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This study crrrlolitas the techaical and e c a a a i c  po tmt ia l  fo r  
high temperature (%PC, 6 W )  thermal energy storage (Tti) i n  
bl lw steel ingots, piper embedded i n  concrete, md for ripe8 buried 
i n  s a d .  Ibe  intended TES application is integration into  u steam 
power plant, perhaps t o  provide m othenrise baseload plant. 

It was de temned  that  concrete would separate f r a  pipes due t o  
thermal stresses, causing unacceptable t h e m 1  resistances. 
Therefore, for  study, concrete -8 replaced by sand, which is free  
from t h e w 1  stresuer. The original  h o l l w  s t ee l  ingot concept 
undenrc~t a-aerie. of evolutionary changes, a d  it was f inal ly  decided 
that  a11 variat i-ns were not cost effective compared t o  the sand-pipe 
approach. Therefore, the sand-pipe t h e m 1  storage unit (TSU) was 
waluated i n  depth t o  a r e s 8  the approxiute  tube spacing requirements 
cmais tent  with different system performance characterist ics and also 
attendant system costs. A series of performance cost curves were 
generated f r a  which tube spacing and tube diameter performance 
camparisma -re obtained. The curves served a s  inputs for  the cost 
analysis. 

The major conclusion of the study is that  for  large TSUs which 
do not require f a s t  response tires, the sand-pipe approach offers 
a t t ract ive  possibil i t ies.  A pipe diameter about 9 cm (3.5 in)  and 
pipe spacing of a p p r o x h t e l y  25 a (10 in),  with sand f i l l i n g  the 
interspaces, appears appropriate. Such a TSU system designed for 8 
hours chargeldischarge cycle has an energy unit  storage cost (CE) of 
$2.63/kUhr-t and a porrer unit storage cost ($1 of $42/kW-t ( in  1977 
dollars). 
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T h e m 1  energy s torage (TEs) systems have the poten t ia l  t o  make! 
possible  fuel rubs t i t u t ion ,  fue l  ravings, and c a p i t a l  savings i n  m n y  
appl ica t ion  areas.  For large power plants ,  a thermal s torage u n i t  
(TSU) u s t  be ab le  t o  s t o r e  and re turn  heat  a t  high te rpera tures .  
Another p rac t i ca l  requirement is tha t  the TSU u s t  be ab le  t o  receive 
and r e tu rn  its f u l l  t h e m 1  charge within a npecified t i m e ,  probably 
measured i n  a few hours for  a da i ly  charge-discharge cycle. 

Various approaches using so l id s  a s  the prime storage medium were 
considered. Because the intended TES appl ica t ion  is in tegra t ion  with 
a s t e m  power plant  t o  confer load following capabi l i ty ,  pressurized 
water or  steam is a log ica l  heat t ransport  f l u id  t o  charge and 
discharge the s o l i d  storage mass. Two so l id s  were o r ig ina l ly  planned 
f o r  consideration a s  storage media; s t e e l  and concrete. The o r ig ina l  
s t e e l  ingot heat  s torage concept underwent a s e r i e s  of evolutionary 
changes and vas eliminated from se lec t ion  because of high cost .  The 
concrete was d i squa l i f i ed  because of technical  l imi ta t ions  and 
replaced by ordinary sand. The fac tors  and considerations which lead 
t o  the f i n a l  concept s e l ec t ion  (sand-pipe TSU) a r e  described below. 

A system temperature l i m i t  of 343OC (650°~)  was selected for  
t h i s  study t o  allow u t i l i z a t i o n  of r e l a t i v e l y  low cos t  carbon s t e e l ,  
both i n  large ingot form and a l s o  i n  pipe form, because the s t rength 
of carbon s t e e l  de t e r io ra t e s  a t  temperatures above 343O~ (650°F). 
To f a c i l i t a t e  system comparisons, the charging and discharging medium 
was considered to be pressurized l iquid water, without a phase 
change. Therefore, only the sensible  heat  of the water is ava i lab le  
f o r  system charging and heat storage. Because t h i s  is bas i ca l ly  a 
f e a s i b i l i t y  study, no attempt was made a t  performance and economic 
optimization, although parametric va r i a t i ons  allow an indicat ion of 
cos t  trends f o r  d i f f e r en t  design specif icar ions.  

The o r ig ina l  s t e e l  ingot TES concept consisted of many long 
square cross-section s t e e l  cast ings with a x i a l  holes t o  provide f o r  
hea t  t r ans fe r  from a pressurized transport f lu id .  It was o r ig ina l ly  
thought t h a t  such s t e e l  ingots with holes could be obtained a t  3 3 ~ / k g  
( 1 5 ~ / l b ) ,  which would have provided a cos t -a t t rac t ive  system. Thermal 
s t r e s s  analysis  indicated tha t  the header attachment problem was not 
insurmountable. Surveys of i ndus t r i a l  suppl iers  of s t e e l  products 
have revealed t h a t  such a piece would cos t  $1.32/kg ( 6 0 ~ / l b ) ,  because 
placing the hole i n  the ingot is an expensive and d i f f i c u l t  process. 
Therefore, the idea was discarded i n  favor of a s t e e l  "sandwich," 
cons is t ing  of two long 18.3 m (60 f t )  s t e e l  s labs  approximately 1 m 
( 3  i t )  wide and 20 cm ( 8  i n )  thick.  These would be separated by 
e l ec t ros l ag  welded dividers  2.5 cm (1 in )  th ick  which would form a 
t h i n  but wide channel which would contain pressurized water. Such a 
u n i t  could be fabricated fo r  7 0 ~ / k g  (32cIlb) and would provide more 
heat t ransfer  area than the hollow ingot.  An improved design was 



evolved which could be f a b r i c a t e d  a s  a square  from four  such s l a b s .  
This des ign  provided a l a r g e  i n t e r n a l  c a v i t y  which could s t o r e  
apprec iab le  amounts of water ,  thus  a l lowing tt-- water t o  c o n t r i b u t e  t o  
t h e  h e a t  balance  and reduce the  o v e r a l l  system c o s t .  This four-s lab  
square  would also c o s t  70cIkg (32c / lb ) ,  but  less s t e e l  would be needed 
than  f o r  t h e  sandwich because of  t h e  water t h a t  t h e  s t r u c t u r e  would 
con ta in .  F i n a l l y ,  i f  the square were made i n t o  a t h i c k ,  
pressure-bearing steel p ipe ,  l e s s  s t e e l  wovld be requ i red ,  bu t  such 
pipe  would c o s t  S1.32lkg (60cI lb ) .  Therefore,  two concepts have 
emerged where s t e e l  con ta ins  p ressur ized  water i u  a c y c l i c a l  s t o r a g e  
mode and both  s t e e l  and water c o n t r i b u t e  t o  t h e  energy s t o r a g e ;  t h e  
t h i c k  square  p ipe  (@70c/kg, 32cI lb )  and the  t h i n n e r  c y l i n d r i c a l  p ipe  
(@$I .32/kg, 60cI lb ) .  

The o t h e r  technique proposed f o r  s tudy  was concre te  poured 
around p ressure  bea r ing  pipes .  The pipe m a t r i x  would resemble a s h e l l  
and tube h e a t  exchanger, except  t h e  p ipes  would be spaced every few 
inches.  To charge t h e  system with  h e a t ,  ho t  p ressur ized  water would 
flow through the pipes  and hea t  would d i f f u s e  i n t o  the  concrete .  
Energy is recovered by pass ing p ressur ized  co ld  water through t h e  same 
pipes .  The cold water d i s p l a c e s  the  hot  water a l r eady  s t o r e d  i n  the  
p ipes  and becomes heated by the  surrounding concrete .  Tube spacing 
determines system performance, but  thermal s t r e s s  a n a l y s i s  showed t h a t  
concre te  would even tua l ly  s e p a r a t e  from the  f l u i d  bea r ing  tubes ,  
causing very high thermal r e s i s t a n c e s  between the  concrete  and p ipes .  
This cond i t ion  would s e v e r e l y  impair  performance. For t h i s  reason,  
concre te  was d i s q u a l i f i e d  and replaced by comnon sand,  Secause wi th  
loose  sand no s t r e s s  could occur between the  s to rage  medium and 
p ressure  containment pipes.  Also, sand would be l e s s  expensive than 
concre te ,  both t o  procure and handle.  The sand would, however, 
r e q u i r e  come kind of containment s t r u c t u r e  o r  p i t ,  whereas the  
concre te  u n i t  is se l f -con ta in ing .  

Comparing the  th ree  candidate  concepts mentioned above ( t h e  
t h i c k  square  p ipe ,  c y l i n d r i c a l  p ipe ,  and sand and p ipe ) ,  it was found 
t h a t  f o r  a l a rge  system with  s e v e r a l  hours a v a i l a b l e  f o r  charging and 
d i scharg ing  ( a s  would be t h e  case  f o r  d a i l y  cyc le  i n  a power p l a n t )  
the  TES system cos t  divided by the  system i s a b l e  hea t  capac i ty  f o r  
both hollow s t e e l  approaches would be about $l4/kWhr-t. The sand-pipe 
system energy c o s t  is c l o s e r  t o  $2.60/kWhr-t. Therefore ,  the  s t e e l  
s to rage  concepts were abandoned and e f f o r t  was focused on the  sand- 
p ipe  TSU. 

A thermal a n a l y s i s  was conducted on the  sand-pipe s to rage  
conf igura t ion  t o  a s s e s s  approximate tube spacing requirements 
c o n s i s t e n t  with d i f f e r e n t  system performance requirements and a l s o  
a t t e n d a n t  s y s t e n  c o s t s .  From the  computer o u t p u t s ,  a s e r i e s  of 
performance curves were generated from which tube spacing versus  
performsnce informat ion was obta ined.  The curves served a s  inpu t s  f o r  
the  cos t  a n a l y s i s .  



SECTION I1 

SELECTION OF STORAGE CONCEPT 

Although two approaches were originally considered as attractive 
TES candidates, hollow eteel ingots and concrete poured around steel 
pipes, each underwent an evolutionary process forced either by 
economics or technical considerations. The evolution steps are 
described along with the rationale for various changes. 

A. HOLLOW STEEL INGOT 

The original steel-solid TES concept consisted of many long 
square cross-section steel ingots with axial holes to provide for heat 
transfer from a transport fluid. One of the potential advantages of 
steel-solid TES for the intended application is direct contact of the 
application fluid with the storage medium, obviating the need for 
intermediate heat transport fluids or heat exchangers. In addition if 
the storage medium can serve as containment for the transfer fluid, 
which is generally pressurized, the requirement for a separate 
container could be eliminated. These desirable attributes lead to the 
hollow steel ingot TES concept which is conceptualized in Figure 2.1. 
The TES system is comprised of many steel ingots, each with a hole in 
the axial direc-ion through which the pressurized water passes. Eac!~ 
ingot functions as a very thick wall pipe capable of high pressure 
containment. A subsystem of headers and control valves aliows the 
fluid to pass through the ingot bundle in a serpentine path which can 
be optimized by the operator. Such a stacked ingot system is depicted 
in Figure 2.1 which features ingots 18 m (60 ft) long with square 
front cross-section area of 0.092 sq m (one sq ft). The maximum 
length is chosen from the more limiting of two criteria: the maxim~im 
length of a suitable ingot which can be mill fabricated, and the 
maximum length which can be transported by rail or truck. 

It was orginally thought that the steel ingots with holes could 
be obtained at 33~Ikg (15~/lb) which would have provided a very cost 
attractive system. Thermal stress analysis indicated that the header 
attachment problem was not insurmountable. However, surveys of 
industrial suppliers of steel products revealed that the steel would 
cost more and, more significantly, producing a longitudinal hole would 
be a difficult and expensive process. 

A number of methods were investigated for producing the steel 
storage system ingots (0.3 m x 3.3 m x 18.3 m or 1 ft x I ft x 60 ft, 
plain carbon steel). The methods investigated were: (1) continuogsly 
casting the steel, then piercing a circular hois by drawing the bar 
around a mandrel, ( 2 )  "trepanning" a hole down the entire length, and 
( 3 )  centrifugally casting a large hollow-cored cyiinder and either hot 
or cold working into the rectilinear shape desired. 



STEEL INGOTS STACKED TO FORM THERMAL STORAGE SYSTEM 

(INSULATION, VALVES, WEATHERPROOFING, SENSORS AND 
OTHER MISCELLANEOUS ITEMS NOT SHOWN) 

Figure 2 . 1 .  Original Concept for Hollow Steel Ingot TSU 



Tbe continuous c rs t iug /p ie rc ing  operat ion vas  found t o  be 
i rpo r s ib l e  f o r  t h i s  appl icat ion.  Carbon steel can be continuously 
c a s t ,  but it is  done s o  t h a t  the  length is l imi ted  t o  about 6 a 
(20 f t ) .  Repiblic S tee l  ind ica tes  that t i e y  can c a s t  a 20 cm (8 i n )  
s q w r e  cross  sect ion,  but  t h i s  must be ro l l ed  down t o  a 10 ca (4 i n )  
square t o  have the  mechanical p r ~ p e r t i e s  of b i l l e t s  produced by o the r  
reans.  The piercing process is designed t o  produce semaless tubing. 
The bar  s tock t o  be pierced a u s t  be raund i n  c ross  sec t ion ,  s i nce  i t  
is car r ied  and ro ta ted  on rolle--s a s  t he  s tock is drawn around a 
piercing mandrel. The maximum wall thickness is  under 2.5 cm (1 i n )  
because t h e  metal must p l a s t i c a l l y  deform around the  mandrel. 

T r c p l a u i y  is a deep hoia  d r i l l i n g  operation tha t  can be done 
by many companies p rwid ing  the  length of  the workpiece does not 
exceed about 6 m (20 f t ) .  It was recomended t h a t  a "forging qual i ty"  
b i l l e t  be used (approximately 4 k / k g  = 2 1 ~ / l b )  vhich has  been stress 
rel ieved by annealing o r  normalizing. Defects i n  t he  steel a r e  
detrimental t o  t he  d r i l l i n g  operation. The ends of  t he  b i l l e t  must be 
faced i n  order  t o  f a c i l i t a t e  clamping and t o  r o v i d e  a s e a l  f o r  
pressurized o i l  which is used fo r  chip removal. Also, the  b i l l e t  
r i g h t  have t o  be s t ra ightened p r io r  t o  d r i l l i n g ,  depending on the  
dimensional tolerance of t he  b i l l e t .  A 6 m b i l l e t  could be d r i l l e d  
from both ends i f  a 3 m (118 i n )  mismatch of the  holes  a t  t he  cen te r  
is tolerable .  An estimate fo r  t h i s  work from rhe Clark and Wheeler 
Company i n  Cos Angeles was $2500 f ~ r  set-up charge and $625 per  6 m 
un i t  (6.25~11b). Other es t imates  ran  higher,  with t he  combined s t e e l  
and trepanning cos t s  estimated a t  around 90-llOc/kg (40-5CI~llb). 

Another idea pursued t o  ob ta in  the  necessary s t e e l  un i t  
configuration was t o  take round cen t r i fuga l ly  c a s t  steel pipe and r o l l  
it i n to  the cor rec t  shape. Pipe with 0.D.s of 35 cm t o  40 cm (14 i n  
o r  16 i n )  can be obtained, but t he re  is r e s t r i c t i o n  of the r a t i o  of 
the O.D. t o  t he  I . D .  induced by f ab r i ca t i on  techniques, so  t h a t  a 
mini- I.D. of about 15 cm (6 i n )  is ava i lab le .  I n  addi t ion ,  the 
hole must be bored t o  remove poor qua l i t y  s t e e l  deposited around the 
i n t e r i o r  wall ,  the  r e s u l t  of having t o  "feed metal'' a s  i t  s o l i d i f i e s .  
Cnder high temperature and pressure t h i s  metal could s c a l e  and 
contaminate the piping systen. A much more se r ious  dravback is t h a t  
the process of working the  c a s t  pipe i n t o  a square s ec t i on  is  not an 
establ ished procedure. Companies e x i s t  t h a t  can cold work the c a s t  
pipe, but the  pipe maintains a c i r c u i a r  cross sec t ion ,  Working the 
pipe i n t o  a square could conceivably be done but ,  because none of the 
companies contacted had done t h i s  previously,  they were r e luc t an t  t o  
supply cost  es t imates .  A s  a reference,  cen t r i fuga l ly  c a s t  p l a i n  
carbon s t e e l  pipe cos t s  about 90c/kg ( 4 0 ~ / 1 b )  with a 35 cm O.D. and 
15 cm I.D. 

The s t e e l  extrusion process, with a h3le punched out  around a 
mandrel, can be fabricated bv only one s t e e l  producer i n  the  United 
S t a t e s ,  Cameron Iron Company i n  Houston. Cameron s t a t e d  t ha t  such 
hallow s t e e l  ingots  would cost  approximatelv $1.30/kg ( 5 9 ~ 1 l b ) ;  t h i s  
assumes f u l l  shop load, maximum cumber of melts, no chemistry l i m i t ,  
and mass production. Because t h i s  appears t o  be the l e a s t  expensive 
way to  obtain a long s t e e l  ingot with ax i a l  hole ,  the concept 



illustrated in Figure 2.1 costs a minimum of $1.30/kg (59~/lb) for 
steel, or almost 4 tires more than originally expected. Transpor- 
tation in any case is likely to be 7.7~/kg (3.5cIlb) by rail. 

B- STEEL SANDWICH PZESSURE CONTAINING TSU 

An alternative to the hollow steel ingot is to form a "sandwich" 
consisting of two tbTck steel slabs which are spaced apart (bv perhaps 
2.5 cm) and welded at the edges by an electroslag welding technique 
(Figure 2.2). Pressurized water flows in the open channel between the 
two slabs, heating or cooling the steel, Steel billets of at least 
9000 kg (10 tons) can be fabricated on the West Coast, and billets of 
18000 kg (20 tons) can be made at larger mills in the East. The steel 
costs, for these larger sizes, are about 4kIkg (20c/lb) for plain 
carbon steel (33C/kg for smaller sizes). Shipping costs for the steel 
are about $65/ton (7.2~1kg). 

Welding massive steel plates can be accomplished by electroslag 
welding. The workpiece is held vertically and the weld is made from 
bottom to top. Heat is obtained from the resistance 01 current in an 
electrically conductive molten flux. Electrodes are continuously fed 
into a molten pool of slag which is formed between the pieces to be 
welded. The temperature of the molten pool is zufficient to melt the 
surfaces c5 the workpiece. Water cooled copper slides confine the 
molten metal and slag, and help to solidify the molten metal. The 
electrodes and slide move upward at a specified rate, thus forming a 
progressive weld. This process is capable of depositing 136 kg (300 
lb) of weld material per man-hour. If the welding were done on a 
prodiiction basis, it is possible that welding could be accomplished at 
23-45 &/man-hr (50-100 lblman-hr). Kaiser Steel indicated that rates 
can be computed at approximately $20/man-hr. Therefore, based ofi 23 
kglman-hr (50 lblman-hr), the welding would cost 88~lkg (40~11b) of 
dep,sited weld material. Parallel square rods would be welded to one 
slab, prior to joining the two slabs together, in order to hold them 
in place. This weldiag as well as the header welding could be 
accomplished by many U.S. installations. 

Several steel companies (u.s. Steel, Kaiser, Republic) were 
considered in order to get a specific breakdown of the billet coats. 
For a plain carbon steel billet the breakdown is as follows: 

Base Steel Price: approximately 33-35~/kg (15-16~/lb). This 
price appears to be consistent from one steel company to the 
next. 

"Process" charge: includes costs for specific thickness, width, 
length, qt~anr i ry ,  mechanical properties, etc. The estimates 
ranged from approximately 7,7~/kg (3.5c/lb) for a 30 cm 5y 30 cm 
by 7.6 a (1 ft x 1 ft x 25 ft) billet, to 11c/kg (5cIlb) for a 
20 cm by 120 cm by 8.5 m (8 in x 4 it x 28 ft) billet. 
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Shippi- charge: fo r  m order of 54060Ikg (60 tons) or rote, 
the  e s tu tes  raged fram 5.5cIk.g (2.5cIlb) fo r  steel shipped 
f r a  u l l s  located i n  the -stern region shipping t o  the West 
Coast, t o  approximately 8 .8~Ikg (bellb) f o r  a t e e l  #hipped from 
the  lkst t o  the West Coast. 

Tbe price of steel from foreign countries is generally lower 
than domestic steel. It appears tha t ,  on the West Coast, the  coat of  
Japanese steel is 7-10% lover than the cost  of d o w s t i c  steel, 
European steel is about 15% lover than d o w s t i c ,  and Korean and 
Taiwanese steel is about ir+ lower. The domestic, European, and 
Jap.bese steel a r e  of approximately the  8- quali ty,  while the  Korean 
and Taimnese steel i a  a0meuh.t lower in  quality. 

