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ABSTRACT

This study evalustes the technical and economic potential for
high temperature (343°C, 650°F) thermal energy storage (TE3) in
hollow steel ingots, pipes embedded in concrete, and for pipes buried
in sand. The intended TES application is integration into & steam
powver plant, perhaps to provide an otherwise baseload plant.

It was determined that concrete would separate from pipes due to
thermal stresses, causing unacceptable thermal resistances.
Therefore, for study, concrete was replaced by sand, which is free
from thermal stresses. The original hollow steel ingot concept
underwent a series of evolutionary changes, and it was finally decided
that all variati~ns were not cost effective compared to the sand-pipe
approach. Therefore, the sand-pipe thermal storage unit (TSU) was
evaluated in depth to assess the approximate tube spacing requirements
consistent with different system performance characteristics and also
attendant system costs. A series of performance cost curves were
generated from vhich tube spacing and tube diameter performance
comparisons were obtained. The curves served as inputs for the cost
analysis.

The major conclusion of the study is that for large TSUs which
do not require fast response times, the sand-pipe approach offers
attractive possibilities. A pipe diameter about 9 cm (3.5 in) and
pipe spacing of approximately 25 ca (10 in), with sand filling the
interspaces, appears appropriate. Such a TSU system designed for 8
hours charge/discharge cycle has an energy unit storage cost (Cg) of
$2.63/kWhr-t and a power unit storage cost (Cp) of $42/uW-t (in 1977
dollars).
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Dimensionless location
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SECTION I

INTRODUCTION

Thermal energy storage (TES) systems have the potential to make
possible fuel substitution, fuel savings, and capital savings in many
application areas. For large power plants, a thermal storage unit
(TSU) must be able to store and return heat at high temperatures.
Another practical requirement is that the TSU must be able to receive
and return its full thermal charge within a3 specified time, probably
measured in a few hours for a daily charge-discharge cycle.

Various approaches using solids as the prime storage medium were
considered. Because the intended TES application is integration with
a steam power plant to confer load following capability, pressurized
water or steam is a logical heat transport fluid to charge and
discharge the solid storage mass. Two solids were originally planned
for consideration as storage media; steel and concrete. The original
steel ingot heat storage concept underwent a series of evolutionary
changes and was eliminated from selection because of high cost. The
concrete was disqualified because of technical limitations and
replaced by ordinary sand. The factors and considerations which lead
to the final concept selection (sand-pipe TSU) are described below.

A system temperature limit of 343°C (650°F) was selected for
this study to allow utilization of relatively low cost carbon steel,
both in large ingot form and also in pipe form, because the strength
of carbon steel deteriorates at temperatures above 343°C (650°F).

To facilitate system comparisons, the charging and discharging medium
was considered to be pressurized liquid water, without a phase
change. Thereforc, only the sensible heat of the water is available
for system charging and heat storage. Because this is basically a
feasibility study, no attempt was made at performance and economic
optimization, although parametric variations allow an indication of
cost trends for different design specifications.

The original steel ingot TES concept consisted of many long
square cross-section steel castings with axial holes to provide for
heat transfer from a pressurized transport fluid. It was originally
thought that such steel ingots with holes could be obtained at 33¢/kg
(15¢/1b), which would have provided a cost-attractive system. Thermal
stress analysis indicated that the header attachment problem was not
insurmountable. Surveys of industrial suppliers of steel products
have revealed that such a piece would cost $1.32/kg (60¢/1b), because
placing the hole in the ingot is an expensive and difficult process.
Therefore, the idea was discarded in favor of a steel '"sandwich,"
consisting of two long 18.3 m (60 ft) steel slabs approximately 1l m
(3 ft) wide and 20 cm (8 in) thick. These would be separated by
electroslag welded dividers 2.5 cm (1 in) thick which would form a
thin but wide channel which would contain pressurized water. Such a
unit could be fabricated for 70¢/kg (32¢/1b) and would provide more
heat transfer area than the hollow ingot. An improved design was
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evolved which could be fabricated as a square from four such slabs.
This design provided a large internal cavity which could store
appreciable amounts of water, thus allowing th. water to contribute to
the heat balance and reduce the overall system cost. This four-slab
square would also cost 70¢/kg (32¢/1b), but less steel would be needed
than for the sandwich because of the water that the structure would
contain. Finally, if the square were made into a thick,
pressure-bearing steel pipe, less steel wovld be recuired, but such
pipe would cost $1.32/kg (60¢/1b). Therefore, two concepts have
emerged where steel contains pressurized water iu a cyclical storage
mode and both steel and water contribute to the energy storage; the
thick square pipe (@70¢/kg, 32¢/1b) and the thinner cylindrical pipe
(@$1.32/kg, 60¢/1b).

