govern 

liquid flow. For steam: 

Fmm continuity: 

where V = (1000 ft/mio)(60 min/hr) d. 1 

2 (60,000 d . )  m = di 
4v (144) 



TES W I T S  



therefore, 

P = b i t y .  bmm3 
r = speciiic volume, f t 3 / l b  
A = A r e a , i i  2 

and for liquids, 

m = PAV = A V ~  

where V = 15 ft/sec = 54,000 ft/hr 

therefore, r 

Pipe thickness was calculated by refening to the American W o n a l  Standads btitute 

Code KO, B3l. 1 where 

- - PD + 2Sc + 2y pc P = Pressure, psig 
tm 2 ( ~ +  e -  I&) D = b i d e  diameter, in. 

S = Allowable Stress, psi 

y = T e m p e r -  coefficient 

c = Corrosion allowance, in. 

t = Blinimumwall thickness, in. m = 

tn = M m i d  wall thickness, in. 

A mmmkxry of piping dimensions is Ueted in Figure 5-19. 

Pipe lengths for each type of line were scaled fmm tb various figures and listed in 

Figure 5-20. 

The amount of additional land necessary for the TES field was calculated by multiplying 

length by width of the array and ad- 10% for a border around the field. 'Lhis yielded approxi- 

mately one-balf acre. A foundation would be necessary for the units and it was determined 

that a two foot thick concrete slab should be used. The total amount of concrete necessary 

waa 350 cubic yards. Additionally, a road for service vehicles would be constructed requir- 

ing 250 square yards of paving. 
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3.96 
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wt 
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1,5434 
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Total Pipe 
PipeLeqthl(W We@tr (Ibl 

2 Stainless Steel TES to Flash Tank 6Q 2,m 

3 Carbon Steal Flash Tank Return 400 
(Vapor) 

4 Carbon Steal Flash Tank Return 400 
(Liquid) 

2 3 4 W D  

Fig. 6-21 Piping W c s  - Auxiliary Power Dedgn 



For the Awciliary Power Conversion Loop Case, additional land will be required to 
accommodate the additional five heat exchangers necessary. This would entail 

a field of .65 acres. Also, proportional increases could be expected In foundations, roads, 

and paving. Foundations would increase to 450 cubic yads and mads and paving to 225 square 

Y&= 

Piping for  this case ~vould basically include a main s tesm line to the TES units for 

charging, and the flash tank lines. Auxiliary loop piping i s  included in the auxiliary cycle 

cost analysis which follows. A list  of the appmpriate piping is included in Figure 5-21. 

Auxiliary power conversion loop pricing must include an engneered steam turbine 

plant. 1Ms steam turbine plant is eqwvalent to a 26 AlW, net output plant minus the steam 

generator but would include the following: 

Steam Turbine Generator 

Condenser 

Condensate Pumps 

Heat Sinks 

Auxiliary TuAine - Generator W b l g  Equipment 

Foundati o m  

Earthwork and Gradinz 

Roads and Paving 

Plping and Valves 

Circulating Water Piping and Valves 

Turbine Generabr  Building 

Oterhead Crane 

Control Room 

Electrical Cabling and Switch gear  

Land and Land Rghts 

Circulating Water Pump and Drivers 

Switchyard 

Deaerator 

Feedpump and Driver 



5.3 COBTROLS 

Controls for integration of the TES i ~ t o  a power plant were divided into two catqpzies.  

First, controls necessary for n o d  operation of the system and second, those necessary 

for safety considerations. 

For TES use during normal plant operation the major categories of contml can be 

divided into two basic categories, flow control and unit monitoring. Flow oontrol can be 

accomplished by various pressure, flow and liquid level control valves. These control valvee 

must have built-in logic so that they operate automatically. Also, control must be incorpor  

ated so that plant operators are able to override any of these valves if neceseary. 

Positive shut-off valves were also provided for isolation of individual TES units or 

strings so  TES units could be removed from s e n i c e .  These would operateon signal if the 

heat exchangers became over-p- essurized as in the event of a tube farlure. They also muat 

have override control to isolate TES units. 

Unit monitoring can be accomplished by integrating aLl valve signals into a micropro- 

cessor and then tylng this  unit into the main plant control system. ft would incorporate signals 

to show normal operating and faulted conditions. Redundancy could be provided if the hazards  

posed by TES malfuncticn are considered great enough to warrant it. 

Additional controls a re  necessary for monitoring the auxiliary power cycle. This 

essentially be a scaled-down version of the control system incorporated into the base plant. 

5.4 DTERFACE WITH PLAKT 

Integration of TES into a power plant i s  divided into two categories, mechanical and 

electrical. For this the plant must be shut down tc accomplish incorporation. All other work 

such a s  heat exchanger installation, roadwork, paving, earthwork, grading and inter-TES 

piping installahon can be done whle  the plant i s  under normal operation. 

For the feedwater heating system the mechanical work will include tapping to the main 

steam Line so that flnw may be directed to the TES units during storage. The feedwater lines 

must also be tapped into so that auxiliar, regenerative feedwater heating can t>e accomplished 

during peaking. The separate cycl does not affect plant operation during peakine, but 

does require connection into the main steam line for  the energy souxce. 

Electrical interface would include the integration of the TES control center into the 

main plant control center, and In the separate cycle caee also tying the switchyard of the 

auxiliary power cycle into the power grid of the base plant. 



5.5 SAFETY COKSXDERATIOBS 

A t;be leak in the heat exchanger will result in two different sete of problems depend- 

ing on whether the TES system i s  in the peaking o r  the storage mode. H a tube leak occurs 

near the end of the peaking stage at a time when the salt ie all or paltially mlidified the tube 

pressure may be transferred through the salt dimctly to the shell. Tbe heat exchanger will 

be provided with blow-out panels to prevent catastmphic failure. 

The heat exchangers will also be pmvided with strain gauge sensors on the shell to pre- 

dict overpressurization. Ef this signal is received, the next step is to isolate the system and 

relieve shell pressure. This wrll be done automatically by closing the isolation valves at the 

d e t  and exit of the TES array and bypassing TES flow back to the plant. The TES vent valve 

will next open to relieve pressure in the inter-TES piping and consequently in the heat ex- 

changers. 

Release of the high temperature molkn salt will be taken care of passively by conatmct- 

ing a small earthen dike h t  the TEd a rmy  to prevent spread. 

With some salts there may be a release of toxic gases fmm the molten salt. The TES 

system wrll be located cutside and personnel access restricted to prevent hamxi. Salts that 

would pose a hazard to nearby communities will not be selected. 

I£ a tube leak occurs during the storage mode or  when the salt i s  almost completely 

molten, shell side pressure protection will actuate a safety relief valve on the shell located 

in the void volume area. A signal will then be sent to the control mom. The system is also 

automatically isolated and depressurized by the forgoing system. En this case there may be 

some release of molten salt but this would be relatively small since the inert gas blanketing 

above the salt would mainly be ejected fmm the TES and the system would begin depressuriza- 

tion on actuation of the pressure relief valve. 