From the  above information, it appears tha t  f o r  the  sandwich 
approach i l l u s t r a t e d  in Figure 2.2, the  cost  of each ccapleted un i t  
w i l l  be about 7elk.g ( 3 2 ~ j l b ) .  There does not appear t o  be any 
disqualifying fabricat ion problems. S t ress  calculat ions shorred tha t ,  
for carjoa steel exposed to a m a s h  temperature of 371% 
(7000P1, the  s lab  thickness should be a t  l e a s t  15 a (6  i n )  f o r  an 
in te rna l  duct width of  50 a (20 in)  i n  order t o  avoid pressure- 
induced boving with 13790 Wa (2000 psia) pressure inside the 
channel. A1 thcugh the sandwich approach appears t o  be technically 
feas ib le  and cost two-thirds a s  much a s  the  hollow steel ingot, 
addit ional  invest igat ion showed tha t  other  geometries a r e  more cos t  
e f fec t ive ,  and so the sandwich concept evolved t o  the geometry 
described below. 

C*  Porra S U B  SQUARE AOllXHFSTEEL TSU 

The s t e e l  s l a b  sandwich with a emall spacing between the s l abs  
t o  allow pressurized f l w  (Figure 2.2) was modified t o  the square 
configuration depicted i n  Figure 2.3. The s labs  fo r  the  four s ides  
a r e  ident ica l  t o  those i n  the sandwich, but the addition of a large 
cent ra l  area which can contain pressurized water allows a s ign i f i can t  
reduction i n  c w t  of energy storage compared t o  the sandwich 
configuration, This is  because the l iquid water is  the transport  
medium and a l so  serves as part  of the storage medium; the water 
contains a s igni f icant  portion of the stored heat. Because the  water 
inventory is lw i n  cos t ,  the s t e e l  cost of the square ingot system is 
estimated t o  cost  67% of the sandvich configuration for  a given 
quantity of heat storage. Furthermore, thermal resistance in to  and 
out of the  s t e e l  is reduced, so the system w i l l  respond fas ter .  
Pressure drops should be considerably l e s s  due t o  the large flow 
cross-section. The e lec t ros lag  weld technique is ident ica l  fo r  e i t h e r  
the sandwich o r  hollow TSU, and the fabricated cost  of e i the r  approach 
is estimated a t  70c/kg (32cjlb). For a l l  of these reasons, the 
sandwich configuration i n  Figure 2.2 was abandoned in  favor of the 
hollow square configuration i n  Figure 2.3. A t  the end of each 
sect ion,  a formed header with square end narrows d m  t o  a small 
c i r cu la r  o r i f i c e ,  which allows for  water introduction and extract ion.  
Stacking individual un i t s  in to  a system used the same procedure a s  
previously described fo r  the sandwiches and s ingle  piece square ingots. 



SQUARE F L O W  PATH 
(PRESSURIZED HOT 
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NCTES: 

(1) THE DIMENSIONS ARE APPROPR!ATE FOR INTERNAL WATER 
PRESSURE OF 17,235 kPa (2500 psia) AND TEMPERATURE 3 F  343OC (650°F). 

I2) HEADERS WELDED TO ENDS CHANNEL FLOW DOWN TO A SMALL 
DIAMETER CYLINDRICAL PIPE SHAPE. 

(3) PRESSURIZED WATER INSIDE THE SQUARE FLOWPATH STORES A N  
APPRECIABLE AMOUNT OF THE THERMAL ENERGY. 

(4) ESTIMATED COST OF STEEL SYSTEM I S  70.54/kg (32~/lb), 
EXCLUSIVE OF HEADERS. 

Figure 2.3. Four Slab Square Hollow-Steel TSU 



D. THICK WALL PIPE CONTAINING WATER TSU 

The s l a b s  which form the  welded square configurat ion i n  Figure 
2.3 lust be :5 cm (6 i n )  th ick  i n  order  t o  a-loid outward bowing when 
13790 kPa (2000 ps i a )  pressure is  i n t e r n a l l y  contained. This suggests 
the  idea of using la rge  diameter th ick  pipes t o  contain water, because 
the  pipe thickness  can be smaller f o r  a c i r c u l a r  geometry than fo r  a 
square geometry. Also, it is r e l a t i v e l y  simple t o  design such a pipe 
t o  canform t o  loca l  pressure vesse l  c d e s ,  whereas a s i zeab le  s a f e t y  
fac tor  may have t o  3e introduced i f  the welded square cross-section 
configurat ion were selected.  The minimum wall  thickness equation f o r  
a cy l ind r i ca l  pressure vesse l  (ASHE Boiler  and Pressure Vessel Code) 
and the  pipe thickness equation (ANSI - Code fo r  Pressure piping) a r e  
ident ica l .  Therefore, the only code t h a t  needs t o  be s a t i s f i e d  is the 
ANSI code f o r  pressure piping. Calculat ions using the  pipe thickness 
equation t o  determine the minimum allowable thickness ind ica te  t h a t ,  
f o r  pressures  i n  the  13790 kPa (2000 ps i a )  range and temperatures l e s s  
than 343OC (6500P) f o r  carbon s t e e l  pipes,  the  minimum pipe 
thickness t o  outer  diameter r a t i o  is  about 1 : l O .  A 91 cm (36 i n )  O.D. 
pipe has a required minimum thickness of 9.1 cm. Because the  pipe is  
r e l a t i v e l y  t h i n  compared t o  the  square configurat ion of Figure 2.3, 
mst of t he  hea t  w i l l  be s tored i n  the  water r a the r  than i n  the  s t e e l ,  
so t he  response time f o r  hea t  input o r  ex t rac t ion  w i l l  be considerably 
f a s t e r  f o r  t he  c i r c u l a r  pipe. 

It appears t ha t  only s i x  s t e e l  m i l l s  i n  the  United S t a t e s  can 
make pipe over 61 cm (24 i n )  diameter. Babcock and Wilcox uses a 
piercing and drawing techclque, Cameron S t e e l  of Houston uses an 
extrusion technique, and Tower Iron Works uses the ro l l ed  and welded 
technique. The Babcock and Wilcox Band W process l ists a p r i ce  of 
$1.32/kg ( 6 0 ~ 1 l b )  based on pipes of A106 seamless carbon s t e e l  of 
6.7 m (22 f t  ) length, the longest they can poduce ,  ' with square ends. 
Ninety-one cm (36 i n )  O.D. is the l a rges t  i n  t h e i r  catalogue, and wall 
thicknesses a r e  ava i lab le  up t o  15.4 nominal cm (6.06 in ) .  Their 
pr ice  includes u l t rasonic  tes t ing .  Rolled ends, which reduce radius,  
would cos t  more. The cos t  of extruded pipe from Cameron is $1.30/kg 
( 5 9 ~ 1 l b ) ;  t h i s  i s  the m i l l  p r ice  without a middleman markup. The cos t  
of pipe g rea t e r  than 61 cm (2  f t )  diameter and meeting pressure codes 
is therefore  about $1.32/kg (60cIlb).  

E. SAND-PIPE TSU 

The o r ig ina l  TES study approach was t o  consider both the  hollow 
s t e e l  ingot and a l s o  concrete encased pipes. For the hollow s t e e l  
ingot,  i t  was f e l t  t ha t  the r e l a t i v e l y  high cost  s t e e l  would allow 
d i r e c t  contact  between the  t ranspor t  f l u id  (pressurized water) and the  
s torage medium ( s t e e l ) ,  while the high thermal d i f f u s i v i t y  of s t e e l  
would allow f o r  f a s t  system response. A t  the  other  end of the  cos t  
spectrum, fo r  the concrete encased pipes,  it was an t ic ipa ted  t h a t  
inexpensive s o l i d  (concrete) could serve a s  a s torage medium i f  the  
concrete volume were interpenetrated with pressure-containing pipes. 



The tube spacing and, thus,  system cos t  would be d i c t a t ed  by the 
required hea t  input  and ex t r ac t ion  r a t e s .  The concrete encased pipe 
approach underwent a p a r a l l e l  evolut ion t o  the s t e e l  approach, 
although the geoaetry did not change. 

A considerable amount of e f f o r t  was expended on the  concrete 
encased pipe approach, and i t  was found t h a t  concretes e x i s t  which can 
endure up t o  510°C (950°F). The cos t  of the  concrete would prob- 
ably be control led by t ranspor ta t ion  costs .  Although the  thermal 
expansion coe f f i c i en t s  of concrete and s t e e l  a r e  s imi l a r ,  a carefu l  
thermal stress ana lys is  showed t h a t  the  concrete  would separa te  from 
the  tubes due t o  thermal cycling. This tube separat ion would cause 
high thermal res i s tances  between the  concrete and pipes,  which would 
impair performance t o  an unacceptable extent.  During cooling, the  
s t e e l  pipe w i l l  tend t o  shr ink  p r io r  t o  t h e  concrete,  placing the  
concrete i n  tension. Concrete is very weak i n  tension,  although 
reasonably s t rong i n  compression. 

During heating, hoop stresses induced by the s t e e l  pipe 
expansion may give r i s e  t o  f a i l u r e  i n  the concrete due t o  shear  
s t r e s se s .  This disqual i fying f ea tu re  of concrete caused i ts  
abandonment f o r  t h i s  study. 

The way t o  overcome the s t r e s s  problem inherent i n  the  concrete 
s torage system is t o  s u b s t i t u t e  sand fo r  the  concrete (Figure 3.1, 
Section 111). With loose sand, s t r e s s e s  between the s torage medium 
and pressure containments do not appear. Due t o  thermal cycling, the  
sand w i l l  probably s e t t l e ,  thermal performance should improve a s  voids 
a r e  eliminated and the sand i s  more t i g h t l y  pressed aga ins t  the  pipes, 
reducing thermal res i s tance .  Sand s e t t l i n g  from the top would be 
f i l l e d  i n  with more sand. Also, sand i s  l e s s  expensive than concrete,  
both t o  procure and t o  handle. However, t he  sand requi res  some kind 
of containment s t ruc tu re  o r  p i t ,  whereas the  concrete u n i t  does not. 
The published thermal d i f f u s i v i t y  of sand is ha l f  t h a t  of concrete,  so 
a g rea t e r  tube densi ty  than f o r  concrete is required. The sand 
s torage medium is inexpensive, widely ava i lab le ,  probably 
non-degradable, nonflanraable, nontoxic, requi res  no pressure container  
and is safe .  The only adverse propert ies  appaar t o  be the low thermal 
d i f f u s i v i t y  and the requirement fo r  containsent.  A possible  
a l t e r n a t i v e  is t o  have encapsulated phase change mater ia l  u n i t s ,  
spheres o r  pipes, mixed i n  the  sand t o  increase the e f f e c t i v e  hea t  
capaci ty and reduce volume and pipe length. But such encapsulation 
approaches would a l t e r  the  bas ic  premise of very low storage medium 
cos t ,  and a s  such a r e  not considered fur ther  i n  t h i s  study. 

Because the sand-pipe TSU i s  described i n  d e t a i l  i n  Section 111, 
a system descr ip t ion  i s  not made here. The system performance i s  
described i n  Section I V ,  and the economic performance f o r  d i f f e r e n t  
conditions is considered i n  Section V. 



P. SELECTION OF TlIE APPROPRIATE TSU CONCEPT W R  IN-DEPTH ANALYSIS 

To chimse the "best" TSU from several  candidates depends upon 
the  appl ica t ion  and the t o t a l  system i n t o  which it is t o  be 
integrated.  The appl ica t ion  system considered here  is a la rge  steam 
paver plant ,  which can be t h e r u l l y  powered by conventional f o s s i l  
f ue l ,  a nuclear core o r  s o l a r  input.  It is assumed t h a t  pressurized 
water of t he  required quant i ty  is ava i lab le  both fo r  t r aa s fe r r ing  heat  
t o  and from the  TSU, and f o r  d i r e c t  storage. Therefore, t he  TSU muat 
be capable of  cantaining pressurized va t e r ,  p r o b ~ b l y  in  excess of 
14000 kPa (2000 ps i a )  pressure. Also, it is expected t h a t  the  l a rge  
TSU w i l l  funct ion i n  a da i ly  cycle ,  so a few hours of each day a r e  
ava i lab le  t o  charge the system from the  heat source, ac3 l a t e r  t h e  
system is discharged over a few hours t o  augrent the  hea t  source in  
producing power, perhaps by feedwater preheating, The condit ion f o r  a 
s o l a r  pover p l an t  is more severe than for  tbe conventicnal powr 
plant ,  because f o r  the s o l a r  power plant ,  the system mst be a b l e  t o  
d r ive  the  p r i r e  rover  w i t t a t  benef i t  of an ex terna l  guaranteed hea t  
source. I n  each case, it is assumed t h a t  pressurized l i qu id  water is  
ava i lab le  a t  315- t60O0~)  f o r  charging, and the  system can swing 
through a t o t a l  t e rpera ture  cyc l i c  excursion of 22Z°C (4009) .  

Of the  f i v e  concepts considered above, only three  need t o  be 
considered f o r  economic a t t r ac t iveness ,  f o r  reasons already 
described. Table 2.1 ca lcu la t ions  a r e  presented f o r  two systems, t he  
four-slab square of Figure 2.3 (System 1) and tSe la rge  th ick  pipe 
(system 2). The sand-pipe approach (System 3) is analyzed i n  d e t a i l  
i n  Section I V .  The econmic r e s u l t s ,  expressed i n  $kt&r-t and taken 
from Tables 4.1 (sect ion I V )  and 4.2 (Section IV) Is shown a t  t he  
bottom l i n e  of Table 2.1. Although i n  Table 2 - 1  the  weight of s t e e l  
is much g r e a t e r  i n  System 1 than fo r  System 2, t he  cos t  of each system 
is almost equal, due t o  lower s t e e l  cosr: fo r  t he  heavier  system. This 
appears t o  be coincidental  and is  due t o  prevai l ing s t e e l ,  processing, 
and labor r a t e s .  In  Table 2.1, per ipnerals  such a s  valving, headers, 
controls ,  insu la t ion ,  foundation, c tc . ,  a r e  not considered because the  
bulk of the cos t  w i l l  be fo r  t he  s t e e l  i t s e l f .  System 1 s t o r e s  59% of 
hea t  i n  the va t e r  and 41% must be t ransfer red  t o  and from the s t e e l ,  
whereas System 2 fea tures  a 34%/66X water/s tee1 hea t  s torage r a t io .  
Therefore, System 1 w i l l  provide a f a s t e r  system response than System 
2. It is s t ressed  tha t  t!le f l u i d  which t ranspor t s  and s t o r e s  the  hea t  
has an impact on the system economics. I f  o i l  were used instead of 
pressurized water, there would b e  addi t iona l  cosr f ac to r s ,  Heat 
exchangers would be necessary and hea t  capac i t i e s  would be d i f f e r e n t  
r e su l t i ng  i n  d i f f e r en t  system s i z e s ,  and cost  comparisons such a s  t h a t  
shown i n  Table 2.1. 

The most s ign i f i can t  r e s u l t  from Table 2.1 i s  the energy cos t  
($/!cUhr-t). For the considered condit ions,  Systems 1 and 2 cos t  about 
the same, $14/kWhr-t, whereas the  sand-pipe approach cos t s  about 
$3/kUhr-t. The r e s u l t  can be an t ic ipa ted  from Table 4.1 ( sec t ion  
IV). The $3/kUhr-t cost f c r  sand-pipe TSU considers the e n t i r e  system 
inc1.uding containment, cont ro ls ,  contigency, e t c .  This r e s u l t  is  not 
ccmple~ely  unexpected; i f  the la rge  pipe approach of System 1 had sand 



Table 2.1. Carparison of Candidate Conceptr 

N02e: A l l  physical parameters a r e  per l i n e a r  meter. 
Water pressur2 = 2000 p s i a  (13,788 kPa). 

Square Foot Thick Walled 
Piece Pipe Pipe  

Cocsidered Parameter System 1 System 2 
Sand-Pi pe 
System 3 

-- - - - - - - 

Volume of  steel 

Weight of steel 
(Ps = 7850 J E ~ / P ~ ~ )  

Eeat s to red  i n  steel 
(C = 0.28 Joules/gram 
d# = 222%) 

Volume of  water 

Weight of water 
(Pw = 913 kg/m3) 

Beat s tored i n  water 
(C = 2.6 Joules/gram 
df  = 222%) 

Heat s tored i n  system 

Percent of heat i n  
s tee l lwater  

Cost f o r  steel 

$4.22/103 ~ t u  = 
$14.4l/kWhr-t Approx $3/~-ifhr-t 

$4.00110 Btu = 
$13.66/kWhr-t 

Energy cos t  

NOTES 

System 1 i s  the four Slav square hollow s t e e l  TSU formed from four s l abs  ( f i l l e d  
with i n t e r i o r  water) (Figure 2.3). 

System 2 is  a 0.91 m ( 3  f t )  0.0. thick wall c i r cu l a r  pipe with wall thickness 8.9 cm 
(3.5 i n )  f i l l e d  with water. 

System 3 is  the sand-pipe (with water i n t e r i o r )  TSU, described and analyzed i n  
following sect ions.  



packed around the  ou te r  pipe diameter so  t h a t  the  low cos t  sand could 
p a r t i c i p a t e  i n  t he  hea t  s to rage  funct ion,  then the  system cos t  would 
na tu ra l l y  be reduced. However, a s  w i l l  be explained i n  Sect ion I V ,  
although the  sand system cos t s  l e s s ,  t he  penal ty  f o r  introducing sand 
is lowered system response because considerable time is  required for  
heat  t o  d i f f u s e  i n t o  and out  of the  sand, which is character ized by a 
l o w  thermal d i f f u s i v i t y .  I f  i~rmediate system response is not required 
i n  a l l  parka of the  TSU, a3 is the  case  where a 6 hour charge and 
discharge time may be necessary, then a lower cos t  system with 
appropriate  response may be su i tab le .  Therefore,  Systems 1 and 2 a r e  
r e j ec t ed  from fu r the r  considera t ion ,  and the  remainder of t h i s  study 
w i l l  descr ibe and analyze t he  sand-pipe TSU approach. 



SECTION I11 

THE SAND-PIPE THERMAL STORAGE UNIT 

In Section I1 the process was described which led to selection 
of the sand-pipe TES concept as the most cost efficient system from1 
among vsrious candidate approaches for storage. The considered 
application is storage in a large power plant with charge and 
discharge times measured in the several hour range. The approach 
makes use of sand and presscrized water as the storage medium, with 
pressure containing pipes buried within the sand volume. The pipe 
intensiveness is equivalent to a large heat exchanger area, so no heat 
exchanger is required between pressurized f l~id which flows within the 
pipes and the power cycle working fluid (pressurized steam or water). 
The storage transport fluid is identical vith the power plant working 
cycle fluid. The intention is to use an inexpensive and widely 
available storage medium (sand and water) and calculate that the cost 
will not be excessive for placing pressure pipes throughout the sand 
volume in order to input or extract the heat. It will be shown in 
Sections IV and V that this is equivalent to low energy-related costs 
with a relatively moderate power-related cost although sand 
containment and insulation costs are both energy related. As the 
system power-to-energy ratio requirement decreases, the concept 
becomes more attractive, because a lower pipe density is possible. 
The expected low operation and maintenance expense is a positive 
feature of the concept. 

The desirability of adding metal chips or spines to the sand was 
briefly considered. This would increase the thermal dif fusivity of 
the solid, which would allow increased tube spacing, and therefore 
dollar savings. But a preliminary calculation showed that a 50-50 mix 
of sand and steel chips would increase the sand thermal conductivity 
(and also the thermal diffusivity) by a factor of two, and the steel 
chips may be too costly. Therefore, in the interest of keeping the 
considered system simple, only sand is considred in this study. 