The other technique proposed for study was concrete poured
around pressure bearing pipes. The pipe matrix would resemble a shell
and tube heat exchanger, except the pipes would be spaced every few
inches. To charge the system with heat, hot pressurized water would
flow through the pipes and heat would diffuse into the concrete.
Energy is recovered by passing pressurized cold water through the same
pipes. The cold water displaces the hot water already stored in the
pipes and becomes heated by the surrounding concrete. Tube spacing
determines system performance, but thermal stress analysis showed that
concrete would eventually separate from the fluid bearing tubes,
causing very high thermal resistances between the concrete and pipes.
This condition would severely impair performance. For this reason,
concrete was disqualified and replaced by common sand, because with
loose sand no stress could occur between the storage medium and
pressure containment pipes. Also, sand would be less expensive than
concrete, both to procure and handle. The sand would, however,
require come kind of containment structure or pit, whereas the
concrete unit is self-containing.

Comparing the three candidate concepts mentioned above (the
thick square pipe, cylindrical pipe, and sand and pipe), it was found
that for a large system with several hours available for charging and
discharging (as would be the case for daily cycle in a power plant)
the TES system cost divided by the system isable heat capacity for
both hollow steel approaches would be about $14/kwWhr~-t. The sand-pipe
system energy cost is closer to $2,60/kWhr-t. Therefore, the steel
storage concepts were abandoned and effort was focused on the sand-
pipe TSU.

A thermal analysis was conducted on the sand-pipe storage
configuration to assess approximate tube spacing requirements
consistent with different system performance requirements and also
attendant system costs. From the computer outputs, a series of
performance curves were generated from which tube spacing versus
performance information was obtained. The curves served as inputs for
the cost analysis.
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SECTION II

SELECTION OF STORAGE CONCEPT

Although two approaches were originally considered as attractive
TES candidates, hollow steel 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. 1In 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. Each
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 maximum
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¢/kg (15¢/1b) 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 0.3 m x 18.3mor 1 ft x 1 ft x 60 ft,
plain carbon steel). The methods investigated were: (1) continuously
casting the steel, then piercing a circular hoie by drawing the bar
around a mandrel, (2) "trepanning" a hole down the entire length, and
(3) centrifugally casting a large hollow-cored cylinder and either hot
or cold working into the rectilinear shape desired.



N

HEADER
PIPES

18.3m (60 ft) ﬁ

STEEL INGOTS STACKED TO FORM THERMAL STORAGE SYSTEM

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

TYPICAL STEEL INGOT

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




The continuous casting/piercing operation was found to ue
impossible for this application. Carbon steel can be continuously
cast, but it is done sc that the length is limited to about 6 a
(20 ft). Rep:blic Steel indicates that taey can cast a 20 cm (8 in)
squsre cross section, but this must be rolled down to a 10 cm {4 in)
square tc have the mechanical properties of billets produced by other
means. The piercing process is designed to produce seamless tubing.
The bar stock to be pierced must be 1ound in cross section, since it
is carried and rotated on rolle-s as the stock is drawn around a
piercing mandrel. The maximum wall thickness is under 2.5 cm (1 in)
because the metal must plasticaliy deform around the mandrel.

Treplanning is a deep hole Jdrilling operation that can be done
by many companies providing the length of the workpiece does not
exceed about 6 m (20 ft). It was recommended that a "forging quality"
billet be used (approximately 46¢/kg = 21¢/1b) which has been stress
relieved by annealing or normalizing. Defects in the steel are
detrimental to the drilling operation. The ends of the billet must be
faced in order to facilitate clamping and to >rovide a seal for
pressurized oil which is used for chip removal. Also, the billet
might have to be straightened prior to drilling, depending on the
dimensional tolerance of the billet. A 6 m billet could be drilled
from both ends if a 3 mm (1/8 in) mismatch of the holes at the center
is tolerable. An estimate for this work from the Clark and Wheeler
Company in Los Angeles was $2500 for set-up charge and $625 per 6 m
unit (6.25¢/1b). Other estimates ran higher, with the combined steel
and trepanning costs estimated at around 90-110¢/kg (40-50¢/1b).