Section 6 

6.1 HEAT E X C W G E R  FABRICATIOX 

As discussed in the previous section, the high design pressure and temperature of the 

tube/shell unit results in a thick spherical dome which i s  difficult to forge and weld but 

appears to be p d u c i b l e  with existing technology. The s tajed configuration greatly reduces 

weight and required depth of welds. The bulged domes can be fabricated using technology 

developed at Grumman. Recuperators required to control tho TES heat exchanger outlet 

temperature a r e  standard steam/steam or wabr/water units that can be procured from 

several suppliers. 

The intermediate fluid loop design eliminates the need for  the recuperator since a by- 

pass  o r  variable speed pump in the liquid metal loop can be used to control the system utility 

s t ream outlet temperature. The TES heat exchanger can be designed for low pressure s o  

that standard tubelshell technology i s  applicable. The L i w d  metal heat exchanger does not 

present special fabrication problems. 

6.2 SALT PROCESSKKG 

An advantage of our  modular heat exchanger approach is that each module can be fabri- 

cated, loaded with salt  and the salt  purified in the unit a t  the heat exchanger manufacturer. A 

sealed unit i s  shipped to the utility site. .4s discussed in 4.4.10, removal of solid impmities 

may be possible at  the salt supplier and O2 and H 0 WAU be eliminated by temperature-cyclmg 
2 

the loaded TES unit while xriainhning a vacuum. 

6 . 3  SHIPPIXG AXD OK-SITE IXSTALLATIOX 

The TES units a r e  sized for  standard railroad c a r  shipping and on-site rigging by crane. 

The only connections required are welding of steam z l d  feedwater lines. The entire TES 

can be assembled and all lines checked prior  to plumbing into the exieling plant. Plant 

downtime for  the connection i s  expected to k e  short and the TES will include isolation valves 

so the plant can operate independentiy of the TES. 



Section 7 

COST EVALUATIOS 

7 . 1  ITEMIZED CAPITAL COST BREAKDOW 

The major factor in determining if TES is  cos t  effective i s  comparison of TES capital 

cos t  for a given peaking capability to  the capital cost  hci -ement  required to "enlarge" a plant 

by the s a m e  increment. F o r  this  tradeoff we decided to cost  our  baseline tube shell unit 

s ince  this r ep resen t s  the technology most  s imi la r  to  cu r ren t  practice. A s  discussed in 

ea r l i e r  sections,  o ther  concepts may in fact be super ior  but require  additional design refine- 

ment to obtain rea l is t ic  cos t  est imates.  Even the tube and shell approach requ i res  a some- 

what innovative design approach ( a s  discussed in 5.1.2) to avoid expensive hezvy walled units. 

T o  cost  the tube and shell  TES unit we took severa l  approaches t o  check the es t imates  

and a l so  understand design features that contribute the major cos t  burdens. F i r s t ,  we con- 

b c t e d  severa l  suppliers of feedwater heaters  and supplied them with a design definition 

(number of tubes, l eng th  and diameter ,  p r e s s u r e  and temperature). This  resulted in est i-  

mates  of about 1;;900,000 fo r  a 40 ft.  high by 12 f t .  diameter  s ta in less  steel  unit. We then 

evaluated data on currently supplied feedwater hea te r s  (Figure  7-11 and determined mater ia l  

cost. Subtracting this  f rom the selling p r i ce  resulted in an es t imate  of added value (supplier 

labor,  overhead and profit). This indicated an added value of approximately $150,000 to 

$300,000 for  units somewhat longer but only about one-half the d iamete r  of our baseline TES 

unit. These  feedwater heaters  however contained up t o  five t imes  the number of tubes a s  our  

unit, s o  welding labor could be expected t o  be higher even allowing fo r  o u r  thicker wall con- 

struction. 

In parallel  we performed an in-house design study of a "standard" 15 ft. d iameter  tube 

shell configuration and estimated the total weight ( see  5.1.2) as 709,000 [bs. At a cos t  for  321 

staintees eteel  of $2.10 p e r  lb for tubing and $1.10 pe r  lb for sheet  the total material  cost  

would be $830, 700 for the basic heat exckanger, neglecting the support s t ruc tu re ,  weld metal, 

sc rap ,  etc. Reducing this  to a 12 f t  diameter but adding some allowance for  these  i tems re- 

sul ts  in a mater ia l  est imate of about $550,000. Assuming the value added of $150,000 from 

our  feedwater heater  data ( fo r  a unit with the s a m e  number of tubes) we would est imate the 

cost  of a standard tube shell configuration a t  $700,000 o r  $200,000 l e s e  than the suppliers 

quick-look est imate.  This  is fairly consistent s ince  we expected the supplier 'b quotes to be 
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SA-249 TP 304 Material 
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1- 3116 1- 11/16 1 114 1- 318 
89.4 85.4 85.6 81.7 

Shell 
Material 
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S~.515.70 - Material 
QOx112 82x112 81 x112 7 2 x  112 
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Heat Exchanger 
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Per Gross Surface $/f t2 
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Thermal Outv $1106 Btu 

B&R Information Source: 

Feedwater Heatcrs - WPPSS Spec. No. 2868-10 

Steam Evaporator - WPPSS Spec. No. 2808 28 

Fig. 7-1 Low Temperature Shell - Tube H a t  Exchanger Prices 



conservative because we provlded very limited idormation and not the detailed specification 

necessary for an accurate quota. Also our thicker wall will increase wowing and forging 

oosts. 

It waa ol;vioue from the breakdown that tho unit cost w a  too high, mostly hecause of 

the large amount of steel required. This motivabd our evaluation of tho stayed configuration. 

Only one of many stayed approaches was considered ( w e  5.1.2) but h a  resulted in a unit 

weight of 265,500 Ibs anri material cost of $343,000. For  a 12 ft diameter we estimate a 

material cost (including 10% for support st18ucture, etc. )  of $240,000. Domes for  t h s  con- 

figurrztion a re  relatively thin (2 in.), which simplifies welding. Also the domes a re  not 

forged but bulged in a low-cost p rop r i e t ay  Grumman process so that a value-added estimate 

of $150,000 should be realistic for stayed construction. This results in a total heat ox- 

ohanger cost of $390,000, which i s  the figure used in our detailed cost breakdown. The 

recuperator cost has been estimated b y  suppliers as $500,000. Smce this is standard ehell 

and tube technology, this cost is considered to be reasonably accurate. 

Expenses were broken down into various unit cost categories. Figure 7-2 contains a 

l is t  of unit costs for the various items. 