One possible design For the sand-pipe TSU is shown in Figure 
3.1. The sand, which is above ground and piled to a height consistent 
with the amount of heat storage desired, is retained on two sides by 
concrete walls, because concrete appears to offer the least costly 
method for such containment. The remaining two opposing walls are 
thin corrugated steel plates. The concrete-steel plate structure is 
above ground to provide pipe replacement capability. Holes in the 
steel plate are spaced to align hot water bearing pipes which pass 
through the sand volume. Header pipes are welded to the pipes just 
outside the steel retaining wall. Insulation on the top and sides 
reduces heat loss. Analyses in the next sections indicate that for 
the considered application pipe diameters should be about 8.9 cm 
(3.5 in), and spacing distances should be 20 to 25 cm (8 to 10 in). 
The design consists of two opposing corrugated sheet steel walls 3 mm 
(1/8 in) thick with holes punched on horizontal centers. The other 



Figure 3.1. Sand-Pipe Thermal Storage Unit Overall Configuration 
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two walls made of concrete are unspecified 8s to geometrical details 
due to their simplicity, and so the design concentrates on the steel 
retaining walls and their support structure. Load analysis based on 
maximum l- .ding moment indicates that columns must be placed 
 vertical*^ every 1.5 m (5 ft) to minimize outward bowing of the sheet 
steel. Because the horizontal pressure on the wall decreases linearly 
toward the top, alternate columns are designed shorter (6.6 m = 22 it) 
as compared to the longer beam columns ( 9  m = 30 ft, Figure 3.2). 
Utilizing fundamental stress analysis techniques, the section moduli 
(cross sectional shape and dimension) of the beam columns are 
calculated and designed. In addition, tie rods which connect the two 
steel walls together for beam support are designed considering the 
maximum applied force at the support points. There are 26 tie rods 
which restrain the two opposing steel walls from falling outward 
(Figure 3.2). The tie rods are, as the name implies: rods which tie 
two beams together on opposing walls for stabil.ity against the outward 
acting hydrostatic pressure of sand. In this sand-pipe thermal 
storage unit, the concrete walls stand by themselves, although tie 
rods could also provide increased stability. However, the steel-end 
wall structures including the column beams need support from within to 
prevent outward collapse. So the tie rods, which are essentially 
thick wires, penetrate the sand volume and tie opposing beam columns 
together to help support the steel wall structure. The tie rotis are 
as long as the distance between the two opposing metal walls and are 
spaced the same as beam column intervals. The tie rods are calculated 
to be 3.8 cm (1.5 in) in diameter to contain the sand pressure against 
the steel walls. The footing is calculated considering the ~ombined 
load of the I-beams, sheet steel, sand, and pipes. The footing is 
calculated to be 1.22 m (4 ft) wide and continuous throu3hout the wall 
span. 

A heat conduction calculation demonstrates the necessity for 
thermal insulation on the outside of the steel plates. If the heat 
leakage rate is limited through the insulation to be no more than 1X 
of the inputted heat rate, 15 cm (6 in) of mineral wood insulation 
thickness is found to be adequate. A telephone survey given to 
comnercial insulation vendors indicates there is a labor and material 
cost of $1410/m3 ($40/ft3) for mineral wood insulation and 
weatherproofing. The approximate cost for insulating the steel walls 
and headers and top is $228,060 for the design considered in Figure 
3.1. 

In the charging mode, hot pressurized water enters the TSU, and 
heat is transferred from hot water through the pipe wall where it 
diffuses through the sand volumes, heating the sand. In the heat 
extraction mode, cool pressurized water enters the hot system via the 
same tubes and displaces the hot fluid previously contained. In 
addition, heat is transferred by conduction from the sand through the 
pipe wall to the cool fluid. The fluid is heated and is discharged 
from the module. The pipes serpentine to allow long flow patis, and 
heat is stored both in the sand and the liquid transport fluid. 
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A l imi t ing  f ac to r  i n  t he  ex t r ac t i on  o r  input of t h e m 1  energy 
t o  o r  from the  s t a t i ona ry  sand-pipe TSC is the  low thermal d i f f u s i v i t y  
of the  s torage mater ia l ,  sand. This may mandate a high pipe densi ty ,  
which manifests a s  a r e l a t i v e l y  high pipe cos t .  Because t h e  c o s t  f o r  
t he  sand and accompanying concrete r e t a in ing  s t ruc tu re ,  including 
iosu la t ion ,  is l e s s  than the  cos t  of the  pipes,  t he  ove ra l l  system 
cost is s t rongly dependent upon tube spacing. P o w r  r e l a t ed  c o s t s  
dominate TSU cos t ,  primarily due t o  the  pipe expense. P o w r  r e l a t ed  
cos t  items include pipes and header system, cont ro ls ,  sensors,  and 
valves. Pumps and f i l t e r s  are not  considered here  as p a r t  of t h e  TSU 
expense because they a r e  a l ready present  requirements i n  any system. 
Bwever, purp work and pressure drop thrcagh t h e  TSU w i l l  be evaluated 
i n  subsequent ca lcu la t ions  because they a r e  v i t a l  f ac to r s  f o r  system 
in tegra t ion  and operat ional  cos t  assessment. The energy r e l a t e d  cos t s  
include sand, containment and instalation. A simple F i r s t  Law of 
Thermodyninics type ca lcu la t ion  i, general ly  s u f f i c i e n t  t o  size the  
sand volume, thus e s s e n t i a l l y  reso lv ing  the  sand and container  costs .  
However, a Second Law type thermal ana lys i s  is needed t o  evaluate  the  
m i n h  tube spacing or range of spacings which w i l l  s a t i s f y  the  power 
input and ex t rac t ion  requirements. For example, it may be des i red  
t h a t  the  t o t a l  energy from the  system be ex t rac ted  i n  s i x  hours, which 
would be cons is ten t  with one given tube spacing. A 9 hour cycle  would 
aSlow a grea te r  tube spacing and a less expensive system. The thermal 
aaa lys i s  (presented i n  Section I V  of t h i s  repor t )  w i l l  evaluate  t he  
time temperature h i s to ry  of the s torage  un i t  with given spec i f i ed  
geometrical parameters (i.e., pipe diameter and cen t e r l i ne  spacing 
between the pipes). A 6 hour cycle  is chosen here  a s  a convenient 
reference point. Th? temperature d i s t r i b u t i o n  a s  a function of time 
w i l l  ind ica te  whether the  cube spacing w i l l  s a t i s f y  +he 6 hour 
chargir,/discharging time; i f  not ,  o ther  s e t s  of geometrical da t a  
input w i l l  continue u n t i l  the  c r i t e r i a  is s a t i s f i e d .  The r e s u l t i n g  
tube spacing w i l l  then be used t o  determine the  cos t  of the  pipes and 
the  system. The thermal ana lys i s  w i l l  be described in  the  next 
sec t ion  and the cost  ana lys i s  i n  Sect ion V. 

I n  addi t ion  t o  the  cos t s  fo r  sand and pipes,  examination of 
Table 3.1 shows tha t  there  w i l l  be o ther  energy r e l a t ed  TSU cos t s .  
The two concrete re ta in ing  wal ls ,  the  two reinforced s t e e l  r e t a in ing  
walls with i n t e rna l  t ie  rods, and in su l a t i on  and weatherproofing must 
be ins ta l led .  Anticipat ing r e s u l t s  from Section I V ,  the system 
geometry indicated i n  Figure 3.1 (5100 m3 = 180,000 it3 of usefu l  
s torage volume) w i l l  s t o r e  355 MWhr-t fo r  a 8.9  cm (3.5 i n )  pipe with 
25 cm (10 i n )  of sand (Case 10 from Table 4.1, Sect ion IV) with 6 
hours of charging; fo r  8 hours the  system can s t o r e  398 MWhr-t. This 
would represent 49 flcwpaths i n  p a r a l l e l ,  each 1524 m (5000 f t )  long. 

In  Figure 3.1 tke area of s t e e l  wal ls ,  i n ~ l u d i n g  a 
mul t ip l ica i ion  fac tor  of two fo r  t h e  corrugation, is  669 m2 (7200 
f t 2 ) ,  arid for  3 um~ (1/8 i n )  th ick  wall the s t e e l  volume is 2.12 m3 
(75 cu i t ) ,  which weighs 17,000 kg (37,500 lb s ) .  The f ac to r  of two is 
probably too great  for  the corrugation cor rec t ion  but  ;s used here  t o  
be conservative (1.5 is probably more p rac t i ca l ) .  i t  aould cos t  



Table 3.1. TSU Capital Cost 

Pipe Diameter - 8.9 a (3.5 in); Pipe Spacing = 25 cm (10 in) 
Pipe and Sand Coat Taken f r a  Care 10 of Table 4.1 
Total Pipe Length here is 66 x 1524 r = 100,600 r (330,000 ft) 

Item 

-- - 

Type Cost Cost 
Percent of 
Sub-To ta 1 

Pipes and Headers Power Related ($20,100) (66) = 52.3 
$1,327,000 

Controls and Sensors* Pover Related -11 Ass- 
25% of 

Valves* Power Related Small Pipe Cost 
$332,000 13.1 

Pipe Spacers* Power Related small 

Power Related Sub-Cost = $1,659,000 65.4 

Sand Energy Belated ($2393) (66) = 
$158,000 

Steel and Concrete Energy Related $722,000 
Containrent, 
Insulation, and 
Weatherproofing 

Energy Related Sub-Cost = $ 880,000 34.6 

TSU SUB-TOTAL COST = $2,539,000 100 

Contingency (30% of Subtotal) = $ 762,000 

TSU TOTAL COST = $3,301,000 

*Because controls, sensors, valves and pipe spacers are system specific, 
a close estimate is not available for a general case. Tventy-five 
percent of pipe cost, or $331,000 provides a safe and conservative 
(high) approximation. 



about $2.2/kg ($l/lb? t o  purchase and ine ta l l  the s t ee l ,  80 the cost 
for  r t e e l  w a l l s  is $37,500. The to ta l  I-beam leugth is 433 (1420 
f t ) ,  and a t  37 kg/- (25 l b l f t )  the I-beams weigh 32,500 kg (71,000 
lb). A t  $2.2/Lg ($l/lb) for  ins ta l led cost ,  the I-bema cost 
$71,000. mere are 26 t ie  rods, each 30 r (100 f t )  long and 3.8 cm 
(1.5 in )  d i a c t e r .  There n i g b  7250 kg (15,950 lb), and a t  $2 .2 /b  
($l/lb) coat $16,000. The t o t a l  cost  for the t w  r t e e l  walls is 
$124,000, a s  m r i z e d  belw: 

Steel  Wall Breakdam 

Item Size or Wgnitude cost,  $ 

Corrugated 8 tee1 

Rein f orc ing I-Beams 

Tie Rods 
793 m = 7,250 kg 

16,000 
(2600 f t  = 16,000 l b )  

Cost f o r  Tvo S tee l  Walls 126,000 

Assume t h a t  the  concrete wall  is 1.3 m ( 5  f t )  wide a t  the b o t t o l ~  
and 61 cr (2 f t )  wide a t  the  top. Then, f o r  61 a (200 f t )  length the  
v o l w e  is 593 r3 (21,000 f t3) ,  and a t  150 l b / f t 3  f o r  concrete,  
the wall weight is 1 mi l l ion  kg (2.1 mi l l i on  lb) .  A t  22c/kg ( l & / l b )  
t o  build t he  concrete wall, it cos t s  $310,000. Note that although the 
cos t  for  s t e e l  wall  is around the same as t h a t  f o r  concrete wall per 
l i nea r  foot ,  the  concrete wall  requi res  l i - t le  o r  no insu la t ion  and 
weatherproofing, and so is l e s s  expensive than s t e e l  w a l l s .  The c o s t s  
fo r  sand containlent  and insu la t ion  a r e  s\merarized below: 

TSU Costs f o r  Sand Containment, 
Insu la t ion  and Weatherproofing and 

Geometry Dimensions 

Item Cost 

S tee l  Wall 
Concrete Wa 11 
Insula t ion  and 

Weatherproofing 

TOTAL $722,000 



The tabulation s h w s  that for the considered geometry the 
subtotal cost of the TSU components necessary for sand containment, 
insulation and weatherproofing arounts to around $722,000, with almost 
half required for insulation and weatherproofing. 

For the internal pipe and sand getmetry described by Case 10 of 
Table 4.1 (section IV), narely pipe d i m t e r  of 8.9 cm (3.5 in) and 
pipe spacing of 25 a (10 in), each 1524 m (5000 it) section can store 
5.67 MUhr-t of energy with 6 hours of charging for considered 
conditions. There are 66 such flow paths which would fit within the 
containment described in Figure 3.1. The costs of pumps, filters, PH 
control deaeration, etc. are not assessed against the TSU because they 
would already be part of the pwer plant. The costs of installed 
pipes and headers (fra Table 3.1) were obtained from a telephone 
survey of engineering construction firms. Because controls, sensors, 
valves and pipe spacers are very system specific, a close estimate is 
not available for a general case. Therefore, in Table 3.1, these 
item were assumed to have an installed cost of 25% of the pipe cost, 
or $331,000, which was to provide a safe and conservative (high) 
approximation. In Table 3.1, a "contingency factor" of 30% of the 
subtotal was added as an insurance that this cost estimation exercise 
is not ove~ly optimistic (on the l w  side). Part of the contingency 
figure might be used to provide spare parts stored on site for quick 
maintenance as necessary. 

From Table 3.1 the sand and pipe cost totals $1,485,000 and the 
total TS'J cost is estimated at $3,301,000. Therefore, 

TSU Total Cost = $3,301,000 = 2-22 
Pi;* and Sand Cost $1,485,000 

In Section IV, various pipe and sand costs will be estimated for 
different operational conditions and TSU system costs will be 
estimated by multiplying pipe and sand cost by 2.22. It is recognized 
that there is an econoaep to large scale, because the containment costs 
relate to exterior area; as a system gets larger, the volume increases 
faster then the area. However, using this factor should give a 
rezsonable estimate of the total TSU cost for the requirements of an 
engineering screening concept study. 

Various TSU economic parameters of interest are Cp (capital 
cost of power related equipment in $/kW), CE (Capital Cost of Energy 
related equipment in $/kWhr) and CT (total TSU capital cost in 
$/kW). The above quantities are related by 

where t is the rated TSU hours of storage capacity. To use the 
Equation 3.1, it is necessary to separate the total TSU system cost 
into power related items and energy related items. These parameters 
will be discussed in Section V. To calculate Cp, the percentage of 
the total TSU cost is needed which is spent for power related cost . 
For CE the fraction required for energy related costs is needed. 
From Table 3.1 before contingency, 65% of total TSU cost is power 
related and 35% ie energy related. Contingency will probably be 



directed more twards power related items than energy related items. 
Therefore, another rule of thumb which w i l l  be used in the estimate of 
the next section is that power related costs are double the costs of 
energy related costs (power costs = 213 of total; energy costs = 113 
of total 1, 



SECTION IV 

TEEICIIU ANALYSIS AND P!tELIMINAltY ECONOMICS 

Figure 4.1 shows some of the modeling assumptions employed in 
the thermal analysis. Adjacent tubes are staggered in a hexagonal 
arrangerent when viewed from the end, although for analytical 
purposes, the hexasonal zone of thermal influence is approximated by a 
cylindrical zone surrounding the pipe. The unsteady state heat 
conduction equation in cylindrical coordinates is used with the 
appropriate boundary conditions to evaluate the time/temperature 
distribution in the cylindrical section as a function of radial and 
axial distance. Axial (along the tube) conduction effects are 
neglected, as heat diffusion predominates in the radial direction. As 
the fluid roves along the pipe, it loses (or gains) heat to (or from) 
the surrounding sand. Thus, the fluid temperature decreases (or 
increases) fram its original input valve as the fluid moves along in 
the pipe. To account for this, a Firs: Lav calculation (a heat 
balance betueen the fluid and the solid) is made at short intervals to 
continually show the effects of decreasing fluid temperature. 
Equation 4.1 is the numerical analog solution to the transient heat 
conduction problem in the radial direction. The finite difference 
technique leading to Equation 4.1 is described in Appendix A. 

where, 

the superscripts refer to time step 

the subscripts refer to space step (radial) 

T = temperature, r = radial distance from axial centerline 

The geometry for this finite differencing scheme is shown in 
Figure 4.2. Equation 4.1 is used to generate the temperature 
distribution for a given radial location at each time step from 
previous time step infotmat ion and boundary conditions. Once the 
distribution is calculated, the revised fluid temperature is 
calculated from 

where Taxial is calculated from the heat balance on the axial 
element x for a time step t. The next axial element will then have 
the fluid runnins through it with a different temperature, which 
changes for every time step, and the process is repeated until the 
entire length of the storage unit is transversed. Some key parameters 
for the cylindrical section analyzed are shown in Figure 4.3. A 
crucial aspect of the thermal analysis is the application of 
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Figure 4 .2 .  F in i te  Difference Geometry 
(Cross-Sec t ion) 
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appropriate  boundary condit ions t o  the  considered problem. Consider 
the  f l u i d  r u ~ i n g  through the pipes. By convection, hea t  i s  
t ransfer red  from the  f l u i d  t o  the  pipe wall. The pipe, being 
r e l a t i v e l y  t h i n  and kaving a high thermal conductivity,  o f f e r s  a 
negl ig ib le  heat  t r ans fe r  r e s i s t ence  and is considered t o  be a t  a 
s ing le  wall temperature. Heat is  t ransfer red  v i t h i n  the  sand by 
conduction. The pressure of the  sand aga ins t  the pipes promotes hea t  
t r ans fe r  between sand and pipes a t  the  in te r face .  

The boundary condition which r e l a t ed  t o  zero f lux  a t  the outer  
wall  (system symet ry )  is 

y T  = 0 where b = thermal inf luence radius 
Y7 r r b  

which can be represented simply a s  

The i n i t i a l  condition necessary fo r  the bounding of the  d i f f e r e n t i a l  
equation is 

T (time zero) = F(X) (4.3) 

I n  the computer runs, F(x) was taken t o  be zero, corresponding t o  a 
system i n i t i a l l y  a t  a t o t a l  discharge s t a t e .  

By formulating the problem so  t h a t  Equation 4.1 can be used, 
which places a r e s t r i c t i o n  on the value of the time s tep ,  i t  is 
possible  t o  ca l cu la t e  a l l  temperatures f o r  t he  next time s t e p  from 
those of the  present time s tep ,  except f o r  the sur face  temperature 

Tl ;  the new temperature a t  r = b is determined from Equation 4.2. 
The d i f fe rence  between old and new temperatures i s  a measure of hea t  
which has conducted i n t o  the so l id  during a considered time s t e p  a t  a 
given a x i a l  location. Thus, the hea t  which has been conducted i n  is 
known, except f o r  the  f i r s t  r a d i a l  element which has the unknown 
surface temperature T1. T1 is r e l a t ed  t o  Tfluid a t  t ha t  
loca t ion  and f o r  the  next time s t e p  both a r e  unknown, although they 
a r e  mathematically r e l a t ed  and can be solved simultaneously. The heat 
s tored i n  a cy l ind r i ca l  element a t  any considered time is 

'fr 2 New + TNew - Old - 
Q m - P  C 2 sand p sand A x i s 1  ('i+l i *i+l i 

(4.4) 

where the subscripted var iab les  can be recognized by inspection of 
Figure 4.3. The conduction heat r a t e  i n  Equation 4.4 is equated t o  
f l u i d  heat l o s t  during the time s;ep. 



Volume heat-capacity average integrated temperatures were 
calculated for the solid, and also for the solid plus the flowing 
fluid to indicate the state of the charge of the system. Rather than 
defining a criterion such as the t h e  required to have location (r,x) 
be at a tcrperature T(r,x) = 0.5 (nondimensional temperature where 1.0 
is the maximum temperature), a single voluretric heat capacity 
weighted temperature which represents the entire storage unit was 
fouad to be more useful. Appendix B gives the details of the 
derivation. The result is 

2 C 
"sand + P  ( B ~  - A ) 'sand s water A2 T 

f =  Pwater water 

2 2 C 2 C 
( - A a n d  Psand + A Pwater 'water 

where 

A = pipe radius 

B = sand eqh1.1 altnt thermal influence radius 

P = density 

Cp = heat capacity 

with Ts defined as 

where 

TI = temperature at points within solid 

r1 = radii 

- 
Ts = volume weighted average solid temperature 

Ar = radial space step; all r are equal 

A. COMPUTER CODE 

The thermal analysis described above was coded in FORTRAN and 
exercised on a digital computer for input parameters of interast. The 
listing is given as Appendix C. The variable names for the inputs are 
documented in the connnents to the code as part of Appendix C. The 
code will briefly be described here. After inputting the solid and 
fluid properties and inputting the physical geometry and fluid flow 
conditions as well as the finite differencing parameters, internal 
constants are calculated and the temperature arrays are initialized. 



Then, for each time step the radial temperature distribution is 
calculated along with the heat transferred, fluid temperature drop, 
and total heat to system transferred since time zero. The volumetric 
heat capacity weighted tempera~u;es are also calculated in the main 
loop for each time step. The program continues until a specified time 
limit (which orginally inputted) is reached. At each time step the 
temperature distribution and the volume weighted temperatures are 
printed. 

The computer code was checked for correctness and accuracy by 
comparing the temperature output distribution with a Schmidt plot 
(graphical heat transfer conduct ion analysis ) for the constant 
temperature fluid boundary case. A check through of about thirty time 
steps showed agreement between the plot and the program output. The 
first axial space grid, which always "sees" a constant fluid 
temperature, checked with the appropriate transient conduction 
solution given in the literature. 