Another idea pursued ro obtain the necessary steel umit
configuration was to take round centrifugally cast steel pipe and roll
it into the correct shape. Pipe with 0.D.s of 35 cm to 40 cm (14 in
or 16 in) can be obtained, but there is restriction of the ratio of
the 0.D. to the 1.D. induced by fabrication techniques, so that a
minimum I.D. of about 15 cm (6 in) is available. In addition, the
hole must be bored to remove poor quality steel deposited around the
intericr wall, the result of having to "feed metal® as it solidifies.
Under high temperature and pressure this metal could scale and
contaminate the piping system. A much more serinus drawback is that
the process of working the cast pipe into a square section is not an
established procedure, Companies exist that can cold work the cast
pipe, but the pipe maintains a circular cross section. Working the
pipe into a square could conceivably be done but, because none of the
companies countacted had done this previously, they were reluctant to
supply cost estimates, As a reference, centrifugally cast plain
carbon steel pipe costs about 90¢/kg (40¢/1b) with a 35 cm O.D. and
15 em 1.D.

The stee! extrusion process, with a hole punched out around a
mandrzl, can be fabricated by only one steel producer in the United
States, Cameron Iron Company in Houston. Cameron stated that such
hollow steel ingots would cost approximately $1.30/kg (59¢/1b); this
assumes full shop load, maximum rumber of melts, no chemistry limit,
and mass production, Because this appears to be the least expensive
way to obtain a long steel ingot with axial hole, the concept
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illustrated in Figure 2.1 costs a minimum of $1.30/kg (59¢/1b) for
steel, or almost 4 times more than originally expected. Transpor-
tation in any case is likely to be 7.7¢/kg (3.5¢/1b) by rail,

B. STEEL SANDWICH PRESSURE CONTAINING TSU

An alternative to the hollow steel ingot is to form a “sandwich"
consisting of two thick steel slabs which are spaced apart (by 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 44¢/kg (20¢/1b) for plain
carbon steel (33¢/kg for smaller sizes). Shipping costs for the steel
are about $65/ton (7.2¢/kg).

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 oy curreat 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 sufficient to melt the
surfaces ¢£ 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
1b) of weld material per man-hour. If the welding were done on a
production basis, it is possible that welding could be accomplished at
23~45 kg/man-hr (50-100 lb/man-hr). Kaiser Steel indicated that rates
can be computed at approximately $20/man-hr. Therefore, based on 23
kg/man-hr (50 lb/man-hr), the welding would cost 88¢/kg (40¢/1b) 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 weldiang 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 costs.
ror a plain carbon steel billet the breakdown is as follows:

Base Steel Price: approximately 33-35¢/kg (15~16¢/1b). This
price appears to be consistent from one steel company to the
next.

"Process" charge: includes costs for specific thickness, width,
length, quantity, mechanical properties, etc. The estimates
ranged from approximately 7.7¢/kg (3.5¢/1b) for a 30 cm by 30 cm
by 7.6 a (1 ft x 1 ft x 25 ft) billet, to ll¢/kg (5¢/1b) for a
20 cm by 120 cm by 8.5 m (8 in x 4 ft x 28 ft) billet.
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Shipping charge: for an order of 54000/kg (60 tons) or wore,

the estimates ranged from 5.5¢/kg (2.5¢/1b) for steel shipped

from mills located in the western region shipping to the West

Coast, to approximately 8.8¢/kg (4¢/1b) for steel shipped from
the East to the West Coast.

The price of steel from foreign countries is generally lower
than domestic steel. It appears that, on the West Coast, the cost of
Japanese steel is 7-10% lower than the cost of domestic steel,
European steel is asbout 15X lower than domestic, and Korean and
Taivanese steel is about 2.4 lower. The domestic, European, and
Japanese steel are of approximately the same quality, while the Korean
and Taivanese steel is somewhat lower in quality.