For  the regenerative feedwater heating case,  Fig. 7-3 gives the total cost brea!cdown 

for the individual i t e m .  For the single loop separate power conversion loop an investment 

cost surumclr-y for the auxiliary steam plant i s  included a s  Fig. 7-4. F3g. 7-5 includes 

z -  t~ same items as the regenerative feedwater heating case with the additior, of the steam 

turbine cycle and excluding an incremental turbine-generator and electrical coat. 

ib shown, the use of TES for both feedwater heating o r  auxiliary power generation 

i s  less  costly than increasing boiler capacity. It should be pointed out that neither design 

achieved the optimum (or target) cost figure, suggesting either that less peaking energy 

should have been stored and/or that further design refinement is required. A review of 

the actual power profile fo r  R. &Tartin indicated that the power plant capacity could be 

reduced by a b u t  7% for  the energy storage values indicated in EYg. 4-49. This i s  be- 

cause the actual power savings is reflected by a variable, rather than the step-wise 5% 

reduction used in our  ear l ie r  cases.  Hence, for the feedwater heating and auxiliary 

power supply cases the power plant capacity would be increased by 37.36 and 41.56 AIW, 

respectively. 
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Lnstrumentation and Control 

Rash Tank (6 k diameter) 
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$2.66/arbic yard 

Auxiliary Cost 

Fig. 7-2 ~ ~ ~ j & l  Unit Costs 
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2344095D To'rl hrm Ccst $7.183 

Fig 7-4 Inv&rnent Cost Summary - Auxiliary Power Steam T~rbine Plant 



Suhtolal: 

Cormnpenc~ d In- During COmncl(;tMat 15% 

~ p ~ ~ Y a n s p P r r r s n t a l ~ 2 %  

7.2 PLANT PERFORMANCE - OPERATING A N 3  MAIKTEXANCE EXPFSSES 

7.2.1 Operating Expemes 

As discussed in Section 4.7.1, (Flpure 4-48). inclusion of the TES system to meet 

peaking requirements will decrease the net plmt heat rate aad, therefore, require l e s s  fuel 

consumption for  the feedwater heating case  compared t~ a cycled plant. As shown, a differ- 
6 ence of 37 BTU/KT~'H was p rd i c t ed  for  this case. Using this, with a fue! cost of $1.25/10 BTU 

during a yearly operating period of 7000 hours (full year minus planned maintenance), a fuel 

savings of $182,893 can be expec td .  Neglecting fuel cost escalation and using an interest 

f a c t ~ r  of 15% this corretrponds to a capital savings of about $1,555,000. Hence, accounting 

for this savings lowers our capital me t  estimate from about $22.5 million to $21.5 million, 

and therefore, the system ecommics appear even more favorable in this case. As previously 

mentioned in the use of the auxiliary power cycle, no change Ln the p l a ~ t  heat ra te  Lrj pro- 

jected and the capital .yost of about $25 million therefore remain* the same. 

7.2.2 Maintenance Expenses 

The expense of ~mplementing TES in a power plant system should be in the same range 

as heat exchangers of similar type. With the fixed head shell and tube design these units a r e  

comparable to ieedwater heaters excepi that when a unit is taken out of service it carnot be 

repaired on site but must be shipped to the factory for service. All other attendant mech- 



anical and e l e c t r i d  equipment should incur the same operati& and maintenance expenses 

because the items a r e  identical to those presently in use. The TES system is  basically a 

passive unit except for twice a day valve actuation. Considering the small number and use of 

the TES active components, unusually high operating and maintenance a s t s  a r e  not expected. 

7.3 COST/BENEFIT ANALYSIS 

W e  have shown in this section that a latent heat thermal energy storage system can oe 

inco~porated into a new supercritical fossil plant to provide approximately 7% peaking capa- 

bility a t  less m t  than enlarging the plant capacity by 7%. This conclusion requires innova- 

tive variation on the standard tube shell concept and some further design refinement on 

module length. site 8pacing. etc. It i s  also possible that some of the other concepts identi- 

fied in this report may prove even more  effective upon further detailed evaluation. 

For  a retrofit situation there is a special case where TES is very cost effective. 

This is wben an oil plant is converted to coal resulting in excess turbine capacity. Refer- 

ring to Figure 7-3 it can be seen that if the T-G is alreadv available the TES can provide a 

p&ng capability at a s i m c a n t l y  lower cost than the cost of building this capability into a 

new plant. Providmg that land is available, the TES system d e s p  and cost estimate should 

be valid fo r  retmfi t  installations. 

m e  TES thus can be used to counteract the disincentive which exists in converting from 

oil o r  coal, namely that c a p c i t y  i s  lost thus accelerating the requirement for  new plant con- 

struction. An added benefit of the TES approach that cannot be fully assessed is the relia- 

bility of operating plants at base load. This should e~Aend the life and d u c e  the maintenance 

of the plant. 

7.4 IKSTALLATION IN XEW VERSUS ENSTING PwTS 

The implementation of TES in existing plants is bound by the physical layout of the 

plant and irs operating conditions. That is, land for the TES array must be available 

close to the plant to  minimize expensive piping costs. This is ngt always the case. Lo 

urban areas  Land i s  usual!~r a t  a premium and energy peak loads a r e  usually met with 

older fossil units. Ideally, this would be a goud technical location for the use of TES 

but it may not be economically feasible if nearbj. land cannot be acquired. Another poist 

concerns operation of the plant and ita cycle. An existing fossil plant will operatc a t  

the point thc. will yield the best heat ra te  and output for a given time period. The introduc- 

tion of TES tends to upset the balance and would incur operational changes. This i s  because 

the plant has been designed fo r  specific thermodynamic conditions, flow rates,  etc, and is 

now forced b operate essentially off-design. 



New p l a t  use of TES would allow the designer to modify the power plant cycle to 

achieve optimum peak shaving before equipment is purchased. Investigation of relationships 

between heat rate, output, amount of peak shaving and cost c w l d  be made to determine the 

most economical alternative. Then equipment sizing and aystsrn layouts could also be opti- 

mized to complete the economic feasibility picture. 

President Carter h8B urged conversion of oil and natural plants to coal to red- 

consumption of foreign oil. ?be conversion of an oil or natural gas boiler to coal creates a 

problem to most utilities in that the boiler, when coal-fired, i s  then undersized, resulting 

in excess capacity in the existing turbine generator unit. Boiler output could be augmented by 

TES to produce the previously oil-fired boiler output with a coal-fired boiler, since 

e.rcess turbine-generator capacity w d d  more easily allow cycling of the turbine-generator 

set. This would appear to be the case that would be most applicable to the future af the 

utility industry, but each utility must determine tbe economics cd TES for an individual sib 

and then determine if its use is justified. 



ACTION REQU- FOR SYSTEM IblPLEblENTATIO& 

Thie report q r e s e n t s  a reasonably detailed first look at the feasibility of energy 

storage in the latent heat of salt eutectics. The concept appears cost effective but certain 

key issues muet be more fully e x p l o d  before a public utility would implement the system 

for electrical p e r  generation. The critical TES element i s  the heat exchanger that we 

have designed with only a small allowance for corrosion based on our consultants' review 

of availaMe data. Cornsion testa of selected salts purified to various levels and contained 

in stainless steel are required to verify this assumption. The tests can be small scale. 

Various heat exchanger concepts have been discussed and a tube and shell with a 

stayed structural arrangement recommended for  minimum development within a cost target. 

More detailed design and costing of this unit is required to verify tb ie selection. The advan- 

tages of our alternate concepts should be more fully explored for specific applicztions (euch 

a s  the heat pipe unit for nuclear plants) and for longer term applications a!lowing time for 

further development of active heat exchanger concepts. Finally, a pilot demonstration 

should t~ undertaken at a participating utility to evaluate the system under actual 

operating tempedure and duty cycles. 