B. THERMAL ANALYSIS RESULTS 

The results of the thermal analysis are now described for a sand 
heat storage system. For purposes of generality and ease of 
discussion, an excess temperature difference ratio T is generally used 
instead of the actual temperature; thus 

Temp - 
T = 

Tmin - 
Tmax Tmin 

where 

T = excess temperature difference ratio 05 T s 1 .O 

Temp = local temperature at a given location and time (OF) 

Tmin = mirrlmi~r. possible system temperature corresponding to 
discharced state (OF) 

Tma, = maximum temperature of charging fluid, and so maximum 
potential system charge temperature (OF) 

The advantage of using T instead of Temp to describe local 
conditions is that T can only vary between zero and unity, which 
allows easier presentation of results. Hereafter, T is referred to as 
II temperature" unless otherwise specified. The analysis considers in 

every case the Initial condition where the entire sand-pipe system is 
in a state of total discharge (T = 0 everywhere). At time equal to 
zero, pressurized hot water enters the system at location x = 0, 
displacing cold water, and allowing heat to conduct into the sand. 
~em~erature-time histories for different tube diameter and tube 
spacing conditions are plotted against axial locations. The 



volume-weighted average solid temperature at each axial point is 
computed along with the fluid temperature distribution. A system 
state of charge is also defined as the arithmetic average temperature 
of the volume weighted temperatures at all axial locations. This 
state of charge parameter is used along with fluid distribution to 
determine which candidate systems (in terms of pipe diameter and 
centerline spacing) have better technical and economic performance 
potential relative to each other for various requirements. 
The curves presented below could just as well refer to a discharging 
system, origi~lally at T = 1 everywhere (through which fluid flows at 
incoming temperature T = 0) by inverting the temperature scale in the 
figures (i.e., replacing T = 0 by T = 1, and 1 = 1 by T = 0). 

The physical and system properties used in the computer analysis 
are listed below: 

TWter in = 31!i°C (600°~), the inlet water temperature 

Tinitial = 93OC (200°F), the initial solid temperature 

iluid Density = 913 kg/m3 (57 lb/ft3) 

Fluid Specific Beat = 4.61 kJ/kg°C (1.1 ~tullb-OF) 

Fluid viscosity = 1.875 x 10'~ kg/m-sec (1.26 x loo6 lb/ft-sec) 

Solid (sand) density = 160 kg/m3 (100 lblft3) 

Solid Thermal Conductivity = 0.346 w/m-OC (0.20 Btulhr-it-OF) 

Solid Thermal Diffusivity = 9.29 x !.o'~ m2/hr (0.01 ft*/hr) 

It is recognized that fl~id properties change as the pressure on 
the fluid increases. The specific heat of water in particular 
increases as the pressure increases. The intention of having 222OC 
(400Q) maximum temperature drop is to estimate absolute heat input 
rates for a given system. Also, the maximum water temperature could 
increase to abwe 31S°C (600°F) by increasing the pressure. 
Furthermore, there is no restriction to using water inside the 
pressurized pipes; steam could.condense to provide the heat at a near 
constant elevated temperature if this were attractive from systemical 
considerations. Because :;.e total storage system charge potential is 
proportional to the overall temperature swing potential, if a 
difference greater that 222OC (400°E') had been considered, then 
the system economics which will be described below would have been 
proportionally improved and vice versa. The calculations and results 
describe one way that the sand and water storage device could work, 
and assumptions tended to be conservative (leading to a less 
advantageous economic result). Other charge and discharge strategies 
might lead to improved economic performance over that indicated by 
passing pressurized water through the system and arbitrarily setting a 
222% (4000~) temperature swing potential. 



The difference between the  systems considered here a r i s e  from 
di f fe rences  i n  tube diameter and tube cen te r l i ne  spacing. A s  
expected, a la rger  pipe cos ts  more tha t  a smaller pipe, but contains 
mote water and provides more heat  t r ans fe r  surface. Also, f o r  a given 
tube diameter, g rea te r  dis tdnce between tube center l ines  (see Figure 
4.1) r e s u l t s  i n  longer charge times and more s luggish system response, 
but lower system cos t .  Table 4.1 ind ica tes  the parametric analysis  
t h a t  was done f o r  ten cases a t  flow ve loc i ty  of 0.3 mlsec (1 fps)  
represent ing a range of tube outerr diameters 3.8 cm t o  8.9 cm (1.5 i n  
t o  3.5 i n )  and tube spacings 10 cm t o  25 cm (4 i n  t o  10 in ) .  Cases 11 
and 12 consider flow v e l o c i t i e s  of 0.9 mlsec (3  fp s )  and 3 mfsec (10 
fps ) ,  respect ively,  f o r  the Case 8 geometry. In  every case, a 100% 
charge would represent  a t o t a l  system cycled swing of 222OC 
(400°F) average temperature d i f fe rence  between a t o t a l l y  charged and 
dischargea condition. Table 4.1 a l s o  summarizes the  r e s u l t s  of the  
ca lcu la t ions ,  which w i l l  be described. 

The system s t a t e s  of charge versus time fo r  various conditions 
a r e  indicated i n  Figures 4.4 through 4.6, where i n  each case a flow 
length of 1530 m (5000 f t )  i s  considered, and a t o t a l  temperature 
swing of 222OC (400°E') would cons t i t u t e  a t o t a l l y  charged system. 
A t yp ica l  i n t e rp re t a t ion  is afforded by considerat ion of Figure 4.4, 
which fea tures  a pipe outer  diameter of 3.8 cm (1.5 i n )  and pipe 
cen te r l i ne  spacings of 10 cm, 15 cm, and 20 cm (4 i n ,  6 i n ,  and 8 
in) .  Af te r  8 h ~ u r s  (480 minutes) of chargine the 1530 m (5000 f t )  
long system, i n i t i a l l y  a t  temperature T = 0 but heated by pressurized 
water a t  T = 1, the 10 cm (4 i n )  spaced system (Case 1) has a t ta ined  a 
100% charge while the 15 cm (6 i n )  spaced system (Case 2 has a 75.5% 
charge and the 20 cm (8 i n )  spaced system (Case 3)  has accepted only 
50% of i ts  maximum possible  charge. The t o t a l  energy po ten t i a l  charge 
i n  PiUhr-t fo r  each curve i s  id ica ted  i n  parentheses by each curve. 
For a cy l indr ica l  water column with diameter 3.8 cm and length 1530 m, 
pressurized t o  13.8 MPa o r  13,790 kPa (2000 psia) ,  changing the 
temperature 222OC ( 4 0 0 9 )  s to re s  around 0.44 MWhr-t of hea t ,  and 
t h i s  value i s  common t o  each of the  three  cvrves i n  Figure 4.4 (Cases 
1, 2, and 3 i n  Table 4.1). For the 10 cm (4 i n )  sand annulus, an 
additiotlal  0.88 MWhr-t can be s tored ,  bringing the t o t a l  s ta rage  
po ten t i a l  t o  1.32 Mr-t  a s  indicated i n  parentheses by the Do = 10 
cm (4 i n )  curve i n  Figure 1.4. Larger sand annuli  na tu ra l ly  have 
g rea t e r  heat capacity,  r e su l t i ng  in  a l e s s  expensive system. However, 
Figure '+.4 c l ea r ly  shows t h a t  the l a rge r  tube spacing i l s t ances  a t e  
associated with longer times t o  achieve charging, and so some 
t radeoffs  of technical  e f f ic iency  versus d o l l a r  ir.vestment become 
obvious. 

I f  an i n f i n i t e  amount of time i s  ava i lab le  t o  charge a system 
with a pipe diameter of 3.8 cm (1.5 i n ) ,  then nearly twice a s  much 
pipe length (ac tua l ly  2.578/1.324 = 1.95 times a s  much) would have t o  
be provided ; ~ r  the 10 cm (4 i n )  spacing case (Case 1 )  a s  fo r  the 15 
cm (6  i n )  case (Case 2 )  t o  s t o r e  a given quant i ty  of heat.  Because 
the  majori ty  of the TSU system cos t  is f o r  the pipes (as  is shown i n  
Table 4.11, one might expect the  c loser  spaced system t o  cost  
approximately twice a s  a s h .  However, i f  therc i s  is :suff ic ie~rt  time 
for  the system t o  accept 100% charge, then the system chargeabi l i ty  



Do B Q t o t a l  
Spacing V Heat S to rab le  QF Heat S to rab le  P 

D i l k t m e n  F l d d  Vel. i n  Sand Heat S to rab le  i n  TSU System X Heat I n s  
Tube Dia. Tuber i n  Tuber kWhr-t i n  F lu id  $/kWhr-t Storable  i n  C 

Care em ( i n )  em ( i n )  d m e c  ( f p a )  ( ~ t u / l 0 ~ )  kUhr-t ( ~ t u / l 0 ~ )  kUhr-t (Btu x lo6) Sand 

3 128 60% $13, 
(10.67; I 

**TSU system c o s t  1s 2 . 2 2  tlmes pipe an 
***Energy Cost Ra t io  ( C E )  = 113 ( 7 5 ~  sys 

See Sect ion 111 f o r  d i s c u s s ~ o ~ ,  of  113 

*3.8 cm (1.5 i n )  i n s t a l l e d  pipe c o s t s  $5.021111 ($1 .53 / f t j  
6.35 cm (2.5  i n )  insLalleG pipe c c s t s  S8.60/m ( $ 8 . 6 2 / f t 1  
8.9 cm (3.5 i n )  ! , s ta l led pipe cost9  $13.19/m ($4 .02 / f t )  



Pipe $/kUhr-t 
Iastalied* S a d  Cost Pipe rad System Cost if 
cO#t e ZO/- S a d  Cost Coat* looz % Charge $/~Yhr-t 
5 s ' $ $ Charge- 6hr. 6 hr 

- 
S 7,650 $ 375 $ 8,025 $17,816 C.49 9bZ 4.67 

$ 7,650 S 920 $ 8,570 $!9,025 2-46 62% 3.93 

S 7,650 $!, 664 $ 9,3X $20,721 1-61 b O X  4.03 

$!3,100 S 256 $13,366 529,673 5.28 100% 5.28 

$13,100 $ 811 $13,911 $30,882 3.29 97% 3.50 

$13,100 $1,575 $14.67: 532,579 2-14 7:: 3.15 

$13.100 $2,557 $15,657 $34,759 . -63 51 Z 3. LO 

S20,iOO $ dr8 S20,748 $&6,0b1 3.8i 100% 3.87 

S20,:OO $l,ki! S31.51 1 $47,754 2.77 30 2 3.08 

520,iOO $2,333 522,493 S*S .93i 2-10 7i.52 2-94  

S20,13C\ $1,41L $21.511 $7.75. :. i7 96.57, 2.87 

6.22 times pipe and sand cost (see Sect~on 111) 
ICE) = 113 (TSU System Cost)lHeat Storage Capability: 
' discus Lon of 113 factor. 

% Charge $:Lir-t 
8 hr 8 hr 

Table 4.1. Sand-Pipe TSU System, 
Parametric, Cost and Performance Data 









( s t a t e  of charge) must be taken in to  account. Generally, when 
comparing two s y s t ~  (carer)  which fea ture  the  a a c  tube diameter but 
d i f f e ren t  tube spacing, the r e l a t i v e  pipe leugths are  re la ted  by the 
fo l l a r ing  type re la t ioaship  

Pipe Length (Case 1 )  I (Q-~otal ,  2) ( X  Charge of 2) 
(4.7) Pipe Length (case 2 1  ZQ-~otal, 1) ( X  Charge of 1) 

The Equation 4.7 is the f i r s t  s t ep  t o  comparing system tube lengths 
and cos t s  fo r  d i f f e ren t  cases, and Figures 4.4, 4.5, and 4.6 a r e  
required t o  d e t e ~ n e  the percentage of charge a t  a given the. For 
example, exercising Equation 4.6 for  Cases 1 and 2 a t  an 8 hour charge 
cycle, the percentage charge of 1 is 1.00 and the percentage charge of 
2 is 0.755. From Table 4.1 the  Q-Total for  Case 1 is 1.324 MWhr-t, 
and for  Case 2 the  Q-Total is 2.578 Whr-t. Using Equation 4.7 fo r  an 
8 hour charge time is represented a s  follows 

P i p  Length (Case 1) _ (2.578) (0.755) 
Pipe Length (Case 2) (1.324) (1.000) 

which indicates ( tha t  fo r  an 8 hour charge period), 47% aore length 
(and therefare grea ter  cos t )  v i l l  be n e ~ e s s a r y  i f  a Case 1 
configuration is csed instead of Case 2. But t h i s  r e s u l t  and Equation 
4.7 a r e  both t h e  dependsat, f o r  i f  i n f i n i t e  t i m e  were allowed then 
the r a t i o  vould be 1.95, and i f  only three hours were available then 
the r a t i o  vould have been 1.03. The close spacing cases a r e  
a t t r a c t i v e  only when f a s t  response times are  required. When longer 
charge times a r e  available, the  advantages of close tube spacing a re  
l o s t  and these cases becare aore expensive. This is a general and 
expected resu l t ,  and i l l u s t r a t e s  why care -st be exercised i n  
se lec t ing  a given tube diameter and spacing for  a given application, 
because the optimal configuration t o  s a t i s f y  one system requirement 
l a y  be the wrong configuration for  another, The analyt ica l  arguments 
attendant fo r  Figure 4.4, for  the  3.8 cm (1.5 i n )  tube diameter, a lso  
apply for Figures 4.5 and 4.6 for  diameters of 6.3 cm (2.5 in)  and 8.9 
cm (3.5 i n ) ,  respectively. 

Another fundamental (and perhaps in tu i t ive ly  obvious) conclusion 
is tha t  a higher f lu id  veloci ty promotes a f a s t e r  charging r a t e ,  
evidenced in  Figure 4.7, because the mass and heat flow in to  the 
system is higher, The convective heat t ransfer  coefficient  is a l so  
increased by the higher velociry, but tha t  e f fec t  is secondary and 
w i l l  not be discussed. The convective heat t ransfer  coeff ic ient  
between the pressurized water and tube inner wall used i n  t h i s  
analysis is, h = 488 ca l /hr  em2 OC (1000 ~ t u / h r - f t ~ - ~ ~ ) .  
There a r e  two performance tradeoff considerations: 1) higher 
ve loci t ies  increase the r a t e  of system charge (Figure 4 - 7 1 ,  2) also a 
general increase i n  the pressure drop and associated pump work 
requirements, although i t  w i l l  be shown below that  pressure drops are  
not too severe for  water ve loci t ies  l e s s  than 3 m/sec (10 fps).  





From a system bas i s ,  the t o t a l  hea t  input t o  an i n i t i a l l y  
discharged system (T - 0 everywhere) can be measured by monitoring the  
instantaneous temperature d i f fe rence  between f l u i d  i n l e t  and o u t l e t  
temperatures. Thermal power input r e s u l t s  f o r  t e n  cases  considered i n  
Table 4.1 a r e  shown i n  Figures 4.8 ( for  D i  = 3.8 cm = 1.5 i n ) ,  4.9 
( f o r  D i  = 6.3 cla = 2.5 i n ) ,  and 4.10 ( fo r  D; = 8.9 cm = 3.5 in) .  
In  each case, the water e n t r y  ve loc i ty  is 0.3 m/sec ( 1  fp s ) ,  the  flow 
length is L = 1530 m (5000 f t ) ,  and the pipes a r e  i n i t i a l l y  f i l l e d  
with water a t  T = 0. A t  t i m e  zero, water a t  temperature T = 1 begins 
t o  displace the cold water a t  x = 0, and behind the advancing hot-cold 
f ront  (assumed t o  be sharp here)  heat begins t o  be t ransfer red  t o  t he  
sand, cooling the water. After  5000 sec (83 min), the advancing 
hot-cold f ron t  reaches the e x i t  sec t ion  a t  x = L = 1530 m (5000 f t ) ,  
and the temperature of the o u t l e t  water can begin t o  r i s e ,  provided 
a l l  of its heat has not been l o s t  t o  sand. Comparative inspect ion of  
Figures 4.8, 4.9 and 4.10 revea l  several  general trends. Generally, 
systems with smaller diameter pipes have a slower system response than 
those with la rger  pipe diameters fo r  a given tube spacing. This is 
because, f o r  a la rger  pipe, a l a rge r  f r ac t ion  of the heat  is s tored  i n  
water, r a t h e r  than sand, and so l e s s  heat  must be t ransfer red  t o  the 
sand. A t  the  same time, l a rge r  pipes f ea tu re  a g rea t e r  heat t r a n s f e r  
a rea ,  which promotes heat  exchange from f l u i d  t o  sand. Another 
expected r e s u l t  i s  t h a t  f o r  a given pipe diatneter, l a rge r  spacing 
inh ib i t s  charging r a t e  and therefore the system u t i l i z a t i o n  f ac to r  fo r  
a given charge time. In  the  three f igures  the heat r a t e s  a r e  based on 
a t o t a l  possible  temperature d i f fe rence  of 220°C (400°~) ,  and i f  
the temperature d i f fe rence  po ten t i a l  were changed, then the heat  f l u x  
vould be proportionately a l t e r ed .  The o u t l e t  f l u id  temperature and 
the heat f l ux  acceptance rates are important i n  determining t h e  
percentage of achieved system charge. 

Figures 4.8, 4.9 and 4.10 can a l s o  be used t o  determine the  
f l u i d  o u t l e t  temperature by using the ordinate  a t  the r igh t .  For the 
case vhere I. = 1530 m (5000 f t )  and V = 0.3 m/sec ( 1  fps) ,  it i s  
apparent t h a t  the f l u i d  o u t l e t  temperature w i l l  be zero up t o  83.3 min 
(5000 sec )  and t h a t  the system heat r e t en t ion  r a t e  is a l s o  constant  a t  
some maximum level .  m e r e f o r e ,  the f l u id  o u t l e t  temperature ord ina te  
is inverted i n  magnitude, with zero corresponding t o  maximum heat  r a t e  
and  fluid) = 1 corresponding t o  zero thermal paver retent ion.  

Figure 4.11 shows the  impact of ve loc i ty  on the heat charge r a t e  
and a l so  on f l u i d  o u t l e t  temperature for  a given configuration. For a 
given flow length, higher water ve loc i ty  is  associated with f a s t e r  
system response, namely f a s t e r  charging r a t e s  and increased f l u i d  
o u t l e t  tenperatures a t  ea r ly  times. Because increased f l u i d  ve loc i ty  
through a pipe increases  f r i c t i o n  pressure drop and pump work, the 
technical  performance improvement must be balanced aga ins t  increased 
pump work costs .  Also, because the same quant i ty  of hea t  is  s tored  
regardless  of ve loc i ty  and heat  acceptance r a t e ,  the a reas  under each 
of the three curves i n  Figure 4.11 a re  a l l  equal. 
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The p rac t i ca l  problem of s e l ec t i ng  a s u i t a b l e  geometry ( tube 
diameter and tube spacing within the  sand matr ix)  f o r  a given charge 
r a t e  acceptance requirement can be approached, but not  e n t i r e l y  
decided, by inspect ion of Figures 4.8 through 4.10 f o r  0.3 mlsec ( 1  
fps) .  Other s imi l a r  curves would have t o  be generated i f  v e l o c i t i e s  
other  than 0.3 mlsec (1  i p s )  were t o  be considered. For example, i f  
only 2 hours (120 min) were ava i l ab l e  f o r  system charging, then Case 4 
(Do = 10 cm = 4 i n  with D; = 63 cm = 2.5 i n ,  Figure 4.5) would be 
the  most l i k e l y  candidate from those considered. Figure 4.5 ind ica tes  
t h a t  t h i s  configurat ion accepts  about 90% of t o t a l  poss ib le  charge i n  
2 hours a t  a near s teady r a t e ,  and Table 4.1 ind ica tes  t h a t  fo r  
maximum charge only 34% of heat  is  s tored  i n  sand (with the  remainder 
of 66% i n  the water). Case 8, with Do = 15 cm (6  i n )  and D; = 8.9 
cm (3.5 i n ) ,  accepts  82% of t o t a l  charge i n  2 hours, and t h i s  might be 
a f a i r  a l t e r n a t i v e  t o  Case 4,  depending upon which case is most 
economically a t t r a c t i v e .  But i t  is c l e a r  t h a t  ne i t he r  Case 4 o r  8 i s  
appropriate  i f  we consider a 6 or  8 hour ava i lab le  charge period, 
because the capab i l i t y  of quick charge cannot ' ~ e  used t o  advantage. 
For longer charge times increased tube spacing is acceptable ,  and 
because system cos t  drops rap id ly  a s  tube spacing increases ,  t k i s  cos t  
d i f f e r e n t i a l  would be a dr iving c r i t e r i o n .  For 8 hour ava i l ab l e  
charge times we would be temp-ed t o  s e l e c t  the l e a s t  expensive 
configurat ion which achieves a t  l e a s t  80% of t o t a l  charge, but not 
100%. Thus, Case 5 ( ~ i  = 6.3 cm = 2.5 i n  and Do = 15 cm = 6 i n ) ,  
L = 1524 m (5000 f t )  on Figure 4.5 accepts  90% of possible  charge 
a f t e r  5 hours and f o r  the next 3 hours approaches asymptotically t o t a l  
charge, Case 5 might be acceptable f o r  5 hours but would be too cos t l y  
for  an 8 hour charge time. Case 6 (D; = 6.3 cm = 2.5 i n  and Do = 
20 c m  ,= 8 in)  accepts 80% charge i n  8 hours and would be l e s s  c o s t l y  
than Case 5. Also a t t r a c t i v e  i n  the  D i  = 8.9 cn (3.5 i n )  category 
might be Casd 9 (D, = 20 cm = 8 i n )  and Case 10 (Do = 25 cm = 10 
in) .  