From the above information, it sppears that for the sandwich
approach illustrated in Figure 2.2, the cost of each cumpleted unit
will be about 70¢/kg (32¢/1b). There Coes not appear to be any
disqualifying fabrication problems. Stress calculations showed that,
for cardon steel exposed to 2 maximum temperature of 371°C
(700°F), the slab thickness should be at least 15 ca (6 in) for amn
internal duct width of 50 ca (20 in) in order to avoid pressure-
induced bowing with 13790 kPa (2000 psia) pressure inside the
channel., Althcugh the sandwich approach appears to be technically
feasible and cost two-thirds as much as the hollow steel ingot,
additional investigation showed that other geometries are more cost
effective, and so the sandwich concept evolved to the geometry
described below,

C. FOUR SLAB SQUARE HOLLOW-STEEL TSU

The steel slab sandwich with a small spacing between the slabs
to allow pressurized flow (Figure 2.2) was modified to the square
configuration depicted in Figure 2.3. The slabs for the four sides
are identical to those in the sandwich, but the addition of a large
central area which can contain pressurized water allows a significant
reduction in cn2st of energy storage compared to the sandwich
configuration. This is because the liquid water is the transport
medium and also serves as part of the storage medium; the water
contains a significant portion of the stored heat. Because the water
inventory is low in cost, the steel cost of the square ingot system is
estimated to cost 67% of the sandwich configuration for a given
quantity of heat storage. Furthermore, thermal resistance into and
out of the steel is reduced, s» the system will respond faster.
Pressure drops should be considerably less due to the large flow
cross-section. The electroslag weld technique is identical for either
the sandwich or hollow TSU, and the fabricated cost of either approach
is estimated at 70¢/kg (32¢/1b). For all of these reasons, the
sandwich configuration in Figure 2.2 was abandoned in favor of the
hollow square configuration in Figure 2.3, At the end of each
section, a formed header with square end narrows down to a small
circular orifice, which allows for water introduction and extraction,
Stacking individual units into a system used the same procedure as
previously described for the sandwiches and single piece square ingots.

2-6



15
(6 m)

SQUARE FLOW PATH
(PRESSURIZED HOT 81.3cm
WATER) (32 in)

__L
STEEL SLAB (TYPICAL)

ELECTROSLAB WELD (TYPICAL)

NCTES:
(1) THE DIMENSIONS ARE APPROPR!ATE FOR INTERNAL WATER
PRESSURE OF 17, 235 kPa (2500 psia) AND TEMPERATURE OF 343°C {650°F),

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

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

(4) ESTIMATED COST OF STEEL SYSTEM IS 70.54/kg (32¢/1b),
EXCLUSIVE OF HEADERS,

Figure 2.3, Four Slab Square Hollow-Steel TSU



D. THICK WALL PIPE CONTAINING WATER TSU

The slabs vhich form the welded square configuration in Figure
2.3 must be .5 cm (6 in) thick in order to asoid outward bowing when
13790 kPa (2000 psia) pressure is internally contained. This suggests
the idea of using large diameter thick pipes to contain water, because
the pipe thickness can be smaller for a circular geometry tham for a
square geometry. Also, it is relatively simple to design such a pipe
to conform to local pressure vessel codes, whereas a sizeable safety
factor may have to e introduced if the welded square cross-section
configuration were selected. The minimum wall thickness equation for
a cylindrical pressure vessel (ASME Boiler and Pressuve Vessel Code)
and the pipe thickness equation (ANSI - Code for Pressure Piping) are
identical. Therefore, the only code that needs to be satisfied is the
ANSI code for pressure piping. Calculations using the pipe thickness
equation to determine the minimum allowable thickness indicate that,
for pressures in the 13790 kPa (2000 psia) range and temperatures less
than 343°C (650°F) for carbon steel pipes, the minimum pipe
thickness to outer diameter ratio is about 1:10. A 91 cm (36 in) 0.D.
pipe has a required minimum thickness of 9.1 cm. Because the pipe is
relatively thin compared to the square configuration of Figure 2.3,
most of the heat will be stored in the water rather than in the steel,
so the response time for heat input or extraction will be considerably
faster for the circular pipe.

It appears that only six steel mills in the United States can
make pipe over 61 cm (24 in) diameter. Babcock and Wilcox uses a
piercing and drawing technique, Cameron Steel of Houston uses an
extrusion technique, and Tower Iron Works uses the rolled and welded
technique. The Babcock and Wilcox Band W process lists a price of
$1.32/kg (60¢/1b) based on pipes of Al06 seamless carbon steel of
6.7 m (22 ft) length, the longest they can produce, with square ends.
Ninety-one cm (36 in) O.D. is the largest in their catalogue, and wall
thicknesses are available up to 15.4 nominal e¢m (6.06 in). Their
price includes ultrasonic testing. Rolled ends, which reduce radius,
would cost more. The cost of extruded pipe from Cameron is $1.30/kg
(59¢/1b); this 1s the mill price without a middleman markup. The cost
of pipe greater than 61 cm (2 ft) diameter and meeting pressure codes
is therefore about $1.32/kg (60¢/1b).