NALUATlON OF 
PROPOSED TES LOCATIONS 



COCAnON 1 DOUBLE LOOP AEGENERATiVE HEATING AUGMENTATION 

t v * f GEN 

* A - 
i 1 

HTG R 
OR PWR 

STEAM 

REACTOR 
C 

FEEDWATER 

4 - 

FEEDWATER 

Genareting Station 
I 4 

I PkNrrme 1 M B ~ ~ X I D  I Evduaoion of TES Location 

Fort Martin 

Fort S t  Vrain 

Fort S t  Vrain 

TES Location not applicable for direci cyde bwr. 

Ure of primary cyde fluid as heat sour- for TES feedwatw h a w  not 
reammended. 

a) ?-ES F.W. htr.  would be required to be located inside of 
primruy containment. Eua to radioactivity o' primary cyde 
fluid. 

b) Extensive containment redsign required to accommodate TES, 
e.g.. pentratiorn, i da t i an  valves. piping, equipment anange- 
m n t .  

c) Additional NRC liensing required regarding pipa break 81 pipe 
whip analyres. Iocstlon and safe shutdowns. 

TES location not applicable for supercritical fossil plt. 

Use of primary c y d e  fluid (helium) as heat SOURS for TES F.4, .-- 
h e a t ~  not remmended. 

a) Primary coolant system i s  entirely encapsulata . . : t  - 
prestressed mncrete reactor vessel (PCRV), her, 't .. i.' ;na 
mnnect im to t h i s  loop would be extrenmly d i f : ~ . .  

b) Because TES would be subjected to rdioactiw prima- ::uid, 
it must be placed within t h e  primary mntanmant (PCRV). 
This would require an extensive mckign. 

I -On I I TES location not applicable for high pressure fossil plt. 

I 1 1 
2349-0970 Fig. A1 Evaluation of Pmpc#ed TES Location No. 1 



LOCATlON 2 SINGLE LOOP REGENERATIVE 
HEATING AUGMENTATKIN 

CONDENSATE 

GEN 

- THERMAL REACTOR, OR ENERGY BOILER S E A M  STORAGE GENERATOR 

FEEDWATER HTR 

i 

Evaluation d TES Lacation 

iX5 ~wat ion not remrnrnended 
a) Bwr condensate & main steam contain r a d i h w  luards, thus 

Generating Station 

R t  Nam 

Q x W f  

M a ~ x  ID 

A2 

TM I 

Fort Martin 

Fort St. Vrain 

Roseton 

I TES FW. HTR. must tx shielded. 

@ TES location i s  candidate for further evaluation. 

0 
@ 
0 

TES location is candidate for further evaluation. 

TES location is candidate fw further evaluation. 

E S  location is candidate fw further evaluation. 
4 



LOCATION 3 DOUBLE LOOP REHEAT AUGMENTATION 

EralrratioaafT€S Location 

TES location not applicaMd far direct cyde BWR. 

TES laxtion not remmmsnded, see commen~ for 61. 

TES location not applicab for supwaitical tmril plt. 

TES location not recorn-, see comments fw D l .  

TES Location not appiicatde for high pressure forsit p l t  

Generating Station 

Plt blame 

-r 

TM I 

Fwt Martin 

Fort St Vrain 

Raseton 

Matrix ID 

A3 

83 

C3 

D3 

E3 



LOCATION 4 SINGLE LOOP REHEAT AUGMENTATION 

+ 

REACTOR OR 
BOILER STEAM 
GENERATQR 

REHEATER 

CONDENSATE 

+r F W ,  
HT R 

Erduation of TES bat ion 1 

T E S  location i s  andidate fm further evaluation. 1 
TES location i s  candidate for further evaluation. 

TES location in supercritical fossil plt. not recurnrnded. 
a)  Boiler reheat section underutilized when operating in rated 

mndition. 
b) Reheating HP turbine exhaust steam to 1000~F using a 

heat soJrce at 1 0 0 0 ~ ~  would require a TES system having a 
0' approach, such a system would be extremely la?@. 

TES location not recommended, see comments for C4. 

TES location not recammended, see comments for Cd 

Generating Station 

P l t  N8m 

cooper 

TMI 

Fort Martin 

Fort S t  Vrain 

Rmeton 

Mabix ID 

8 
@ 
C4 

D4 

€4 



LOCATION 6 DOUBLE LOOP MAIN STEAM AUGMENTATION 

Gmmtjng Station 

Mavin ID 

Cooper A5 

TM I 85 

Fort Manin C5 

fort S t  Vrain D5 

Roseton E5 

234B-m3D 

TES location not applicable for direct cyde BWR. 

TES lasation not recommended, see comments for 61. 

TES location not applicable for superaitial fossil plt. 

TES location not recommended, see comments for Dl .  

TES location not applicable for high prassure fossil plt. 



LOCATION $SINGLE LOOP CROSSOVER STEAM AUGMENTATION 

f 

REACTOR OR 
BOILER STEAh4 
GENERATOR 

CONDENSATE 

Eraluatien of T€S Locstion 

TES location not recommended 
a) TES boiler requires nuclear shidlding as it WWM handle 

radioactive mndensate 
b) NRC licensing problems 

TES l w * i o n  is  feasible subject t o  flow l i m i t a t i o ~  :,, 3 turbine. 

TES location not reco~nmended, 
a) I P  turbine steam admission staie point wwld be saturated 

which degrades turbine performanca. 

YES location not recommended, see comments for C6. 
1 

E S  location not recommended, see commenrs for G6. 

J 

Gmaretirrg Station 

RL Name Matr ix  ID 

C o o ~ r  

TMI 

Fort Martin 

Fort S t  Vrain 

Roseton 
I 

A6 

@ 
C6 

D 6 

E6 



LOCATION 7 DOUBLE LOOP SEPARATE POWE A 
CONVERSION LOOP - ISOLATED 

HEAT EXCHANGERS 
HEAT PIPE VERSION EXCHANGER 

GEN 

& 

r 
A 

v GEN 

SEPARATE POWER 
CQNVERSION LOOP 

i 

PWR OR HTGR 
REACTOR 

I 
A 

STEAM 
GENERATOR 

7 
i 

t * 
v 

Edrrstion of TES toeation 

TES I d o n  not app4iceMe for direct cyde BWR. 

TES location not recommended, see comments for 61. 

TES location not applicable for supercritical fossil @t. 

I E S  location not recommended, we comments for Q1. 

TES location n d  applicable for high pressure f m i l  plt. 

Chmmting Stetion 

A t  Name 

cooper 

TNll 

Fwt Manin 

Fort St. Vnin 

Rowton - 

Matrix ID 

AI  

67 

C7 

07 
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LOCATION 8 SINGLE LOOP SEPARATE POWER CONVERSlOh - . iC 

SEPARATE POWER 
CONVERSlON LOOP 

THERMAL H 
ENERGY h - 
EXCHANGER 

t b r GEN L 

REACTOR OR 
BOILER STEAM 
GENERATOR 

Garceratiq Station - 
Pit Nem 1 Matrix ID 

Cooper ‘-r 
I 
I 

TM I 

t 
COND 

Evaluation or TES Location 

TES location not recommended 

----I 
a) Thronle steam conditions to TES inadequate 
b) Steam conditions in secondary power a v e r s i o n  Imp p o o r ,  

net KW output would be low 

TES location not recommended, see m m n t s  for A8. 