Chargeabi l i ty  is one necessary tecl-aical c r i t e r i o n  fo r  
configurat ion se lec t ion .  A second f ac to r  is  favorable temperature 
d i s t r i b u t i o n  of heat  s tored i n  a system. Storage e f f i c i e n c i e s  a r e  
g r e a t e s t  when socie pa r t s  of the thermal s torage  un i t  a r e  hot and some 
are  cold because t h i s  represents  minimum degradation of heat input ted 
t o  s torage ,  and a l s o  provides the  condition fo r  which heat can be 
recovered a t  temperatures approximatjng input cortditions with 
at tendant  higher post-storage conversion e f f i c i enc i e s .  

The development of a x i a l  temperature p r o f i l e s  with time ( ~ i g u r e s  
4.12 through 4.16) f o r  candidate ccnfigurat ions is  usefu l  because they 
ind ica te  which par t  of a system i s  accepting heat and which is not. 
Although a somewhat a r b i t r a r y  reference length of 1530 m (5000 i t )  was 
chosen for  the computer simulation, the e f f e c t  of a sho r t e r  system 
flow length is  e a s i l y  determined from these f igures .  For an 8 hour 
charge period, the chargeabi l i ty  fo r  Case 10 (Di = 8.9 cm = 3.5 i n  
and DO = 25 cm = 10 i n )  i s  80% and fea tures  r e l a t i v e l y  constant 
thermal power r a t e  (E'igure 4.6) and the energy cos t  looks promising a t  
$2.63/kk%r-t  able 4.1). Let us analyze Case 10 i n  some d e t a i l .  The 
system average temperature (including average s o l i d  and f l u id  e f f e c t )  
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versus axial iocation at various t h e  intervals for Case 10 is 
indicated in Figure 4.12. Ram a practical system design basis, curve 
sets such as Figure 4.12 are useful because they inform us what parts 
of the system require continued exposure t3 charging fluid and which 
parts do not. For example, during the first 35 minutes in a11 system 
where fluid velocity is 0.3 d s e c  (1 fps), we vould close valves so 
only the first 510 r (2000 ft) or less of flowpath is exposed to the 
fluid, because pur,ping the cold water ahead of the advancing hot-cold 
vater front vculd net p r m t e  system charging and vould cost pressure 
drop and pumpwork. A striking feature of Figure 4.12 is the relative 
flatness of the temperature curves after 2 hours (120 ria). Even at 8 
hours (480 rin), the average system terperature at the inlet (x = 3) 
is 0.91, despite the fact that the vater temperature has beta at 1.0 
for the entire time (see Figure 4.13). This long charge t h e  is a 
consequence of r're l w  thermal diffusivity of the sand, dich means 
that a long tire is required for the heat to conduct into the sand. 
As shown in Table 4.1, 69% of the heat is stored in the sand for Case 
10 when fully charged, and the lav sand t h e ~ l  diffusivity manifests 
as long charge times which will be compensated from econaic 
considerations when long charge and discharge times are available. 

Figure 4.13 s h w s  the system average temperature versus ~osition 
for Case 9 (D; = 8.9 cm = 3.5 in, Do = 20 cm = 8 in). A sertes of 
corparisocs is obtained by corparing Pigure 4.13 to Figure 4.12 (for 
Case 10 with Di = 8.9 a = 3.5 in, DO = 25 a = 10 in). It is 
i d i a t e l y  obvious that the closer tube spacing case (Case 9) charges 
faster, as ve muld expect. Another very important feature of closer 
spacing is the increased separation of terperature during charging 
along the system length. For exmple, at tire 60 minutes, when the 
advancing hot-cold front fluid has reached 3600 it, Case 9 has a 
r a x h  and minimum dimensionless terperature of 0.70 and 0.08, 
whereas Case 10 has 0.50 and 0.06. At 120 minutes, the axial syster 
tenperatare gradient remains steeper for the closer spacing 
 andi it ion. This hot-cold separation is important  fro^ a storage 
standpoint because if heating were suddenly stopped at a given charge 
condition, the system temperature would oluilibrate to an intermediate 
level to that of the sand and water, vith resulting deterioration of 
heat availability. Then, when water flaw were reversed, the axial 
temperature separation would impact upon the fluid recovery 
temperature, thus, the higher the better. This advantage of heat 
separation achieved by closer tube spacing is bought by increased 
system cost, and so again the tradeoff between system perforrance and 
cost becomes obvious. If long charge and discharge times are 
available, the large tube spacings become practical land probably 
economically necessary 1. 

A comparison curve to Pigure 4.12 is Figure 4.14. And for Case 
10, Figure 4.14 plots the f;uid temperature (not -ystem locally 
averaged temperature) against axial position for Afferent times, and 
is useful for determining charge and discharge conditions from a 
system level. For example, although the fluid always enters the 
system at temperature T = 1, after 240 minutes (4 hr) its exit 



temperature is T = 0.68 at  flow length of 1463 m (4800 it), and 
increases with t h .  This u y  impact on the  source of heat  ( f o s s i l ,  
so lar ,  etc.), because fo r  the f i r s t  90 minutes the heat source could 
conceivably accept mter a t  temperature T = 0 and heat  it t o  
temperature T = 1. When the  r a t i o  ~f i n l e t  water terperature t o  the 
heat  source begins t o  rise, then conditions within the  heat  source 
system beeme time variable. Tbe f lu id  temperatures a t  flow length 
L = 1524 r (1000 f t )  f o r  d i f f e ren t  tiws, taken fram the  computer 
outputs o r  a l t e rna t ive ly  f r a  graph sets l i k e  Figure 4.14, provide the  
data  pa in ts  f o r  Figure 4.11, previously discussed. The e f fec t  of 
v a r y i q  the input f lu id  veloci ty can be e s t i u t e d  i n  Figure 4.14 by 
use of dimensionless p a r r c t e r  a and Po. I n  the  calculat ions,  a 
convective heat t ransfer  coefficient  h = 488 ~ a l / h r - c r ~ - ~ ~  (1000 
~ t u / h r - f t ~ o ~ )  was used a s  a precalculated input, because 
turbulent flow ins ide  a pipe h is re la t ive ly  insens i t ive  t o  veloci ty 
(h var ies  approximately a s  v0-*). Appendix D shows the derivation 
of  a dbens ion less  parameter 

and explains each symbol. In Figure 4.14, dimensionless A is used a s  
an a l t e rna t ive  abscissa t o  axia l  position ( f t ) .  X has the prac t ica l  
e f f e c t  of making a given graph independent of veloci ty V, s ince  V is  
contained i n  A. Therefore, i f  the A abscissa is used i n  Figure 4.14, 
then the  V = 0.3 d s e c  (1 ips)  r e s t r i c t i o n  i n  the t i t l e  should be 
disregarded. I f  Figure 4.14 is t o  be expressed i n  terms of 
d;wnsionless par-ters, then the  d k n s i o n l e s s  t i m e  would be the  
Fourier Ilodulus, Fo, based on pipe diameter D i ,  o r  

vhere 

Fo = Fourier Modulus (dimensionless) 

a = t h e m 1  d i f fus iv i ty  of sand (m2/hr) 

t = t i n e  (hr)  

D~ = pipe diameter (m) 

An attempt was made t o  generate universal graphs which would 
display the general case i n  terms of dimensionless parameters for  a l l  
geolletries and operating conditions, but comparisons with the cmputer  
outputs were i n  vain. Figure 4.1, l imited t o  fixed rad ia l  geometry, 
is the  most general type of graph which corre la tes  with the data. 
Figure 4.iS and 4.16, bath of which plot  f lu id  temperature against 
ax ia l  locations a t  various time in tervals  for  Cases 6 and 9, 



nspcctively, a n  t w  other configurations which right be considered 
for 6 or 8 hour storage. The effect of different geometries on fluid 
axial temperature distribution for different tires can be oboerwed by 
comparison of F i p n s  4.14, 4.15, and 4.16. 

In tetls of charging and dircharging* performance, generally the 
saallest tube spacing and largest pipe diameters are desirable, but 
both of these conditions results in larger cost, as the pipe density 
(pipes per voltme) is higher. Large spacing and mall pipes yield the 
least system cost, because the sand increases itr share of the heat 
stored and is far cheaper than the pipes, but the response perforrance 
decreases. Therefore, tradeoffs are necessary betueen cost and 
required performance. In designing a t h e m 1  storage system, a rapid 
charging or discharging rate may not alvays be necessary in certain 
applications (long-term storage, for example), and the designer may 
opt to select a system -rith slower chargeldischarge rate to reduce 
costs. Table 4.1 s l r i z e s  costs for the various system plus 
chargi-g performance data in the form of percent of charge at 6 and 8 
hours. Sir and 0 hour charge t k s  were arbitrarily chosen as a 
representative interest for a power plant vbich may have this amount 
of time to charge or discharge a thermal storage unit on a diurnal 
cycle. The system cost calculations presented in Table 4.1 includes 
the pipe installed cost (including welding and raterials, inspection, 
testing, etc.) and sand costs. Valves and controls were assured to be 
a mall cost, as was the containing structure. The present value of 
all future operation and maintenance costs are not considered in Table 
4.1. Appendix E presents a sample cost calculation and pipe 
installation cost tables which are used here. The general methodology 
is described below. 

In each case, a 1524 a (5000 ft length of pipe and surrounding 
sand are considered, the pipe being filled with pressurized water. 
From geometry and heat capacities it is possible to estimate how much 
heat will be contained by both the sand and water when each undergoes 
the maximum possible temperature swing. The total heat stored for 
1002 charge conditions is listed in Table 4.1, for sand alone, water 
alone, and the sum of the two which caaprises the system heat 
storage. The percent of heat storage in sand is also listed in Table 
4.1. Knowing the coat of 1524 m (5000 it) of pipe (from Appendix E) 
and the cost of sand at 2.2~/kg ($20/ton), the system cost is 
estiaated for 109% charge, subject to the assumptions previously 
discussed. In Table 4.1 the temperature swing was assumed to be 
222O~ (400°~) and averaged thermal and fluid properties were used 
for the water. For example, if the average input temperature is 
3150C (600°~) and output is 93OC (200°F), then properties were 
evaluated at 205% (400°F). The pipe installation and material 
costs were obtained from a survey of major contractor engineering 
firms. Sand costs were assumed to be 2.2~/kg ($20/ton) based upon 
freight bulk carrying charges. This figure is judged to be 
conservatively high, and there are indications of a low cost of 
0.2c/kg ($2/ton) Cor concrete grade sand if transportation is provided 
by the customer. H~wever, sand costs are generally a small portion of 
the tot31 system cost for every ?ase in Table 4.1 even assming sand 



a t  2.2$/kg ($2O/ton). The pipe i n s t a l l e d  cos t  d a i n a t e s  the system 
cost.  Therefore, having determined the  pipe and aand cos t ,  and the  
system cos t  (which is obtained by multiplying the  pipe and sand cos t  
by 2.22 a s  discussed i n  Section 31, the t o t a l  TSU c a p i t a l  cos t  is 
estimated. F r a  these data ,  the  system cos t  is divided by the  t o t a l  
hea t  capaci ty (kUhr-t) and again by 3.0, a s  discussed i n  Section 111, 
t o  obtain the  system energy s torage  cos t  es t imate f o r  100% charge 
(Table 4.1). 

However, a s  is apparent from the thermal ana lys is ,  the  charging 
(and discharging) of  the  sand thermal s torage u n i t  is a dynamic 
operation, and a system may not  be ab le  t o  accept its t o t a l  possible  
charge i n  a given length of t i m e .  A system which receives l e s s  than 
100% of its possible  charge during a cycle  has an unused capabi l i ty ,  
and t h i s  must be considered i n  t he  cos t  analysis .  The cos t ing  
technique appl ied t o  System 10 i n  Table 4.1, fea tures  1524 m (5000 f t )  
of 8.9 cm (3.5 i n )  O.D. tubing- and a 25 cm (10 i n )  tubing spacing. 
The pipe cos t  $20,100 and the  sand cos t  $2393, so  the sub to t a l  TSU 
cos t  is $22,493, and the  t o t a l  TSU cos t  is mul t ip l ied  by 2.22 t o  t o t a l  
$49,934. For a f u l l y  charged system, 69% of hea t  vould be s tored  i n  
t he  sand and the remaining 31% i n  water (neglect  pipe hea t  capaci ty?.  
Since the system contains 7926 ldJhr-t with a temperature swing of 
204"~ (4000F) when 100% charged, the  energy cos t  f o r  a 100% 
charged system vould be 

Assuming f l w  paths of 1524 m (5000 i t )  a f t e r  6 h o ~ r s  of charging, t h e  
percent charge is only 71.5% of maximua possible  (see Figure 4.6 and 
Table 4.1). Therefore, instead of s t o r i n g  the  f u l l  7926 kWhr-t of 
energy, the system has only been ab le  t o  absorb 5667 kWhr-t, and the 
energy ?>nit  s torage cos t  f o r  t h i s  condition is 113 ($49,93415667 
kWhr-t) = $2.94/kWhr-t, which value i s  reported i n  Table 4.1 f o r  6 
hours of charge time. I f  we allow 8 hours f o r  the same system t o  
charge, then the  energy un i t  s torage cos t s  drops t o  $2,62/kWhr-t, 
because 80% of the  system becomes charged (reported i n  Table 4.1). 
The point is tha t  energy uni t  s torage cos t  is dependent upon the 
operating condit ions,  which involve r a t e s  and Second Law of 
Thermodynamics considerat ions,  and not only on s t a t i c  F i r s t  Law 
calculat ions.  Otherwise s t a t ed ,  i t  is not possible  t o  predict  which 
of a s e t  of possible  system configurat ions w i l l  provide the lowest 
energy cos t  by ca lcu la t ion  of hea t  capac i t ies  only, unless an i n f i n i t e  
time i~ avai lab le  fo r  each half-cycle. In  Case 4 (Table 4.1 end 
Figure 4.5) (Di = 6.35 cm = 2.5 i n ,  Do = 10 cm = 4 i n ) ,  6 hours 
cons t i t u t e s  an " i n f i n i t e  time," because a f t e r  4 hours the Case 4 
system i s  100% charged. 

The system energy cos t  ($/kWhr-t) fo r  100% charging and limited 
time (6 and 8 h r )  charging previously doscribed and reported i n  Table 
4.1 i s  a s t raightforward and unambiguous calculat ion.  Although the 
energy cos t  is important, i t  i s  only one of two s ign i f i can t  cos t  
indicators  which character ize a system. The other  cos t  c r i t e r i o n  i s  
system power cos t  ($/kW-t), and f o r  the considered sand and water 



system which features variable pwer ra tes ,  t h i s  power cost  is open t o  
saw interpretat ion.  Generally the  system i n i t i a l  power cost  is 
determined by dividing the TSU syatem power re la ted  coats by rated 
system power. The system cost ,  with l imitat ions defined above, f o r  
each configuration is l i s t e d  i n  Table 4.1; fo r  Case 10 it is $49,934 
fo r  a 1524 m (5000 f t )  length. The maximum system power input r a t e  
for  assumed conditions depends on the veloci ty of water and tube 
diameter, and water temperature swing. This is the same for  a l l  
configurations with a given tube diameter; fo r  Cases 8, 9 and 10 it is 
1767 kW-t fo r  water veloci ty of 0.3 m/sec ( 1  fps)  (see Table 4.2). 
For these conditions the system power cost is 

TSU Power Related Cost Ratio (Cp) (Maximum Power Rate) = 

Power Related Cost ($1 
M a x h  Power Capability (KV-~S 

Using Equation 4.8, the System Power Cost fo r  Maximum Power Condition 
for  Caae 10 is (2/3) ($49,934/1767 kW-t) = $18.84/kW-t. But 
increasing the water veloci ty would increase the maximum pover input 
and thus proportionately decrease the  System Pover Cost. Thus, for  
Case 12 (same tube diameter a s  Case 10 but with water veloci ty 3 m/sec 
(10 fps) the m a x i m  power would be 10 times grea ter  and the Power 
Cost would be 10 times less ,  o r  $1.88/kW-t. Although Case 12 ( 3  d s e c )  
(10 fpsf has a lw apparent power cost ,  i t  i s  apparent from Figure 
4.11 tha t  the high power capabi l i ty  can only be sustained for  1524 r, 
3 mjsec (5000 f t / lO fps) = 500 sec o r  8.3 min, a f t e r  vhich the  power 
capabi l i ty  pluslllets. Furthermore, it is apparent tha t  the sand 
packing does not influence the maximum power rat ing.  When water i s  
introduced in to  a TSU which has stood dormant for  auhile, the e x i t  
water is uniform a t  the saturated TSU temperature fo r  the time i t  
takes the introduced water alone t o  reappear a t  the other end. Thus, 
Equation 4.8 c l ea r ly  has a major deficiency which d isqual i f ies  it from 
applicat ion when wide variat ions of power can occux- during a given 
cycle. Note t h a t  these problems were secondary when we considered 
energy cost ,  becuase the energy capacity is an i n t r i n s i c  property of 
the considered configuration. Dynamic and t rans ient  e f fec t s  appeared 
on a small sca le  when l e s s  than 100% charging was considered, but 
there was no impact on the System Energy Cost order of magnitude. It 
is c lea r  that  costing the sand-pipe thermal energy storage system on 
an energy basis  is  primarily a F i r s t  Law of Thermodynamics problem and 
re la t ive ly  unambiguous. Costing per unit  power involves the Second 
Law and is open t o  interpretat ion.  

It is c lea r  that  any cost  per unit power c r i t e r ion  should 
include both the water and sand elements of the system and include a 
s igni f icant  duration of a charging or  dischargine cycle. The device 
adopted here is t o  consider the amount of time a given system requires 
t o  achieve 80% of maximum charge and then t o  divide 80% of the f u l l  
charge (kWhr-t) by t h i s  time. Times are  found from Figures 4.4 
through 4.7. 



n u s ,  

ASP - Average System Pover 

- - 0.8 Total Energy Capacity i n  kWhr-t). 
T h e  to  Achieve 80% of Pu l l  Charge 

Then the System Power Cost (SPC) is  

SPC - System Pover Related Cost i n  $ - 
ASP 

Table 4.2 shows the SPC using equations f r a  4.9 and 4.10. Comparing 
the r e su l t s  fo r  Cases 10 and 12, both for  the same g e a e t r y  of D; = 
8.9 a (3.5 in)  and Do - 20 cm (8 in) ,  it can be seen tha t  the SPC 
for  vater  veloci ty of V = 0.3 m/sec (1 fps )  is $42.93/kW-t, and fo r  
V = 3 d s e c  it is $13.00/kW-t. I n  t h i s  case, increasing the veloci ty 
by a fac tor  of 10 resu l t s  i n  an order of ~ lagnx~ade  power un i t  storage 
cost  reduction of approximately 3, ra ther  than 10 a s  would have been 
computed by Equation 4.8. Thus, the  way the  system is operated 
impacts upon the cost  per unit  power, but the r e su l t  a l s o  takes in to  
account the e n t i r e  system response, a s  should be the case. 

In  se lec t ing  a storage system t o  in tegra te  in to  a speci f ic  
storage requirement, three colmns i n  Table 4.2 a re  of in te res t ;  these 
are: (1) System Energy Cost Ratio (Ct) ($/kWhr-t), (2) System Power 
Cost Ratio (Cp) ($/kW-t), and (3) the Time t o  accept a given 
percentage of maximum system heat  (h r )  . When comparing Cases 2 and 3, 
both cos ts  a r e  s l i g h t l y  l e s s  for  Case 3 than for  Case 2, but the  80% 
charge time for  Case 3 is 12.8 hours compared t o  9.2 hours fo r  Case 2. 
Therefore, i f  we could afford the longer charge time, we would 
probably se lec t  Case 3 over Case 2, and vice versa. 

An in te res t ing  observation regarding Table 4.2 System Power 
Costs is tha t ,  regardless of configuration, fo r  veloci ty of 0.3 m/sec 
(1 i p s )  the  SPC ranges from $19/kW-t t o  $55/kU-t, with an average of 
about $25/kW-t, and the system l ike ly  t o  be selected may cost  l e s s  
than $3O/kW-t. The general r e s u l t  for  a veloci ty of 0.3 m/sec ( 1  
fps j ,  the SPC is about $3O/kU-t, and could drop to  $15/kW-t for  higher 
water ve loc i t i e s  (Lases 11 and 12). 

Because it has been demonstrated that  higher water ve loc i t i e s  
a r e  consistent with lower system cos ts  and improved system response, 
it is necessary t o  determine what is the e f fec t  of veloci ty on 
pressure drop and a l s o  pa ras i t i c  pump work. The w e l l  known equation 
for  f r i c t i o n  pressure drop inside a pipe of given in ternal  diameter 
Di and length L is 

where the f r i c t i o n  factor  f is obtained by f i r s t  calculat ing the 
Reynold's Number, 



where f is the kinematic viscority (m2/sec). For turbulent flow (Re 
is greater than lo4) Equation 4.13 is used to calculate f from Re 
for a -00th pipe 

Assume average water temperature at 20S0c (400°~), for which ? = 
1.76 x 10'7 a2/sec (1.89 x 10'6 ftZ/sec) and P - 913 kg/& 
(57 lb/ft3lO Then, using Equations 3.11, 3.12 and 3.13, it is 
possible to generate Table 4.3 for L = 1524 m (5000 it). 

The pump power (PP) necessary to impel the water flow against a 
given pressure drop is 

with 

where 

'I P = pump efficiency (qp = 0.8 in this study) 

8c = dimension constant 

The pressure drop using Equations 4.11, 4.12 and 4.13 and also 
the pump power (Equation 4.14) required to overcome the pressure drop 
for water at 205O~ (400°F) flowing through 1524 m (5000 ft) of 
pipe are presented in Table 4.3. Parameters are pipe diameter and 
water velocity. Note that the pump power in the last column has units 
of kW-e (not thermal). The high grade mechanical pump power input to 
the system manifests as heat, so it is not completely lost, only 
degraded. The percentage of pump work recoverable is dependent upon 
the conversion efficiency of the machine which the storage unit will 
drive. The Real Work Lost is, 

Rczl Work Lost = W1 (1 - r l )  (4.15) 

where W1 is pump work (power times time) expended and n is the 
thermal-to-mechanical conversion efficiency as heat from storage. 
This recovery availability suggested by Equation 4.15 can be a small 
quantity which wiil not change any order of magnitude calculations, 
but should be considered in a detailed system design. 

The system average power (kW-t) capability varies with 
considered configuration and flow velocity (Tables 4.1 and 4.2) 





whereas i n  Table 4.3 we observe t h a t  the pumpwork ~ r d e r  of magnitude 
i s  influenced more by water ve loc i ty  than pipe diameter. It is 
emphasized t h a t  the  power l eve l s  i n  Tables 4.1 and 4.2 a r e  i n  kW-t, 
and i n  Table 4.3 i t  i s  expressed in  kW-e. Therefore, t o  compare 
orders of magnitude of p a r a s i t i c  pump power from tab les  4.3 with 
s torage power input leve ls  i n  Tables 4.1 and 4.2, it i s  necessary t o  
divide the e l e c t r i c  power value i n  Table 4.3 by the conversion 
e f f ic iency ,  which w i l l  general ly  increase the value by a t  l e a s t  a 
f ac to r  of three. Table 4.3 ind ica tes  t h a t  the power t o  pump water i n  
a 1524 m (5000 f t )  long pipe can be s ign i f i can t  fo r  v e l o c i t i e s  i n  the 
range of 3 m/sec (10 fps ) ,  whereas f o r  0.3 m/sec (1  fps)  i t  i s  
negl ig ib le  and fo r  0.9 m/sec ( 3  fps)  i t  is probably acceptable. 

Another important consideration i s  the  water pressure drop 
through the pipe sect ion.  Table 4.3 ind ica tes  t h a t  for  3 m/sec (10 
fps l the  prcssure drop w i l l  be order of magnitude of hundreds of p s i ,  
f o r  0.9 m/sec ( 3  fp s )  it w i l l  range i n  the tens of p s i ,  and fo r  0.3 
m/sec ( 1  fp s )  it may vary between 14 t o  35 kPa (2 t o  5 ~ s i ) ,  depending 
upon pipe diameter and perhaps pipe roughness cha rac t e r i s t i c s .  The 
low pressure drop and pump power associated with flow ve loc i ty  of 0.3 
m/sec ( 1  fps)  has determined why much of the analysis  i n  t h i s  sec t ion  
was done f o r  0.3 m/sec, although 0.9 mjsec could have been considered. 
Also, the e f f e c t  of bends and elbaws i n  the convolutional geometry has 
been ignored i n  the previous order of magnitude ca lcu la t ion ,  although 
.his  would increase both pressure drop and pump work i n  every case. 



Table 4." F r i c t i o n  Pressure Drop and Pump Work 

205OC (400°~)  water i n  1524 m (5000 f t )  long smooth pipe 

Parameters used: p = 913' kg/m3 (57 l b l f t 3 )  
* r =  1.76 x 10'7 m2/sec (1.89 x 10'~ f t 2 / s e c )  

Pump e f f i c i ency  np= 0.8 

Pipe Water I,eynoldl b F r i c t i o n  Pressure Pump 
Diameter Velocity Number Factor Drop Power 

c m  ( i n )  mps ( fp s )  ( - 1 ( - 1  kPa ( p s i )  (kW-e) 



SECTION V 

ECONOMICS AND THE SAND-PIPE THERMAL STORAGE UNIT 

A. GENERAL CONSIDERATIONS 

When des igning a  thermal s t o r a g e  u n i t  (TSU) i t  is  convenient  t o  
s e p a r a t e  the  c o s t s  i n t o  two components, energy r e l a t e d  cosc  and power 
r e l a t e d  cos t s .  Energy r e l a t e d  components include the  s t o r a g e  medium, 
containment c o s t s ,  t r a n s p o r t a t i a n  of energy  relate^ m a t e r i a l s  t o  t h e  
s i t e ,  i n s u l a t i o n ,  and g e n e r a l l y  any i tems r e l a t e d  t o  the  s t o r a g e  of 
h z a t ,  but  not  t o  the  inpu t  o r  e x t r a c t i o n  of h e a t  from the  system. The 
p w e r  r e l a t e d  components a r e  a l l  p a r t s  of  the  system which r e l a t e  t o  
the  inpu t  o r  e x t r a c t i o n  of  h e a t  t o  the  syecem and nonnally include any 
h e a t  exchangers, pumps, most plumbing, in te rmedia te  t r a n s p o r t  f l u i d s  
and t h e i r  subsystems, most c ~ n t r o l u :  and generd l ly  any device  
p e r t a i n i n g  t o  system h e a t  t r a n s f e r .  System h e a t  l o s s  i s  an energy 
r e l a t e d  pena l ty ,  whereas pump work and p r e s s u r e  drop a r e  power 1-=?I--'ed. 

The b i fu rca t io r l  of TSU s y s t e n  expensss i n t o  energy r e l a t e d  s. 
powe? r e l a t e d  c o s t s  s t i m u l a t e s  a  sea rch  f o r  a  technique LO c a t e g o r i z e  
cand ida te  TSUs on a  sys temat ic  economic bases.  Power i s  thz  time 
d e r i v a t i v e  of energy. Compare h e r e  t h e  r a t i o  of energy r e l a t e d  c o s t s  
+o power r e l a t e d  c o s t  o r  

TSU Energy Relatad Cost 
Ratio = TSU Power Related Cost 

where 

TSU Tota l  C a p i t a l  Cost = TSU Energy Rela ted  C a p i t a l  Cost + 
TSU Power Lela ted  C a p i t a l  Cost ( 5 . 2 )  

Figure  5 . 1  exp la ins  why the  above proposed c o s t  r a t i o  i s  
d e f i c i e n t  because the  same TSU s t o r a g e  concept employed i n  two 
d i f f e r e n t  a p p l i c a t i o n s  w i l l  have an e n t i r e l y  d i f f e r e n t  c o s t  r a t i o .  
Consider,  f o r  example, a  l a r g e  body of  sand poured 1.. place  around 
pipes  so  t h a t  hea t  t r a n s p o r t  £ l a i d  i s  conta ined by the  pipes and 
brought i n t o  con tac t  wi th  t h e  sand t o  al low h e a t  t o  d i f f u s e  between 
the  f l u i d  and the  sand. Here, the  sand and con ta ine r  comprise the  
energy r e l a t e d  c o s t  and the  p ipes  and pump c o n s t i t u t e  the  power 
r e l a t e d  c o s t .  For a  given energy s t o r a g e  capac i ty ,  d i s r e g a r d i n g  t h e  
h e a t  c a p a c i t y  of  f l u i d  f i l l i n g  the  p ipes ,  the  sand volume and thus  
c o s t  i s  the  same r e g a r d l e s s  of the  pipe packing d e n s i t y ,  and so  may be 
considered a  cons tan t ,  a s  i n d i c a t e d  by the  dashed path a-b i n  Figure  
5.1. I f ,  f o r  example, i n  a  very l a r g e  sand volume only  one pipe  is  
provided f o r  thermal power inpu t  o r  recovery,  then the  power r e l a t e d  
c o s t  w i l l  be very low (pa th  c-d i n  Figure  5 . 1 )  and the  power 
c a p a b i l i t y  of the  TSU w i l l  he correspondiqgly  low. I t  may t ake  a  year  
t o  charge o r  d i scharge  the  sand volume wi th  thermal energy. For some 
a p p l i c a t i o n s ,  t h i s  eneomnus energy-to-power r a t i o  might be 
a.-cepcable. However, i f  a  considered a p p l i c a t i o n  demands a  h igher  
charge and discharge  r a t e ,  then many more tubes must be ~mbedded 
w i t h i n  t h e  sand p i l e  a t  a  h igher  
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power cos t  (path e-f i n  Figure 5.1). It is c l e a r  t h a t  applying 
Equation 5.1 t o  t he  pipes-embedded-in-sand TSU w i l l  y i e ld  a "Proposed 
Cost Ratio" which is dependent upon appl ica t ion ,  with perhaps a high 
r a t i o  f o r  l ov  power ex t r ac t i on  capab i l i t y  and low r a t i o  f o r  high 
power capab i l i t y .  Equation 5.1 thus f a i l s  t o  provide a TSU 
c l a s s i f i c a t i o n  parameter which is independent of s p e c i f i c  appl ica t ion .  

Calculat ion re levant  t o  severa l  TSU systems have a l l  indicated 
t h a t  both curves i n  Figure 5.1 can be q u a l i t a t i v e l y  represented a s  
indicated,  with t he  curve i n t e r sec t ing  the  ord ina te  a t  a post ive value 
f o r  a zero value of  the  abscissa .  This zero displacement represen ts  
t he  f a c t  t h a t  even a small performance requi res  some equipment and 
i n s t a l l a t i o n  labor. The c h a r a c t e r i s t i c  of gradual s lope  decrease v i t h  
increasing s i z e  is general ly  due t o  econcmy of s ca l e ,  although e i t h e r  
curve can take sudden jumps, a s  point  j on each curve, t o  i nd i ca t e  a 
s i z e  threshold above which add i t i ona l  equipment i n  many systems mus: 
be  spec i f ied ,  such as another hea t  exchanger o r  s to rage  tank. 

Although econoey of s i z e  can cause t he  s lopes of t he  two curves 
i n  Figure 5.1 t o  decrease somewhat with increas ing  system s i z e ,  a l l  
c a l cu l a t i ons  ind ica te  t h a t  t he  s lope  r e t a i n s  its order  of magnitude 
regard less  of  t h e  absc i s s  value,  and t h a t  va r i a t i ons  of the s lope  
value a r e  not  l a rge  throughout the  l i k e l y  range of t he  abscissa .  The 
s lope  of  the  energy curve a t  a loca t ion  3f i n t e r e s t  i n  Figure 5.1 is  
t h e  Energy Unit Storage Cost (CE). Cg has dimensions of $/energy 
and is  defined as 

CE = Slope of  Snergy Cost Versus Energy Curve (Figure 5.1) 

=I d ( ~ n e r g y  Related Costs) I d (Energy Storage c a p a c i t y j  d (Abscissa) + 0 
i 

Similar ly ,  t h e  s lope  of  t he  power curve i n  Figure 5;l is defined a s  
t h e  Pover Unit Storage Cost (Cp), with dimension of $/>ower, and is 
defined a s  

Cp = Slope of Power Cost Versus Power 

=I d (power Related Costs) I ( 5 . 4 )  
d (Power Input or Extract ion ~ a ~ a b i l i t i e s l '  d (Absclssa)+O 

*ere only the  power input o r  t h e  ex t rac t ion  capab i l i t y  is considered 
fo r  t he  absc issa ,  whichever is  smaller ,  The sum of input and 
ex t rac t ion  power cos t s  is used f o r  t he  ordinate .  In  mzny systems the  
same power r e l a t e d  equiprwnt is used fo r  hes t  i n se r t i on  and removal, 
but i n  some systems d i f f e r e n t  hea t  exchangers may be used fo r  t h e  two 
functions,  

Because the  CE and Cp vary s l i g h t l y  v i t h  the  value of  e i t h e r  
energy o r  power capaci ty  l eve l s ,  the  r a t i o  of t he  two should be almost 
independent of abs i s s a  i n  Figure 5.1. This r a t i o  can serve as  an 
appl ica t ion  independent parameter usefu l  fo r  cataloging TSUs on a 
cons is ten t  economic basis .  Thus, we def ine the Energy Power Cost 



For m a l l  sys ters ,  with a l o w  abscissa value on both curves i n  
Figure 5.1, two points on each curve rust be taken t o  determine the 
CE and Cp slopes i n  order t o  determine the EPCR characterizing 
parameter i n  Equation 5.5. But because both the energy and power 
caponents  of large systems w i l l  cost  considerably more than small 
sys ters ,  the  ordinate intercept  f o r  zero abscissa w i l l  generally be 
re l a t ive ly  m a l l .  For large systems, one of the points fo r  camputing 
slopes i n  both curves i n  Figure 5.1 can be taken a s  the o r ig in  (0,O) 
without incurring s e r i ~ u s  error .  This is a decided convenience for  
quickly determining the  EPCR of a large system with known 
character is t ics  a t  a s ing le  point design, because the  EPCR becores 

Energy Related Cost ($1 
E m  = Energy Storage Capacity (ldlhr) 

Power Related Cost ($1 (5.6) 

Paver Transfer Capability (kU) 

Thus, e i the r  Equation 5.5, (which is general for  any s i ze  TSU), or  
Equation 5.6, (val id fo r  large TSO systems), can be used t o  determine 
the EPCR. Equation 5.2 is generally applicable t o  determine the t o t a l  
cap i t a l  TSU cost.  

The CE, Cp, and EPCR parameters defined above were developed 
t o  a l lov  economic c la s s i f i ca t ion  of various TSU concepts on a nearly 
application indepadent  basis. One problem with the technique is tha t  
of ten  only the t o t a l  TSU f i r s t  cost  is kncwn, an4 i n  some app1ica:ions 
it is  d i f f i c u l t  t o  b i furca te  a component cost in to  a so le ly  energy 
re la ted  or  power re la ted  item. Freqttently useful a r e  the System Cost 
cf Energy Storage (CES) and :he System Cost of Power Storage (CPS) 
where 

System Cost of Energy Sto g 
TSU Total Cost (from Equation 5.2) 

rr (CES) = Useful Stored Energy When System 
i s  Fully Charged 

(5.7) 

TSU Total Cost (from Equation 5.2)  
System Cosc of Pwer Storage (CPS) = Maximum Power 

Extraction Capability 
(5.8> 

The simplici ty of formulating the C3S and SPS, plus the ease of 
comparing d i f fe ren t  TSU approaches on a consistent  economic basis for 
given applications, make them advantageous i n  some analysis.  



Sir ing  a TSU r e l a t i v e  t o  the larger  syatem of which the  TSU is a 
par t  in a matter of applicat ion and economics. The "TSU Time Factor" 
T, defined a s  

't 0 
TSU Saergy Storage Capacitr (hours) 
T S U  Power Transfer Capacity (5.9) 

is a uneful r a t i o  which can normalize the  energy re la ted  cos t s  t o  the  
pouer re la ted  costs.  The dimension of T is t k .  I f  a given TSU cac 
s t o r e  600 Wr-t and the  average power ext rac t ion  capabi l i ty  is 100 
MI#-t, them T = (600 MHhr-t)/( 100 MJ-t) = 6 h r ,  and i n  t h i s  case r is 
the  length of t i m e  tmich a system can be operated f r o r  the  storage 
mode. However, i f  12 hours of operation f roa  storage a t  the  100 NU-t 
extract ian level  a r e  required f r o r  the same kind of storage syster ,  
then supplying hro ident ica l  6 hour uni ts  a t  double the  cost  w i l l  
obviously s a t i s f y  the energy requirerent.  But it w i l l  be more than 
adequate t o  supply the power extract ion requirement, because there is 
a l s o  twice as ruch beat t ransfzr  surface, the  power ext rac t ion  
capabi l i ty  is 200 MI-t so the TSU Time Factor T remains 6 hours. 
Because ve generally have t o  pay f o r  addit ional  heat t ransfer  
capabil i ty,  a large T is associated with smaller paver re la ted  costs,  
and vice versa. A ce r t a in  a r jun t  of heat t ransfer  surface is required 
t o  achieve 100 MI-t of pcrver, whether o r  not the heat f w  hours o-r 
12 hours is withdrawn. I t  is c lea r  tha t  a s y s t e r  such a s  the 
sand-pipe TSU designed t o  produce 100 NU-e fo r  12 hours sill cost  l e s s  
than one fo r  6 hours a t  the  same pober recovery level ,  provided the 
power re la ted  cost is s igni f icant  campared t o  energy re la ted  cost. 
For example, i f  the tube-intensive sand-sensible heat s torage system 
must have a tu3e spacing cf 12.6 cm (5 .0  in)  i n  order t o  achisve a 
given T , then for  double energy capacity with the  same power 
capabil i ty ( 2 ~ )  the sand voiume and containment cos ts  might be twice 
a s  great .  But the tube spacing fo r  the same power might be only 17.8 
cm (7.0 in ) ,  hence the tubes would not cost  twice a s  wmch. Because i n  
the sand heat exchanger design the tubes represent a s igni f icant  
portion of the overal l  cost ,  t h i s  saving is important. 

For long-term storage o r  even seasonal storage ve normally have 
a high T , perha,q measured in  months. I n  t h i s  case we can afford an 
expensive (power related) extract ion device (i.e., heat exchanger) 
because it w i l l  be r e l a t ive ly  small i n  cost.  B u t  we require an 
icexpengive energy re la ted  cost (storage medium, containment, 
insulat ion,  etc.: because t h i s  w i l l  be the bulk of the system. For 
example, for long-term storage, the sand and pipes approach might be 
appropriate because the energy related costs  are  low. However, for  
short-term storage requirements (defined a s  low T i n  Equation 5.9) a 
system must have the capacity t o  discharge very rapidly (high power) 
beace, the power related costs  fo r  the selected TSU approach should be 
inherently low and we can afford greater energy related costs.  An 
adequate short-term storage device might be the pressurized water TSUs 
because l i t t l e  or  no heat exchanger i s  needed, and so the pikas buried 
i n  sand TSU could be suboptimal. 



Personnel safety and the proclivity of the storage system to 
fire, leaks, explorions or other self-destruction are intacgible 
factors which are difficult to quantify, but nevertheless, tkey would 
detract from the qst- attractiveness. System resistance co damage 
from natural disasters, sabotage, and vandalism also possrsses 
unquaetifiable appeal. 

ikvelopwrrt risk is another factor to which it is difficult to 
assign a dollar value. Although an untried system concept may appear 
to have prmsing potential on paper, it m y  contain certain eleeents 
requiring new techaology developrent. If this new technology proves 
to be either very expensive cr irpractical to implement, then the 
entire conceptual system u y  either by unusable or rore expensive to 
install an3 operate than the original estimate. But such a 
determination is, in w a e  cases, possible only after considerable 
expenditure of tine and roney. As an example of developeat risk, a 
nev storage n d i u  m y  have a ~ n y  desirable properties, but its 
long-term interaction vith other parts of the systm may be unknown or 
the medium m y  tend to degrade with tire. Lordevelopent risk 
systems are fabricated f r a  off the shelf technology usicg materials 
and techniques which have been previously used success fully in s k i  lar 
environments where operating experience is available. 

In r o s c  thermal storage units, it is necessary to input some 
initial energy to heat or change the system to some minimum energy 
level to prepare the system to receive energy for storage which can be 
uscfuily extracted. As an illustration, if a thermal storage system 
has a cyclical temperature swing between 315OC (600-1 and 20S°C 
(400*), then before the systm can usefully store heat it must Se 
heated f r a  ambient temperature to 205'~ (4006F). This leads to 
the concept of Initial Energy Investment (IEI) as a pierequisite for 
useful thermal storage. The IEI is nomaally nonrecoverable, although 
with good insulation and design the IEI may have to be paid 
occasionally, especially for large systems. If a srajor part of the 
IEI must be invested at the beginnin8 of every storage cycle (i.e., 
daily) this could manifest as a severe performance penalty. 