* 
Y 

I T S  location i s  candidate for further waluatton. 

TES location i s  candidate for furthw evaluation. 

TES loa t ion  i s  candidate for further evaluation. 

Fort Martin i C8 

Fort St. Vrain 

R w t m  

D8 

E8 



LOCATION 9 DOUBLE LOOP INTERMEDIATE 
HEAT EXCHANGVMEAllAL STORAGE 

GEN 

THERMAL 
PWRjHTGR ENERGY 
REACT0 R 

@ W W U I  I W L U M  SEPARATE N AND STEAM GENERATING SECTIONS 

234- 

fig. A-2, E\rA!&m of hoposd TES Locstion Nu. 9 

E m  d TES Lxal iam 

- 
TES laatim not applicaMe fm  dire^ cy&~ WR. 

TES laation not recommended 
a) TES steam generatur entails axtemive mrts 
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C) B a y d - o f s a d y  
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TES laation not r e o o m m ,  see cmtmmts for B9. 

i€L rocation not appiicablek high ptgrssrrefdl plt 

- 
G~~ra t i r rgs !mh 

Rt Nanm 

(a= 
TMI 

Fort Martin 

f%t St Vrain 
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M ID 

A9 

89 

C9 

09 

E9 
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LOCATION 10SINGLE LOOP INTERMEDIATE 
EXCHANG EWT)( ERMAL ST0 RAGE (NASA PATENT APf U C A n  ON REF 1 I 

- * r L - T 

Edua!itmdTESlrrarirur 

TES lc~3tim not reanurrended, see cornmans for 69. 

TES location nc: m m e n d d  
a) Design entaik exteroiw ckehpmmt 
b) Beydsco~eof rhcdy  

TES l c x a h  rut r a m m ~ ,  see m n m t ~ t s  for B10. 

TES laation not -. ree armrcen+- tar 810. 

TES locatim not M, ree mmmcr  tor 810. 

v 

Genmitirq Seatrosl 
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MI 

Fon Martin 

F ~ r t  St Vraiia 

R o s e t o n  
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N h i x  ID 
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Dl0 

€10 

t 1 
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OR BGlLER 
STW GNRTR 

1 

A 

THERMAL 
ENERGY 

CON0 

STORAGE 
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6 
A 

> A - 
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APPENDIX C 

COMPILATION OF SALT MATERIALS 
BASED ON COST 



Salt 

Alum Amnmnium 
Alum Potaaium 
Alumirmm Chloride 
Alumirmm Fluoride 
Alumimrrn Hydrate 
Aluminum Hydroride 
Aluminum Sulfate 
Am mor. iu m Bi borate 
Amrrmium Biarbmte 
Ammnnium Biciutmrate 
Ammonium Bifluoride 
Ammomum Bromide 
Ammrmium C h I a i Q  
Ammonium A i d w t e  
Ammonium Ruaborate 
Amrnmtium Molybdata 
Ammonium Nitrate 
Ammonium Oxalate 
Ammonium Pentaboram 
Arnmwu'um Pemlfate 
Ammonium Slimfluoride 
Amrmnium S u l f a m  
Arnmorjum Sulfate 
Ammonium Sulfide 
Ammaium Thiosulfate 
A n t i m y  Fluohrate 
Antimony Trichlorida 

Barium C a m  
Barium Chloride 
Barium Chlorate 
Bmium Hydrate 
b i u m  Nitrate 
Barium Sulfate 
Barium Sulfide 

AU Bismuth TOO EXPEiUSlVE 

f3mm tridlloride 
Borm Triflumide 
Cadium Qllade 
Cadium Chloride 
Cadium Fluoborata 
Cadium Nitrate 
Cadium Sulfate 
Calcium Carbide 
Calcium Carbonate 
Calcium Chloride 
Calcium Hydride 
Calcium Hypochlorite 
Calcium Hypophorpite 
Calcium Phosphate 
Calcium Sllicaie 
Calcium Sulfate 

Magnesium Bromide 
Magnesium Carbonate 
kpesiium (=hlori& 
Magreis m Nitrate 
Magnesium Phosphate 
Magnesium Sjlicofiuorids 
Magnesium Sulfate 
Magnesium Trisilicate 
Magnesium h a t e  
Magnesium Carbonate 
Magnesium (Xlloride 
Magnasium Sulfate 

Comp ilaticm of W ibabe Salt b t m i d s  B a d  m CQd 

Nickel Carbonate 
Nickel Chloride 
Nickel Fluorobarace 
Nickel Nitrate 
N i d  Sulfate 

&.me: Ch-tmiCd m e t i n g  

Rice 

$7.9015.501100 lb 
$%5516.oo/lOOlb 

3 n b  
.17!j/lb 
.&/1001b 
B l l l b  

1 14.m/aon 
700. W h m  
14.1 5 / 1 0  lb 

.78flb 
3 / l b  
.74/lb 

9.5511001b 
I .ssn b 
-7311 b 

1.97h b 
9.1 /tan 
.mn b 

6MoO/tm 
28nb 
.17/lb 
3711b 
.40nb 

240.0a'ton 
120.501ton 

3SW'lb 
.95/lb 

21 5.Oltm 
31 0.00/tm 

1 .W/tm 
24.25/1hs 
32.5011W)lb 

-2411 b 
11 W t o n  

Reparter, 19.luIy 1976 

Salt 

Qlramhrm flwrida 
CoWt Carbanate 
Cobalt Chfmide 
Cobalt Nitraw 
C&dt Phorphats 
Cnbalt Sulfate 

Bromide 
Copper- 
~ ( X l w i d e  
Coqper Fluoborate 
Copper Nitrate 
 sulfa^ 

Ferric Ql lwiQ 
F ~ C  phoq.hate 
Faric Sulfate 
Ferrour Fluoborate 
krrws sulfate 

f i c h q n  Bramide 
Hydrogen Chloride 
H y d m p  Rooride 

Lead Chloride 
Lead Fluwate 
Lead M m  m i l icate 
Lead Nitrate 
Lead Sulfate 
Lead Cwbm ate 
Lithium Bromide 
Lithium Carbonate 
Lithium Chloride 
Lithium fluoride 
Lithium Hypochloria 
Lithium Nitrate 
Lithium Sulfate 



SALT PRICES 
AND SPECIFICAT(0NS 



PRICE SCHEDULE 
EFFECTIVE JANUARY 3. isn 

PRICES: 
-Tn&load ~n,m Ibs. nrih) 
10.000 to P W  k 
Zoooto 9,!399Ibr 
500to 19991b5. 