In estimating the installed cost of a thermal storage system 
several items must be considered. From the First Law of 
Themodynamics, it is usually possible tc calculate the required 
charge of the thermal storage medium, and thus its cost, The volume 
of charge is then used t3 determine the containment volume and costs; 
these are energy related costs. Second Lav considerations are used to 
determine the necessary heat exchanger capacity, which is an 
indication of heat exchanger (power related) ccst, A multitude of 
miscellaneous cost items must be considered, including labor, 
foundation and site preparation, transportation of materials to site, 
plumbing, controls, monitoring devices, regulation valves, insulation, 
weatherproofing, perhaps a charge protection and prifier system, and 
pumps. These items may have minor cost impact in many systems, but in 
some these costs may be significant. 



An economic analysis which caputes ocly the initial capital 
cost of energy storage (Gf) of a system is not complete without 
considering factor8 such as throughput efficiency, reliability, 
operation and maintenance, cost of parasitic power and heat loss, 
system efficieacy from storage relative to direct operation from the 
heat source, etc. The storage system first cost is only one of 
several important indicators of economic perfo~nce. For example, a 
thermal atorage system characterized by relative low first cost may be 
afflicted with frequent unscheduled outages which coula cripple the 
p e r f o ~ n c e  of a very expensive powr plant. 

It is difficult to estimate recurring costs such as operation 
and maintenance, degradation and replenishment of charge, 
deterioration and replacement of various components, taxes, insurance, 
etc. But a camparative cast estipate is more meaningful if all 
recurring costs expended over the lifetime of the installation can be 
estimated and expressed as a present value or initial capital cost. 
Onfortunately, this ra?uires knowledge of future economic conditions 
including interest xates. The nuisance and lost revenue due to 
scheduled and unscheduled shutdovns caused by the storage subsystem 
should also be part of the capitalized first cost. It is therefore 
apparent that, although the CT ($/kW) of a storage system is an 
important parameter which may be relatively straightforward to 
approxirate, the actual owning cost stated as a present value is an 
even more useful parameter and is also more difficult to estimate. 

B. ECONiOniCS OF A SAWPIPE TEERMAL STORAGE UNIT 

The resrtlt~ frae Section IV, vhich analysis was done in every 
case for a single 1524 m (5000 it) flov length of pipe and surrounding 
sand, are applied here to estimate the c m t s  relating to a large TSU 
of such size that might be integrated into a power plant. Although 
1524 a (5000 it) flow lengths were previously considered, it is 
recognized that the flow path will serpentine, with straight flow 
lengths of perhaps 15 to 30 m, (50 to 100 it), after vhich headers 
reverse the flow direction back into the sand system. It is obvious 
that to form a large TSU many flowpaths will be arranged in parallel. 
The question of how many and what configuration depends upon expected 
perfomaxe, which in turn impacts oc cost. 

An example will illustrate how a large TSU might be designed 
from the data presented in Section IV, for flow velocity of 0.3 m/sec 
(1 fps! and flow length of 1524 m (5000 ft). Suppose ve require a TSU 
which will accept 333 MW-t average thermal power and have a capacity 
of 2000 MUhr-t, from Equation 5.9 it is apparent that the TSU Time 
Factor T wili be 

TSU Energy Storage Capacity 2000 MWhr-t hr 
T = 

TSU Power Transfer Capacity 333 MU-t 



so it v i l l  require 6 hour8 t o  charge up the system. It is necessary 
t o  se lec t  a geometry Zra Table 4.2 which has approximately the same 
time t o  accept a s igni f icant  amunt of the system heat,  about 80%. 
Fram Table 4.2, the f o l l w i n g  data  can be observed: 

Time t o  Accept System Sys t e m  
80% of Maximum P m r  Cost Energy Cost 

Case D; Do V System Beat ($/kW-t ($/kWhr-t 
( i n )  ( in)  

10- O.k/sec 4.0 hrs  42.12 4.49 
(4) (1  fps)  
15- 0.3 9.2 56.62 3.26 
(6) 
150 0.3 4.2 34.54 3.56 
(6) 
20- 0.3 8 -0 44.69 2.77 
(8 
20- 0.3 4.0 26 -66 2.89 
(8 
25- 0.3 8 .O 42.03 2.63 
(10) 
25- 0.9/m/sec 2.5 17.28 2.80 
(10) (3  fps)  

I n  en 8 hour charge period, Cases 2, 6, and 10 can be selected and 
i n  pract ice,  Case 10 w u l d  be selected because both system power cost  
and a l so  system energy cost  a re  l e s s  for  Case 10 than fo r  the other 
candidates. Also, because Case 10 features greater  spacing 25 cm (10 
in )  than the other two 15 cm (6 in )  and 20 cm (8 in )  for  Cases 2 and 6 ,  
respectively, there w i l l  be fewer pipes, headers, controls,  and 
therefore l e s s  maintenance cost.  Fewer tubes a lso  mean lower 
operational costs  because pa ras i t i c  pump power is  less .  For the 6 hour 
charge period we would in terpola te  between Case 1 and Case 2, Cases 5 
a t d  6, and Cases 9 and 10; the  l ike ly  r e s u l t  would be a "Case 9 112" 
with D; = 8.9 cm (3.5 in) ,  Do = 23 cm (9 i n )  tube spacing, system 
power cost  of $24/kW-t, and system energy cost  of $2.75/kWhr-t. In the 
preceding example where interpolat ion between cases i s  used, it is 
recognized tha t  a l l  interpolat ions may not be l inear .  However, they 
w i l l  provide a reasonable order of magnitude estimate. To determine how 
large the 2000 MWhr-t system with 6 hour charge must be, consider thc t  
each 1524 m (5000 f t )  flow length with D i  = 8.9 cm (3.5 in )  and &,, = 
23 cm has an average power input capabi l i ty  (from Table 4.2, Chses 9 and 
10) of 1!2(1194 + 792) = 993 kW-t, so for 6 hour the t o t a l  he?, ca3acity 
is 6(993) = 5953 kWhr-t. Then, 

2000 mr-t 
= 5.96 MWhr-t/f lowlength 

= 336 

flow paths i n  pa ra l l e l  a re  required. The TSU voime w i l l  be 

TSU Volume = 336 f (9112 f t j 2  (5001 i t )  = 742,000 f t 3  



and the  cos t  f o r  pipes and saad w i l l  be (assuming average system 
energy cos t  of $2.75/kWhr-t from Cases 9 and 10 Table 4.2) 

Pipe and Sand Cost = ($2.75/kWhr-t) (2000 MWhr-t) (1000 kWhr/lWhr) 

= $5.5 Million 

The p a r a s i t i c  power lo s ses  a r e  e s t k a t e d  from information on Table 
4.3. The TSU pressure drop is 12.4 kPa (1.8 p s i ) ,  because a l l  tubes 
a r e  i n  pa ra l l e l .  The TSU pump power requirement is 

= 32.5 kW-t (conversion 
e f f i c i ency  = 0.3) 

which is about 0.1% of  t he  t o t a l  power being inputted. 

Table 5.1 was prepared t o  determine the e f f e c t  of tube spacing 
on the technical  aad econmic  performance of a system with given tube 
diameter, and a l so  the  e f f e c t  of water ve loc i ty  fo r  a given 
geometrical configuration. Systems 1, 2, and 3 vary tube spacing f o r  
a given tube diameter and water ve loc i ty  of 0.3m/sec (1 fps) .  A s  tube 
spacing increases,  the system response becomes more s luggish,  a s  
expected, because a grea te r  percentage of the t o t a l  s tored  hea t  must 
t r ans fe r  t o  sand which is character ized by a low thermal d i f f u s i v i t y .  
To input the same quant i ty  of hea t  requi res  a longer time, 
consequently the average power capab i l i t y  is lessened. Because more 
heat  is s tored i n  sand f o r  la rger  spacing, l e s s  pipe length is 
required which is manifested a s  lower system cos t  and marginally l e s s  
pump power requirement, although the system volume is grea te r  because 
the energy storage dens i ty  is l e s s  fo r  sand than water. Therefore, 
the TSU energy cost is l e s s  a s  the tube spacing increases.  However, 
the  TSU power cos t  is g r e a t e r  fo r  l a rge r  tube spacing because the 
magnitude of power input (output)  i s  l ess .  Thus, the tube embedded i n  
sand TSU w i l l  show bes t  performance when long svstem charge and 
discharge times a re  ava i lab le .  

The e f f e c t  of water ve loc i ty  on a given system geometry can be 
appreciated by comparing Systems 3 and 4 of Table 5.1. System 3 
fea tures  water ve loc i ty  of 0.3 mlsec ( 1  fps)  and System 4 has 0.9 
m/sec (3 fps) .  But System 4 charges f a s t e r  (2.5 h r  compared t a  4 h r ) ,  
a s  expected, because tho average power charge capabi l i ty  is grea te r .  
Because there i s  not a g rea t  d i f fe rence  i n  the cos t  of the two 
systems, the TSU pouer cos t  i s  l e s s  fo r  the f a s t e r  velocit;?, There i s  
l e s s  time fo r  the heat  t o  t r ans fe r  i n t o  the sand fo r  the f a s t e r  
ve loc i ty ,  so the system i s  a l i t t l e  la rger  and costs  more, therefore 
the TSU energy cost  i s  marginally higher. The high ve loc i ty  genera l ly  
per forms b e t t e r  technica l ly  and economical 1 y except for  pressure drop 
and pump work, which increases  very quickly with flowrate o r  
veloci ty .  Therefore, i n  a p rac t i ca l  system design, the v e l o c i ~ y  w i l l  
be consis tent  with acceptable pressure drop and pump work losses .  



The di rec t  costs  compiled i n  Tables 5.1, 4.1 and 4.2 are  those 
for  pipe and sand only, which i s  the la rges t  s ingle  expense. However, 
i n  Section 111 it was estimated for  a large system that  i n  order to  
account for  the addit ional  t o t a l  system components, i t  is necessary t o  
multiply the base pipe an3 sand f igure by a factor  of 2.22. For 
example, i n  Table 5.1 fo r  System 1, where the pipe and sand cost i s  
estimated a t  $7.1 mil l ion,  the TSU system cap t i a l  cost is estimated a t  
($7.1 x 106 x 2.22 =) $15.8 x 106, The energy unit  s torage cost 
(CE) is 

The power unit storage cost (Cp) is 

The same applies t o  the rsst of Table 5.1, which gives an indicat ion 
of how much a large sand and pipe system might cost ,  although the 
system design is not optimized. 



Table 5.1. Large TSU Technical and Economic Performance Estimates 
TSU Usable Capacity = 2000 MWhr-t 
Temperature Swing 22Z°C (4000F) 
1525 m (5000 ft) Flowlength 

S Y S m  1 s y s m  2 S Y S W  3 SYSTM 4 
FUTmAIL 011 DESCBIPTm (Case 10) ( I n t e r p o l a t e  between (Case 9 )  (Case 11) 

Cases 9 and 10) 

Tube Di , Tube Spacing Do 8 . 9 ~ ~ .  25cm 8.9cm. 2 2 . 8 ~ 1  8.9cm, 20cm 8.9cm, ZOcs 
(3.5in, lo in )  (3.5111. 9 i n )  (3.5in. S in )  (3.5in,  Bin) 

Water V e l a i t y  0.3 d s e c  0.3 a i s e c  0.3 rnlsec 0.9 d s e c  
( 1  f p s )  ( 1  fps! ( 1  f p s )  ( 3  f p s )  

Time f o r  System co Achieve 8 hr 
8QZ of marimm charge 

Average Charge P w e r  C a p a b i l i t j  250 W-c 333 W - t  500 nu-t 800 MU-t 

l S U  Pressure Drop 12.4 kPa 12.4 kPa 12.4 kPa 88.2 kPa 
(1.8 p s i )  (1.8 p s i )  (1.8 p s i )  (12.8 p s i )  

TSU Pump P w e r  Requirement 30.5 kW-t 32.5 kW-c 40.5 kW-t 272 kW-r 
(Conversion Ef f ic iency  
= 0 . 3 )  

Pipe and Sand Cost f $  Mil l ion)  $;.A $7.5 $9 .0 $9.3 

TSU System Cost* $15.8 $16.7 $20.0 $20.6 

Cp, TSU P w e r  Cost" 
($  Mil l ion)  

CE, TSU Energy Cost* 2.63 2.78 3.33 3.4? 
i$/kUhr-t! 

*Muit iply t o t a l  pipe and sand cos t  by 2.22 t o  es t imate  t h e  t o t a l  s to rage  system c o s t ,  which 
includes i n s u l a t i o n ,  c o n t a i m e n t ,  e t c .  The fac to r  2.22 i s  discussed and documented i n  
Sect ion 111. 

ffTSU P w e r  Cost and TSU Energy Cost e s t i n a t e s  i n  Table 5.1 ~ n c l u d e  the  e f f e c t  of the :.22 
m u l t i p l i c a t i o n  f a c t o r  and assumes power r e l a t e d  equipment :osts 2/3 of t o t a l  TSU c a p i t a l  cos t  
and energy r e l a t e d  components cos t  1/3. 



SECTION VI 

RESULTS AND DISCUSSION OF RESULTS 

It was originally believed that a hollow steel ingot could be 
produced for 33clkg (IScIlb), and this would provide a pressure 
containing TSU with fast response time, no heat exchanger nor 
intermediary transport fluid requirement, and a low maintenance unit 
(see Figure 2.1). However, it was found that production of such a 
unit would cost $1.32/kg (60~/lb) and that lengths would be restricted 
to 6 m (20 ft) instead of 18.3 m (60 ft), necessitating more heater 
welds, system complexity, and cost. To overcome these limitations 
thick large diameter pipes and square welded slabs (both described in 
Section 11) were considered, which had the advantage over the hoilow 
steel ingot in that a significant weight of water could also be 
contained, substantially assisting in the storage of heat (and thereby 
reducing the cost for steel). A preliminary materials cost, which did 
not account for all systems costs, indicated that each system would 
have an energy unit storage cost (cE) around $l4/kWhr-t. 

An alternative approach was considered using poured concrete 
around closely spaced tubes. The tubes would contain pressurized 
water or steam, and the heat would trsnsport into and out from the 
concrete by conduction. Because a large concrete unit would hold its 
own shape, no external containment would be necessary, reducing cost 
for this item. However, a thermal stress analysis revealed that 
differential thermal stresses wauld cause tube separation from the 
concrete, resulting in severe thermal conduction resistance between 
the tubes and concrete. This would severely reduce thermal 
performance and disqualify the concrete approach from further 
consideration. The approach which vas successfully adopted was to 
replace the conxete with loose sand and provide external containment 
for the sand. The sand has a somewhat lower thermal diffusivity than 
does the concrete, but being loose it should stay pressed against each 
pipe due to overprPssure from sand above. But the sand requires 
external containment at added complexity and expense (over the 
concrete concept). However, there is no obvious reason why the 
sand-pipe system should not work well, and the energy unit storage 
cost CE was estimated at $3/kWhr-t for-a large TSU, which includes 
costs for all parts of the system including 30% contingency penalty in 
addition to subtotal costs (see Table 3.1). 

Because the sand-pipe TSU is characterized by a substantially 
lower cost than the two steel and water TSUs, the sand-pipe TSU was 
selected for closer technical and economic evaluation, and the two 
steel conceits were discarded from further study. A computer node1 
was developed to evaluate transient thermal response of the sand-pipe 
TSU for given conditions, and to evaluate the effect of varying tube 
diameter and tube spacing on system technical and economic 
performance. For a large TSU with maximum temperature in the 343OC 
(650°~) range, a tube diameter of 8.9 cm (3.5 In) and tube spacing 
inside the sand volume of approximately 25 cm (10 in) appears to be 



associated with minimal cost consistent with 6 to 8 hour charge or 
discharge time. The results of differel,. TSU configurations are 
displayed in Tables 4.1 and 4.2. In each case pressurized liquid 
water was assumed to be contained within the tubes, because very long 
flow lengths would give rise to unacceptable pressure dr0pb and pump 
work expenditure if lower density steam were used. But with liquid 
water, the velocity (and hence the possible eystem charge rate) cannot 
be too great, as indicated in Table 4.3. 

The economic results for some of the better cases are hssembled 
in Table 5.1, where a TSU with usable energy capacity of 2000 MWhr-t, 
222% (40G0F) water temperature cyclic swing, and 1524 m (5000 ft) 
f l w  length is considered. For an average thermal power charge rate 
of 333 MW-t the TSU system capital cost is estimated at $16.7 million, 
the power unit storage cost is $33.43/kW-t, and the energy unit 
storage cost (CE) is $2.78/kWhr-t. 

In this study, maintenance costs have not been considered in the 
economic evaluations. If the results of this study appear applicable 
to some applications, then a test module should be built and evaluated 
in the field to gain operational experience. This appears to be the 
only way to better understand what maintenance costs will be and to 
assess other possible problems, as well as to test technical 
performance. This would provide a practical capital cost comparison 
to the estimates made in this study. 



APPENDIX A 

NUMERICAL DIFFERENCING OF THE TF.MSIENT HEAT CONDUCTION EQUATION 
IN CYLINDRICAL COORDINATES; DERIVATiON OF EQUATION 4.1 

The thermal analysis of the sand around pipe thermal storage 
unit described in Section IV is dependent upon a numerical finite 
differencing of the appropriate transient conduction equation. 

If we neglect axial ( z  c~ordinate) conduction effects and 
consider radial symmetry in th; cylind6r in Figure 4.2 and 4.3 the 
transient heat conduction equation in radial coordinates becomes: 

aT a2T + 1 aT T = temperature 
(a) = a (--. - 1 ,  t = time 

r = radial coordinate 

wher a 

6 
Q = -  (thermal diffusivity) 

pcp 

Replacing the terms on right hand side of equation (a) with their 
central difference analogs, 

and replacing the time term with a forward difference term, 

and the partial differential equation becomes, 

Some rearranging results in, 



where F i e  the Fourier modulus ( a ~ / ( i ? r r ) ~ ) .  F = 1,' .??resents  the 
upper l i m i t  of s t a b i l i t y  from e r ro r  damping c r i t e r r a .  Therefore, 

where 

equals the time s tep.  

This is Equation 4.1. The geometry for t h i s  f i n i t e  d i f fe renc ing  
scheme is shown i n  Figure 4.2. The superscr ip t  r e f e r s  to  time 
accounting, while the subscr ip t  r e f e r s  t o  r a d i a l  locat ion i: Figure 
4.2. 



HEAT CAPACITY WEIGHTED AVERAGE TEMPERATURE 
FOR A CYLINDRICAL SECTION 

A t  any given time the  average temperature within a cy l ind r i ca l  
sect ion,  iXlustrated in  Figure 4.2, is relat'ed t o  the amount of 
thermal charge which has been accepted by t h a t  element. Since 
general ly  the teuperature d i s t r i bu t ion  within the elearent is changing 
with time, the percent of t o t a l  possible  thermal charge - is a l s o  
changing. The average temperature of the s e t t i m ,  Ts, is defined a s  

Assuming densi ty  (Pi! and hea t  capaci ty (Cpi) a r e  constant 
t\roughou: the  vo lme  of t h i ck  wall cyl inder ,  then 

niTi - ill 
Ts = lr 1 2  , e r e  A f o r  i = 1 is [ r  + A - r. 2 

S 6 
1 2 1 I 

*i 
i= 1 

t 
A. for 1 < i - (  N is 1 2  1 2   TI"^ + TAr) - (ri - 5Ar) 1 
1 

lr 2 1 2, 
A .  I f o r  i = N is - 4 rN -[(rN - :-Ar) L , 

- 
Ts is then 

then 



The heat capacity weighted average tempere,ure i~cludlrr.: h e  f l w i n g  
f luid is 

- 
'*and ts2 - n2) C 's + 'water A2 C - Pwater Tvllter 

Psand 
T = 2 2 

C 
2 - A ) 'sand p 

C 
sand + A 'mter pWater 

A = pipe radius 

B = rand thermal influence radium 

which is  ~quat ion 4.5. 



APPENDIX C 

COMPUTER CODE LISTING OF THE THERMAL ANALYSIS I N  SECTION I V .  

REAL ~ ~ ~ T * ~ X ~ ~ L ~ ~ ~ ~ ~ , ~ A O ~ U S I ~ S ~  
REAL ~ ~ * ~ * , l ~ i . ~ l 9 ~ 9 l D T ~ ~ ~ ~ O ~ 9 9 9 ~ , T ~ ~ m ~ 9 9 9 , ~ S J D T f L N E * ~ ~ 9 1 ~  
REAL T S Y S T M ( ~ ~ ~ ~ ~ R C I C S Q ( I S )  
IWPUT R A ~ I A L  SPACE STC*SIII,; KOUNT OECIOES no* o r r cw  RESULTS 
W I L L  oc P R / W T E O  
WCIRST 1s NUUDER OF INITIAL T I ~ C  STEPS wnlcw WILL FIE P R I N T ~ O  
~ E A ~ ~ S , ~ ~ ~ I ~ ~ U ~ U W T , N V ~ R S T  
:*rut INNER ;NO OUTER nrot I I INCM~S) A rno B 
I N P U T  T l n E  L IR IT IM~MuTESJ  T I M A X  
INPUT AXIAL CLO* LEWGTM(IELTJ,  rLOMC 
INCUT CONYECtXON M E I T  TRANSFER C O t l t l C 1 ~ W T  I 0 T U / M R - F T z - ~ i  w 
1*PUT FLOW V f L O C I T T  ( t t / S t C I  V 
I * I U T  I Y y t l A t  F L U I D  T E W ~ C I A T U R E  I ~ t C ~ t t s  ft T r  
INPUT I * l t l h ~  SOLID TCIIIERATURELDECRECS VI rs 
* t & C t S , l 2 0 )  A , I , T ~ W A X , Z L O ~ G , ~ ~ V ~ T ~ ~ T S  
l M P U t  SOLID  PROPERTIES (THERMAL C O ~ O U C T ! V ~ T ~ I O T U / M R - ' - - '  

O E W S I T Y ~ L I / ~ T ~ ) ~ M E A T  C A ? A C ~ ~ ~ ( B T U / L I - C J I  
REAO I S , : I O l  TC,O,C? 
I N P U T  f L ~ 1 0  P R O ~ E R T I E S ! ~ E A T  C A ~ A C I T ? I @ I U / L O ~ ~ ) . G E ~ ~ : ~  - i 
V I S C O S ~ T Y ( L B / F T - S E C ~  
REAO l S . l b 0 1  CP~.OF.V ISCO 
V - R l t Y  !wPUTTED OAT* 
* R I T E  4 '  1 7 0 1  A 
WRITE ( 4 ; 1 & ~ ]  0  
WRITE ( 4 , 1 1 0 )  I 
w R I T E ( b r l V S 1 ~ O U N 7  
* @ I T E f . . J 9 6 ) ~ F I R S ~  
WRITE :4,2001 ZLONC 
r R I T E  I ~ , J ~ O I  T I W A X  
WRtTE ( 4 , 2 2 0 1  M 

* R I T E  ( 6 , 2 3 0 )  V 
* * I T €  t r , z * o )  r f  
WRITE ( 6 , 2 5 0 1  TC 
WRITE l b , 2 6 0 )  D 
* R I T E  l b , 2 7 0 1  CP 
* R I T E  16 ,280 ;  TS 
W R I r E  ( 6 , t ~ o t  CPF 
WWITE ( 6 , 3 0 0 1  OF 
* R I T E  1 6 , 8 0 1  V lSCO 
C O % S T ~ - ~ ~ * B - A * A ~ ~ C P ~ Q ~ ~ ~ ~ .  
C O N S T ~ D A . A O C P F ~ O F / I ~ ~ ,  
C ~ N S T ~ - C O N S T : * C O N S T ~  
J - 1 - 1  
C l m 3 . I q I ~ 1  
T * A l m T F  
c - I  
OELR-(O-AI/I;Z.~CI 
R ~ O I U S ( I J ~ A  
O R - D E L R * I ~ ~  
3 0  -CO 1 l m i . j  
F L O A ? . l l r l  
~ ~ O ~ U S I I ~ I ~ A ~ F L O ~ T - O R  
O E N O R - O . ~ ~ ~ R A D I V S I I ) - R A O I U S I J I  1 
0 3  50f' JJ -291  
O L ~ O ~ * D E N O N ~ R A D I U S ~ J J ~  
r L P n r e t c / ( o a ~ P )  
OCLT=~ELR-OELWI~~..AL?HA~ 



*9. 

40. 
61. 
62. 

S*. 
b S *  
bb* 
670 
b O *  
490 
to*  
t l *  
72. 
75. 
79. 
75. 
76. 
; 7. 
70. 
79. 
80- 
0 1 
02. 
03. 
09* 
85. 
l)b. 
87*  
oe* 
09. 
90. 
91. 
9 2 -  
93. 
9T. 
9s. 
94- 
9 7 *  
9.0 
99. 

100. 
101. 
104. 
103. 
101. 
I O S *  
104. 
107. 
100. 
LO'. 
110. 
111. 
112. 
113. 
119. 
115. 

D t l M L * 0 C ~ t * b g *  
OCLX~DELT*V.)~OOI 

C CALCULATE WUMBCR OF A X I A L  S ? h C t   STEP^, W A X I A L  
OUMMY=ZLONC/DLLX 
MAX~AL.DUMMV 
#LONG l N A X I & L  
w ~ ~ ~ t t r , ~ z ~ ~ ~ r x i r ~  
W R f T L  t b , a l O )  D L L x e D ~ l T , A ~ ~ W ~ , D C L R  
L ~ ~ ~ * O ~ . C I S A ~ A / ~ ~ ~ ~ ~ V  
U R l T C t b e ) 9 ~ # ~ 0 0 T  

C UafT: OUT @ & @ I 1  FOR r n l C n  T E m C C R A t U R ~  UtLL at C A L C U L I - L O  
u @ f T E t b , W 9 1  
~ R ~ T ~ ~ ~ . ~ ~ @ ~ ( ~ A @ I U ~ ( J ? L I * J ~ L B ~ ~ J ;  

c 
C W R I T E  OUT PUMP UORK,CRCSSURC DROP A I D  I g L A t t O  PARAMETERS 

R C ~ O f * V * ~ . . A / V I S C O / ~ ~ ~  
?-O*IO~.RE*.~-O.ZI 
DC~~**~LOI~*I~,.D~.VOVI/~~,~A*Z**J~I~I 
? U M C ~ ~ ~ D ~ T ~ O P J ~ ~ O . O ~ O O ~ J ~ ~ ~ O ~ ~ ~ ~ ~ O .  
? W ~ * P ~ ~ / 5 q i ~ e  
U R ~ T E ( ~ , ~ ~ O J ? U M ? , R E , F , D ~  
~ ~ l ~ E ~ b ~ 1 9 0 l C U K ~  
Q S O L I O  C O N ~ T ~ * C l ~ X ~ ~ N G ~ ( T F f T S l * ~ ~ i X  
W L U I D  = COY?T2.PI.x~OWG*(TC IS)-JCLI 
ocnrar  SOLID 0 e r ~ u t o  
a K r n r t r e c n r ~ ~ 1 3 ~ t q *  
U ~ I T C ~ ~ ~ ~ S I Q $ O L I ~ , ~ ~ L U ~ D ~ Q C ~ A ~ ~ ~ ~ K ~ ~ R T  

C I ~ I T I A L I Z E  V L U I D  AND C T L t N O C ?  T E ~ T C R A ~ U R ~ S  AND C A L C L L A T E  AXIAL L o t  
b X I A L ( I I . O . 0  
00 10 . v ~ . l , ~ A x i r L  

Q I J P L ) m O * O  
T ~ L U I D ~ J ~ L I . O ~ O  

IFIJ?L~EQ.IICO TO 9 
AXI~L(JCLI=AXIAL~JPL.II*DELX 

V 0 0  10 C - I , J  
TWCU(JCL,L! 9.0 

10 T~J~L.L I=O.O 
~ F L U I D ~ ~ I . I * O  
T ~ L N E U ( I I - I ~ O  

t W R I T E  OUT I M f T I A L  C O N O I T I O N S  
TIME-0.0 
QTOTAL.0;0 
~ E A t l M = 0 ; 0  
AVG m 0.0 
WRITE (b,t01 T I ~ E , Q T o T A L e H E ~ T 1 ~  
u R I T E ( 6 e 3 t 0 )  
NCRt WT-0 
KOUNTR-0 

C 
C A L C U L I ? €  ? R E L I H I I ~ R Y  C O N S T h N t S  

C O W I - C l * ~ F ~ A ~ A ~ D E L X ~ C ? f ! l ~ ' 1 ~  
CON2~2..?l*A~DELX.~~OELT/~~* 
CONO*O*~.D.?~.C~.CELX/I~~. 
C O N R A D . ~ ; ~ A ~ ~ R O O R . D R  
C O N R ~ ~ C O ~ Q ~ C O N R A O  
00 10 J C L * ~ .  1 
LCJ=JCL*I 



114. 
117. 
118. 
11- 
: za* 
121. 
122. 
123. 
12- 
12s. 
l a b e  
4 27. 
12.. 
129. 
1 SO. 
131. 
132. 
133. 
139. 
13s. 
136. 
137. 
1 3 8 0  
139* 
110. 
1*l. 
1 12. 
113. 
I*** 
1 *s. 
116. 
117. 
I *8*  
1 *** 
1 SO* 
151. 
lS2 .  
I s 3 0  
159. 
155. 
156. 
I S V *  
1 SO* 
1 SV*  
I 60. 
161. 
t b t *  
163. 
1.9. 
165. 
166. 
167. 
1 be* 
169. 
17J. 
171. 
172. 

20 ~ ~ ~ ~ S @ ~ ~ L ~ * U A O ~ U ~ ~ L ? J I ~ U A ~ I U ¶ ~ L * J I ~ ~ A ~ I U S ~ J ~ L J ~ R A ~ ~ U ~ ~ J ~ L ~  
c 

L C N C t M  r 3 
3 0  a t  OTAL-O;O 

L f a C t n  L c w s t n  1 
~ ~ ~ L L W C T ~ , ~ ~ ~ W A X ~ A L J  L L N a t n  N A l t A L  
00 SO L.l,LCIlCt* 

c S O L ~ O  ~ ~ ~ ~ L U I T U I ~ S  IOU tnc v r x ~  t ta8 S t r ?  yr a t  ~ r f L a C r t r T  oalgr 
c M ~ N E O  ruo* tnosf or tnt  r r f ccco tu r  t t r c  sta*, t r c t r t  roa t w ~  twagu 
c S U U ~ A C C  tlrr W l C n  m u s t  mf ~ ( l c a a t r t o  Pam A C o r o u C t t O W  c L O S u u e  co*. 

4r ~&ca:l & e l  b t  a @  70 40  
v r r  4 -1  O0 'I =PbJ 
~ 4 ~ * 8 ~ ~ D / t z e ~ t ~ / i l . + t  v A R L * 9 t b ~ t  I I 
T ~ ~ t L , ~ ~ m o ~ S ~ t t t ~ . U ~ ~ l ~ t ~ ~ * ~ ~ ~ ~ * t l ~ . ~ - l t ~ t ~ . - v ~ ~ ~ J  

60 t o  1s 
C *O F L U 1  @ O U N ~ A R T  C O N 0 1 1 1 0 *  
90 t l C Y ( L ) u l ~ t N c Y ~ L . R - l ~  
qs C O r t ~ r U E  
C 
C A L C V L A ~ E  ncrt c o w s r r l t  O s ~ r  u w t c n  o t S C n 1 ~ r S  w c r t  w n l c w  nrs C o w o u c t r D  
c INTO lnc S O L I D  ~ N T E R ~ O R  D u n l w G  -IWC STEP. tn rs  E r c L u o t s  MEIT INTO t b  

C * !@St  E L C H Z N ~  
QSL1.O.O 
00 94 J?&mz, i 
LPJmJPL.1 

b Q S L ~ ~ Q S ~ T * R O ~ ~ S Q I J ~ L ) ~ ~ ~ M E ~ ~ ~ , L C J I * ~ N C W ~ L . J ~ L I -  
I T ~ L # L ? J ) ~ ~ ~ L ; J P L J  I 
C O M R T r C O n l A O ~ ~ T N L I ( L a ~ b - T ; L ~ 1 l ~ T ~ L ~ i ~ ~  
C O N R ~ . C O N Q ~ I C O N @ ~ * ~ S C ? I  

C 
C O E T E R ~ I W E  NEU SURIACL ~E~IEIATURES t w f Y t L , i l  

lC (L .EO. l lGO TO 1 8  
L L L L - L - 1  
T O ~ = ~ ~ L U I O ( L ~ L L I - C O ~ ~ ~ ~ C O W I - C O ~ K Z ~ C O W Z  
~ O T ~ O W ~ ~ , ~ * C O N K I / C ~ W ~ ~ C ~ N K ~ / C O ~  
T N L ~ ~ L , l ) . T O ? f 8 0 T ~ O M  
t ~ L ~ ~ * ~ L ~ ~ t * ~ ~ t L . ~ l * ~ ~ ~ O * C O M ~ ~ / C O N 2 I * C O W ~ 2 ~ C O M 2  
O ~ L I - C O ~ K I * T N E W ~ L , I ~ + C O N U ~  
GO 10 so 
Q~II*CO*KI*CONKZ 
t N ~ W t l r t J ~ 1 . ~  
T F L W L U I  1 1rI.0 

SO Q ~ O T A L = Q ~ O ~ A L * ~ ~ L I  
C 
: e t o t  IS ncht  IMTO SOLIO O V R I N ~  t t a r  s t c r  I O ~ U I  

Q t O T  l QTOTAL ( t f  r f  
~ L A ~ I N . ~ E A ~ ~ N * Q T O T  

C REPLACE O L D  TEMPS * l l w  NF f c * *S  
00 52 L= j .LENGT M 
00 51 1.=1*.. 

5 1  f ( L , X I * ~ N E W I ~ ~ K I  
f d  ~ ~ L U I D ~ L ) ~ ~ ~ ~ N L ~ ~ L ~  

T l l E w T l ~ ~ * O t ~ w E  
C 
C P U r N t  R E s u ~ t s  

k P R 1 n f r N r ~ t ~ ~ ~ :  
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IT*. 
17s. 
17&* 
!77*  
17.m 
171. 
1 80. 
181* 
182. 
103. 
1 a*. 
10s-  
1840 
I I I *  
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189. 
190. 
191. 
192a 
I I J *  
II1. 
I I S *  
l 9 4 *  
197. 
l I 8 *  
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200. 
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202. 
203. 
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207. 
zQ8* 
201. 
210. 
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2 1 a* 
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2 15. 
216. 
217. 
21.m 
219. 
220. 
221. 
222. 
223. 
2/10 
2'5. 
2'6. 
227. 
zza* 
229. 

I ~ ~ M I * I ~ T ~ L L ; W ~ I R S T ~ ~ O  TO Ss 
C OtCtOL I1 t*:S T11C STEP WOULD 8 c  ~ E C O ~ V C O  

KOUW~R-XOUNVR*~ 
I ~ ~ X O U ~ ~ ~ , L T ~ C O U W T ~ G O  TO 30 
KOUMtR.0 

55 COMtINUt 
C 

tssum . 0.0 
CLSUI  . 0.0 
00 7 0  L w ~ r L L u 6 T n  
I ~ U ~ ~ ~ . S ~ . I ~ A O I U S ~ ~ I ~ O ~ ~ ( I . ~ ~ T ~ L , ~ I * ~ ~ A ~ ~ U S ~ ~ ~ - O R ~ ~ . ~ ~ T ~ L ~ J I ~  
00 400  4; .a 1 

600 ~ * U ~ ~ ~ * C ' O ~ ~ ~ ~ , ~ J ~ - ~ A ~ ~ U S I J ~ I  
T A V ~ 8 B m ? ~ a ~ o ~ a O m  

C ThV6SO 1s YC1CMtCO AVCI1b8C T ~ m C t n b t U ~ c  101 SOL10 OMLV 
~ S ~ S ~ ~ ~ L ~ ~ ~ C O M S ~ ~ * ~ A V ~ S ~ ~ C O W S ~ ~ * ~ I L J : O ~ L ~ ~ ~ C O N S T ~  

c TSTSTM 1s r c t C n t l o  A V C  T ~ M P L R ~ T U ~ ~  ?OR 1 0 ~ 1 0  AND ? ~ U l o  c o w r i  r 0  
TSSUM . TSSUI . TAVCSO 
ILSUR . ILSUM . TCLUIOtL i  

1 0  CIUlIWUC 
C 

SOCMRC TSSUM/XLO&C 
CLCnRQ FLSuWfXLONC 
RElTFL ~ -FLCMRC OCLUIO 
MEATS0 ~ ~ O C W R C ~ Q S O L I ~  
n t b t s v  8 HLATFL n t ~ t s o  
AVC IW&ATSO MEAIILI QCnARC 
PaTUMR ~ ~ ~ ~ ~ C P ~ ~ ~ ~ C - T S I ~ ~ T ~ L U I ~ ~ I ~ ~ ~ I ~ U I O ~ N A I ~ A L ~ ~ * ~ ~ O O ~  
PUMT 4 *gTunn/J* le.  

C 
c r E P o R t  RESULTS 01 THIS TIHE STEP 

~ R ~ T E ~ ~ ~ I O ~ T ~ ~ E ~ Q T O T . ~ L A T I N  
W ~ l t L ( b e l l )  HEATFL, - ~ A T S Y ~  AVC 
w R I T E I & ~ ~ ~ o I  ?blUnR,CKWT 
~ R ~ ~ ~ I ~ , ~ ~ O ) ( ~ ~ L U ~ ~ I L I ~ L ~ I . L E N ~ T ~ I  
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c 1C t n ~  SvSTEm IS 1 8  PER CENT CnARCtO, Lo OMTO MEIT CASE 
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75  STOP 
C 
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129 fGRHATl~Xe 'W~MBER OF AXIAL STEPS CALCULATED I S ' e Z X , 1 7 ~  
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110 CORMAT 1 1 1 0 e ? l  
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APPENDIX D 

DERIVATION OF DIIIENSIOEXESS PARMETER A 

In an attempt to find correlation parameters which would apply 
to all of the system thermal dynamic curves in Section 111, different 
dimensionless parameters were considered. KO general parameters were 
found which would be generally applicable in all cases, although the 
dirensionless parameter, which is used in Figure 4.14, does provide a 
dimensionless flowlength which may be useful in some circunstances. A 
heat valance on a differential element dx of pipe is described below. 

/ mTradial 
Qi, 

/ D - Qout 
I 

L-- j 

where the following definitions follow, 

Qout 
= f i C  T 

p O'it 

d = mass flow rate through pipe 

C = heat capacity of fluid 
P 

p = density of fluid 

Tout 
= temperature of fluid at outlet 

= temperature zf fluid at inlet 

h = convective heat transfer ccef f icient (fluid to pipe vall) 

A = pipe wall area element dx 



Tf = bulk fluid temperature 

Tw = wall temperature 

The heat balance is, 

Qout - Qin - RCp (Tout - Tin) ATradial = hA (Tf - Tw) 

Differentially, 

The mass flow rate can be written in terns of fluid velocity and the 
areas in terms of pipe diameter, 

If we group temperature terms togethe-:, 

integrating, 

In English uni-r 



BTU - - - 
= HR IT OF = DIMENSIOIJLESS 

BTU 
BR FT O F  

A i s  then the dimensionless parameter which re la te s  several transport 
variables t o  each other and serves a s  a dimensionless flow distance 
from the system entrance. 



APPENDIX E 

PIPE AND SAND COST SAMPLE CALCULATION 

I n  t h i s  r e p o r t  t h e  c o s t  of i n s t a l l e d  carbon s t e e l  p ipes  capable  
of  con ta in ing  p ressur ized  water t o  2000 p s i a  i n  t h e  sand-around-pipe 
thermal s t o r a g e  u n i t  (TsU) is  taken from t h e  fo l lowing t a b l e ,  which 
was genera ted from surveys  of  engineer ing c o n s t r u c t i o n  f i rms.  

P ipe  Diameter M a t e r i a l  Cost Welding Cost I n s t a l l a t i o n  T o t a l  
( inch)  $ / f t  $ / f t  $ / f t  $ / f t  

* 
I n t e r p o l a t e d  c o s t s  

Sample C a l c u l a t i o n  of Sand and Pipe  Cost 

Consider a  sand-around-pipe thermal s t o r a g e  u n i t  (TsU), such a s  
descr ibed i n  Sec t ion  I1 and 111, which has  1.5 inch O.D. p ipes  on 4 
inch c e n t e r s .  I n  Sec t ion  111 t h e  thermal performance o f  such a  system 
is c a l c u l a t e d  f o r  d i f f e r e n t  cond i t ions ,  and t h e  c o s t  of a  5000 foo t  
s e c t i o n  of  such pipe  and sand is  es t ima ted  he re .  From t h e  above we 
s e e  t h a t  t h e  i n s t a l l e d  pipe w i l l  c o s t  about 

Pipe c o s t  = ($1.53/foot)  (5000 f e e t )  = $7650 

The a r e a  ' . thin t h e  boundaries of a n  annulus def ined by 4 inch o u t e r  
c i r c l e  and 1.5 inch inner  c i r c l e  and i s  0.075 square  f e e t ,  and s o  t h e  
sand volume i n  ti 5000 foo t  length  is 375 cubic  f e e t ,  which a t  100 
l b / f t 3  weighs 37,500 pounds o r  18.75 tons .  Delivered sznd a t  
$20/ton would then c o s t  

Sand Cost = ($20/ton) (18.75 t o n s )  - $375 

and so  t h e  combined sand and pipe c o s t  would be 

? ipe  and Sand Combined Cost = $7650 + $375 = $3025 

which is  t h e  value  repor ted  i n  Tables 3.1 and 3.2. 