$1 1.75 per lm Ik 
12.75- 1Mths. 
13.75 per 100 Ibs. 
I!i75perlalLbs 

F.O.B.: - South Plainfield. New lemy 
'can be offered for direct shipment from East Coast porb in not Serrt)lan truddoad 
quantities at a lower w. Call for firm- 

PACKING: Poly bgi of 100 Ibs. net - 101 Ibs. grass each. 
~ m a v b e ~ ~ w 1 I B t S ( M ' n . 2 0 b a g r p e r p a l ~ a t a ~ a f % B M l p * p a l l e t u s e d  

TERMS: N430days-aLbjPcttoaeditapprovd. 

TYPICAL LHEMlCAt ANALYSIS: 

Caldum (Ca) 
Kiaogen (N) 
Molubis in water 

Mn - 0.M 
Na -0.015 
K - 0.01 

-0.15 
Cu - 0.0001 
Pb - O.cuxhl5 

- 1996 rnin. - 15.5% min. 
- O ~ m a x .  

Fe - (1001 
A12 -0.0001 
so4 -0.04 
HCOO - 0.3 
so2 - 0.m 
tkea - a1 

SCREEN ANALYSIS: pellet form 
lessthan 4 r n m - 0 %  

4 2  rnm 10% 
2-1 mm gZ% 
1-05 mrn 7% 

gr- than 0.5 mm - 02% 

Minimum i ~vo i ce  for M y  one shipment to one destination is $11x.Ix) 

All pr im are rcrbjea to change without mum. 



PRICE SCHEDULE 
EFFECTIVE SEPTEMBER 1.1976 

POTASSIUM NITRATE GRANULATED 

PRICES: - 
T r d l o a d  (20.000 Ibs. rnin.) $1825 per 1 W lbs. 
10.000 to l9.9CU pourtds $1925 per 100 I k  
2 . ~ 0 ~  t-, 9.900 p o r m ~  $19.75 per 100 lbs. 

soot0 1,913Dilwnd.5 mnper loolbs. 

A b w e  can be h & e d  in a powderrd form for an additional charge of $la) per 1M) l k  
Thn powder w.ll r u  99.9% minimum thu a 60 mesh rieve, and Sa36 minimum thru a 
1wmeshsiecre. 

F.O.B.: Swth Rainfield. NBYl Jestw 

PACKING: Multiwalt paper or plastic bags of 1CXJ Ibs. or 110 Its. met eaah. For l m d r u m s  d d  55.00 
pw 100 Ibs;for 30Wchnrradd S3.00per l a 0 k  Standard palletswill b e f u r n M a t  
no extra charge. 

TERMS: Net 30days horndate of shipment -subject t o d i t a p p w a l .  

SHIPPING REGULATIONS. Fill of lading nust show "Oxidizingmacerial. nolabel required". 

CHEMICAL ANALYSIS: POTASSIUM NITRATE - 99.5% Flpical 

Moisture 0.06% 
lnsolubles 0.01% 
Chloridm as KC1 0.005% 
Sodium as oxides 020% 
Ca & & as oxides O.W% 
Ammonium Salts Nil 
ollorates & Perchlaater 

Perchlorates Nil 
Fe & A1 as oxides 001% 

WLnimum invoice for any one shipment to  cme destination h $100.00 

All prices are subject to dange without notica. 



item Dl, f4iatSchedule and S p e a ~ ~  Groton Cbmid Co. Wnfisld, PJ 1. (Cont'd) 

PRICE SCHEDULE 
EFFECTIVE SEPTEMBER 1,1076 

MURIATE OF POTASH, FIND STD. 
(POTASSIUM CHLORIDE) 

PRICES: - 
Truckload (20,000 Ibs. minJ 57s per la )  !br. 
10.000 to 19SKl pounds $7.95 per 100 Ibs. 
2,0[)0 to 9.900 pounds 9.50 per 100  Ib. 
1mto Irnpaurdr  s.45 per 10Q Ibs 

F.O.B.: South Plainfield, NBW 

PACKING: LUuJtiwallpaperbagPof50k 

TERMS: Net 30 dayr - subject t~ credit appwal. - 
SHIPPING REGULATIONS: k m e  

TYPICAL CHEMICAL ANALYSIS: 

Potanium Chlartde (KC41 
Potassium Oxide Equivalent (K20) 
Sodium Chlorirb 
Calcium (Ca) 
W u m  Ihne) 
Brumide (Brl 
Sulphate (SO41 
Water lnrolubles 
&inure XI Volabiler 
Total Qlloride (a) 
Other 

TYPICAL SCREEN ANALYSIS: 

Retained on 20 mesh 
Retained on 28 mesh 
Retained on 35 nmh 
Retained on 48 mesh 
Retained on 65 mesh 
Retained on 80 mesh 
Retainad on 100 rmxh 

Nil 
1 % 
2% 
33% 
70% 
81% 
91% 

All prices are subject to change without notioe. 



Im PI. Rice Schedute and Soecrfications Groton C b m k d  Co. &infield, NA ((Cont'd) 

PRICE SCHEDULE 
EFFECTIVE SEPTEMBER 1,1976 

NITRATE OF SODA, TECH. 

PRICES: 

PELLETED POWDERED GROUND 

jacked in 100 Ib. bags 300 Ib. drum Ib. d ~ m  

20,000 Ib. or more 
10,000 - 19,999 Ibs. 
2.000 - 9.999 Its 
m- 1.99'9Lbs. 

All above prias are per 100 k. 

F.O.B.: Svuth Rainfield. New .hsev 

TERMS: Net 30 days frum dats of shipment -subject to aedit  approval. 

SHIPPING REGULATIONS: & I 1  of lad~ng nust rhow "Oxdizing matecia), no labe) required". 

CHEMICAL ANALYSIS (Typical): 

Sodium Nitrate (Dry Basis) 99.5% 
Moisture 0.02% 
Sodium Chloride 0.1 2% 
Sulfates as NazSQ 0.09% 
lnsolubles 0.01 % 
Mag. and Calcium oxdes 0.05% 

SIEVE ANALYSIS (Typical]: PELLETED POWDERED 

Retained on 40 mesh 80% - 
Retained on 60 mech -- 1 % 
Retained on 101) mesh 99% 22% 
Retained on 140 mesh - 50% 
M i n e d  on 200 merh - - 63% 

Minimum invoioe for any one shipment to one destination is 9100.W. 

GROUND 

All prices am subject to changa without notice. 



ltarn 0-1, Rica Sdzadule and Spaofiaiths Grotan Chemical Co. slsinhrld, N J. (bnt'd) 

PRICE SCHEDULE 
EFFECnVE JANUARY 1.1977 

SODIUM NtTRATE, FLAKE ANDGRANULAR 

PRICES: Flake and Granular: - 
6 . 0  or more pounds 
2.000 to 5 , m  pounds 

800 to 1,600 pounds 
Qw dmm (400 I k t  

F.O.B.: .%&I Plainfieid, New 

PACKING: 400 Ib fiber dnrms 

$3095 per 100  lbs. 
31.80per 1aJIhS. 
3350pec 100Ibs. 
405oper100Lbs, 

TERMS: Net 30dayr - subject to credit approwid 

SHIPPING REGULATIONS: & I 1  of lading and drums mcrst show 'Oxidizing blaterial". 

CHEMICAL ANALYSIS (Typical): 

Sodium Nitrite 99.70% min. 
Sodium Nitrate 0.16% 
Sodium Carbooate 0.03% 
Sodium Chlwid~ 0.02% 
Moisture 0.06% 

All prices sub- to change without notice. 



Cau2 MAX (25% 

b a  MAX 1.0% 

Me(OHI2 MAX U2% 

CaC12 Caldum Chloride - Dow 

=on 

78% Caldum Chlwide 

m " 2 O  

lmpuritia consisting of Sodium Chloride. &pa.iurn Chlonde 



Sgadficatim\a: Pataarurn Hydroxide - Flake. KOH 

Grede: 

M e r w  Cell, 9096 KOH minimum 

Price: 

$220Q/laI b. 

Element Minimum Maximum 

KOH 90.0096 91 6% 

He 0.02 ppm 

Chalk White in cdor 

Molewlar Weight: 

8ulk Deruity: 

Melting Point: 



t t m  03, Elacttomedrsnical Division. Hodw (Cont'd) 

CAUSTIC SODA (DRY FORMS) 

Effectiva January 1,1976 

NON-RETURNABLE STEEL DRUMS - 
GRADES NET WEIGHT 

- 
GROSS WEIGHT TRUCKLOADS LESS TRUCKLOADS 

Solid 7 0  Ibs 718 Itn $14.30 51 5.70 
Flake, Regular 400 Ibs 424 Ibs 14.50 16.00 
Rake, Regular la0 lbs 107 \bs 16.60 18.00 

(See Note 2) 
Flake, Ctysal 450 ltu 474 1 b5 $14.50 $16.00 

FOB Works, Niagara Falls, New York. Subject to Niagara approval, transpatation may be equaiized 
with competitive manufacturers as fdlows: 

SOLID AND ALL GRADES OF FLAKE 

Wyandotte, Michigan 
Charleston, Tennessee 
Houston, Texas 

Midland, Michigan 
Painesville, Ohio 
Wichita, Kansas 

SOLID AND REGULAR FLAKE ONLY - Lake Charles Louisiana; U v a y ,  New York. 

TERMS - Net thirty days. 

SPECIAL NOTES 

1. Minimum order of 2,@M pounds net (1,800 pounds net for 100 Ib drums) applies to  all less truckload lots. 

2. Shipments of 100 pound drums will be made on pallets of 9 drums per pallet with a minimum order of two 
pallets. Pallet charge i s  for Buyer's accwnt. 

3. On customer pick-up where freight equalization i s  in excess of $1.25 per hundredweight and prim at 
schedule approval must be obtained from Seller's Managemnt at Niagara Falls. 





Item W, Mortwr Sah Company industrial Rctduct Data Sheet, Numbat i ~ i j ~  

A typical aver- chemical analysis of CULINOX 989, CHEMICAL GRADE wouM be 8s fdlowr: 

Sodium Chlorida . . . . . . . . . . . . . . . . . . . . . . . . .  89.98% 
Sodium Sulfate . . . . . . . . . . . . . . . . . . . . . . . . .  0.02% 
Copper . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  00.UWO1 (0.1 ppml 
Iron . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.013004 (13-4 ppm) 
p H  . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  7.5 

CULINOX is an urnawed production with a bulk Wty of approximately 75 Ibs. per cubic foot. A 
typical average m.c le  size range woclld be ar follows: 

Retained 

MORTON SALT COMPANY 11-66 
Industrial Roduct Data Sheet 
Number 105A 



APPENDIX E 

SALT REQUIRED 
FOR SUELL/TUBE 

HEAT EXCHANGERS 



TABLE €-I 

Steamin at 10M"F. 3500psi. h= 1421.7 B T U h  

W e  out at 711E0~, 321)0 psi. h = 6756 BTUnbm 

Temperah~e -fareach salt chasm to p&arffiCignt ATfor ktbarrrfer: 

Salt 1: 1000" *w. 3396 total energy 

2; 800"+7050,fmcotdarergv 

(a) H e  Temperatute Salt: 

Saltl: A T = 8 0 o o - e - 7 5 " ~  

~ f l o w ~ m O f .  

A- Final Salt Twrrpaatum = 900 - 75/2 9 8625 

rothataverageoenribfecomponamir 

S= Cp AT- 24 (8625- 725) = 3 3 B N f l t m  

fluid Salt 

T, OF 1, "F 

8) Usage Mode: .-- 
Water in at 423°F. h = 404 BfUhbrn 

Water out at 514.4'~. h = W BTUhbm 

3396 - 67% split at 4 8 ~ ~ ~  



TABLE E-1 (cantinuad) 

Fluid 
T, "F 

b) High Tempemre Salt 

Salt 1: ATa725-514.4=21t°F 

Average Flow Temperature 5005 

~ ~ ~ i ~ 1 S t ~ ~ ~ = 5 ~ 0 5 + 2 1 1 / 2 - 6 U S ~ ~  

!kit&& a#nponent ir 24 (725 - 6U6) 29.75 BTUnbn 

(b) Low Temperature Salt 

Wt2: ~ ~ = 5 6 7 - 4 8 7 = 8 0 ~ ~  

A- ~ow~entpera tu r r4&~  

A- Salt Temperature = 455' + &0/2 = 495" F 

h b l ~  Conrponart 2 4  (567 - 495) = 31 BWhhn) 

Total Available Energy Storage 24% -- 
Saltl: Lam+SensiWe=197+33+29.75=254.8BTUhbm 

Salt 2: Latent+Semible= 84+51.3 + 31 = 1 B 3  BTUhbm -- 
(2 Sah- 49% 

Total 0 = 1319 x 10' BTU 

33%=435 x 10'BN 

67%= w x  10*BTU 

Sah 1 : 1.679.500 Ibm 

Salt 2: 5,319,300 Um 

Fluid 
T. "F 

Salt 
T, OF 

698 
Sah 
T. O F  



TABLE E-2 

SALT REQUIRED M R  WELUTUBE AND HEAT W P E  TLS HEAT EXCHANGER - FT. MARTIN CB 

A) Storage- 

Steam in at 1000'F. 3550 psi, h = 1421.7 BrUAbm 

Water out at J&F, 3200 psi, h = 8755 BTU/lbm 

Ternperam range for eao':sdtdmsm to pmvida Euffidan ATfahgat transfer: 

%I: 1000"-890" 16% total 

2: ssa"-7500 total ereergy 

3: 750" - 705" 52%toLdem?rw 

(a) H ~ T ~ ~ W  

Saltl: AT==-B89=2l0F 

Average F l w  Temperam = 945 '~  

Auerage ~inalSaJt~ernperature=f =945-21/2= 

9344" F 

S e n r i b k C o m ~ = C P A T = Z @ 3 4 6 - 8 B 9 ) =  

14.4 B T U h  

(b) Middle Temperature Salt 

Sah2: A T = M - 7 2 5 = 2 5 ° ~  

Average Flow Terrrpwatl~e: 820' F - 
Awerage F i  Salt T-; T = 820 - 25J2 = 8075F 

SemiMe canpatmt = 2 4  (8074 - 725) a 198 BTUAbm 

(d LowTempemreSalt 

U t 3 :  AT=705-567= 138°F 

Flow Temperme 73260 F 

Ave- Final Salt Temperature = 7325 - 138/2 =6584 

W b l e  -44 (658.5 - 567) 40.3 BTU/Lbm 

Fluid Satt 
T, OF 'i. "F 

Fluid Satt 
T. OF T, "F 

l nlet 

Fluid Salt 
T, "F T, OF 



TABLE E-2 [Continued) 

8) Usage Mode 

Temperature ranges f o r  each salt : 

Water in at 2tM0~,  716 psi, h = 264.8 BTU/lbm 

Steam outat 750"~ .  615psi. h =  1370.4 BTUIlbm 

Saltl: 500-750 1696 total e ~ g y  

2: 600-WD 32% total m g y  Fluid Salt 
T, OF T, OF 

3: 240-50D 52% total energy 

(a) Highest Temperature Salt 

Salt 1: .lT=869-750=119'F 

Average Flow Temperature = 625OF 

Average FIMI Salt Temperaare 7 = 625 + 11912 = 68U.5'~ 

Sens~ble Comment 22 (869 - 684.51 = 41 B W A ~  

(b) Middle Temperature Salt (Boiler) 

Salt 2: AT = 725 -5o= 225'~ 

Average f low Temperature = 500°F 

Average Final Salt Temperature 7 = 500 + 22518 = 612.5OF 

%Me Component a .24 (725 - 6125) - 27 BTUhbn 

(c) Lcw Temperature Salt 

Salt 3: AT = 567 - 500 = 6fF 

Average Flow Temperature = 3 9 7 " ~  

Average Final Salt Temprature = 297  + 6712 = 430.5 '~  

Sens~ole Canpomnt .44 (567 - 4306) = 60 ETJIlbm 

Total Available Energy Storage 

Salt 1: Latent and Snsible = 134 + 14.4 + 41 = 194 BNI lbn l  

!%It 2: Latent and Sensible = 197 + 19.8 + 27 = 244 

Salt 3: LatW3i.d Sensible = 84 +40.3+ a = 184 

Salt Masses 

Total Q = 1.791 x 10' BTU 

16% 2.865 x 10' BTU 

32% = 5.731 x lo8 BTU 

62%=9,313 x l o8  BTU 

Salt 1: 1,476.80 Ibm 

2: 2,348,770 Ibm 

3: 6,061,600Ibm - 

I n k  500 I 619 

Fluid Salt 

T. OF T. OF 

Fl~ l id  Salt 
T, O F  T, " F  

Exhaust 500 567 

Inlet 294 1 361 



TABLE €3 

SALT REQUIRED FOR SHELUrUBE AND HEAT PIPE TES HEAT EXCHANGE@ - ROSETON €2 

Salt NaCI*NaH03 M b n t :  5 6 7 " ~  
Fluid Salt 

A) Storage Mode T,"F T."F 

Steam in et 1(300~F. 2400 psi, h a 1461.3 BTUhbm Inlet 1OOQ 1 917 

Water out at649.5"F, 1200psi,h=895-5~~nbm 

AT = 649.5 - 567 = 8250 F 

A m  Flow Tempereture = 824.f)F 

Avefbga Final Salt Temperature 

= 8 2 4 . f ~  - 82.512 = 8 73.59~ 

8) US* M 

W m  in at 407.8'~, 3000 psi, h = ZE.6 BTUhbm 

Watar am at 479.8"~. 3000 psi, h = W . 7  B N R h  

AT = 567 - 479.3 a 8 7 2 O F  

A m  Flow Tempera turn = 44360 F 
Aver* Final Salt Ternpe~ature 

f = 443.8 + 87.2 = 487.4-F 

W b l e  compmmt .44 (567 - 487.4) a 35,02 BTUAbm 

Salt -6,821,450tb.m 



TABLE €4 

SALT REQUIRED M R  SWELL/TUBE AND HEATPIPE TES HEAT EXCHANGER - R E T O N  €8 

Salts 1 : NaCl B a 2  !A@2 W t  Point: 784°F 

2: &NO3 Nlahfbint: a ° F  

A) S t o w  W 

Steam inat 1C0O0f, 2400psi. h a  1461.3 BTUilbm 

Watwr out at 549.5 '~ .  2000 psi, h = 645.5 BTUhbrn 

Tmpmtua range for eaah salt chseq to provide arffiaent AT for hat transfer: 

Salt 1: 1CXK)-83tt0F 16% total enesgy 

2: 8 3 0 - 6 4 9 . 5 0 ~  84% total wwgv 

(a) High T ~ p x a t w e  Salt 

Salt 1: AT==-784=460F 

A- F I O W T ~ ~ ~ ~ ~ ~ ~ L U R = ~ I ~ ' F  

Awrap Final Salt Tempemtun 

T = 915 - 46/2=@F 

Sertsible - 20 (892 - 784) a 21.6 B N A b m  

8) Low Temperature Salt 

Sal: 2:  AT = 649.5 - 585 = 64.5 

Avwsge Flow Temperature = 739.T°F 

Final Salt Tempemure = 

739.7 - 64.512 = 707 .6 '~  

Senrib = -44 (707 - 585) 4 54 BTUAbrn 

8) -Mode 

Water in at 294°F. 717 psi, h a 264.8 BTUAbm 

Steam out at 750°F, 615 psi, h = 1379.4 BTUAbm 

Tempmtilre Range Salt: 1: 500 - 7 5 0 " ~  1696 total energy 

2: 294 -WOOF 84% total en= 

Fluid Salt 
T, 'F T, OF 

Fluid Salt 
T, "F  T, O F  

Exhaust: 6495 I 585 



TABLE E 4  (Gmtinued) 

(a) High Temperature Salt 

Salt 1: AT=7&4-750=34'F 

Average Flow Temperature = 6 2 5 Q ~  

Average Final Salt Temperature 

625 + 3412 = 642OF 

'SenubleP.20(784-M2)=28BTU/lbm 

'(b) Low Temperature Salt 

Salt 2: AT= 585 - 500=85"F 

Average Flow Temperature = 397'F 

Average Final Salt Temperature = 397 + 8512 = 439.5 

Sensible = .44 (585 - 439.5) = 64 BTU/lbm 

Total AvailaMe Energy Storaga 

Latent and Sermble: 

Salt I :  146+ 21 .6+28 -  196BiU/ lbm 

Salt2: 78+54+64=  196 

C )  Salt Masses 

Total Q = 1.869 x 10' BTU 

16% = 2.990 x l o 8  BTU 

Fluid Salt 
T, "F T. O F  

Fluid Salt 
1. "F T, "F 

Exhaust 500 I j8= 

Inlet 294 1 379 

84%=\.569x l o 9 B T U  

Salt 1 : 1,525.510 Ibrn 

Salt 2: 8,005,102 Ibm 
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