E. SAND-PIPE TSU

The original TES study approach was to consider both the hollow
steel ingot and also concrete encased pipes. For the hollow steel
ingot, it was felt that the relatively high cost steel would allow
direct contact between the transport fluid (pressurized water) and the
storage medium (steel), while the high thermal diffusivity of steel
would allow for fast system response., At the other end of the cost
spectrum, for the concrete encased pipes, it was anticipated that
inexpensive solid (concrete) could serve as a storage medium if the
concrete volume were interpenetrated with pressure-containing pipes.
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The tube spacing and, thus, system cost would be dictated by the
required heat input and extraction rates. The concrete encased pipe
approach underwvent a parallel evolution to the steel approach,
although the geometry did not change.

A considerable amount of effort was expended on the concrete
encased pipe approach, and it was found that concretes exist which can
endure up to 510°C (950°F). The cost of the concrete would prob-
ably be controlled by transportation costs. Although the thermal
expansion coefficients of concrete and steel are similar, a careful
thermal stress analysis showed that the concrete would separate from
the tubes due to thermal cycling. This tube separation would cause
high thermal resistances between the concrete and pipes, which would
impair performance to an unacceptable extent. During cooling, the
steel pipe will tend to shrink prior to the concrete, placing the
concrete in tension. Concrete is very weak in tension, although
reasonably strong in compression.

During heating, hoop stresses induced by the steel pipe
expansion may give rise to failure in the concrete due to shear
stresses. This disqualifying feature of concrete caused its
abandonment for this study.

The way to overcome the stress problem inherent in the concrete
storage system is to substitute sand for the concrete (Figure 3.1,
Section III). With loose sand, stresses between the storage medium
and pressure containments do not appear. Due to thermal cycling, the
sand will probably settle, thermal performance should improve as voids
are eliminated and the sand is more tightly pressed against the pipes,
reducing thermal resistance. Sand settling from the top would be
filled in with more sand. Also, sand is less expensive than concrete,
both to procure and to handle. However, the sand requires some kind
of containment structure or pit, whereas the concrete unit does not.
The published thermal diffusivity of sand is half that of concrete, so
a greater tube density than for concrete is required. The sand
storage medium is inexpensive, widely available, probably
non-degradable, nonflammable, nontoxic, requires no pressure container
and is safe. The only adverse properties appz2ar to be the low thermal
diffusivity and the requirement for containament. A possible
alternative is to have encapsulated phase change material units,
spheres or pipes, mixed in the sand to increase the effective heat
capacity and reduce volume and pipe length. But such encapsulation
approaches would alter the basic premise of very low storage medium
cost, and as such are not considered further in this study.

Because the sand-pipe TSU is described in detail in Section 1II,
a system description is not made here. The system performance is
described in Section IV, and the economic performance for different
conditions is considered in Section V.



F. SELECTION OF THE APPROPRIATE TSU CONCEPT FOR IN-DEPTH ANALYSIS

To choose the "best" TSU from several candidates depends upon
the application and the total system into which it is to be
integrated. The application system considered here is a large steam
power plant, which can be thermally powered by conventional fossil
fuel, a nuclear core or solar input. It is assumed that pressurized
water of the required quantity is available both for transferring heat
to and from the TSU, and for direct storage. Therefore, the TSU must
be capable of containing pressurized water, probubly in excess of
14000 kPa (2000 psia) pressure. Also, it is expected that the large
TSU will function in a daily cycle, so a few hours of each day are
available to charge the system from the heat source, arnd later the
system is discharged over a few hours to augment the heat source in
producing power, perhaps by feedwater preheating. The conditicn for a
solar power plant is more severe than for the conventicnal power
plant, because for the solar sower plant, the system must be able to
drive the prime mover wittout benefit of an external guaranteed heat
source. In each case, 1t is assumed that pressurized liquid water is
available at 315°C (600°F) for charging, and the system can swing
through a total temperature cyclic excursion of 222°9C (400°F).

0f the five concepts considered above, only three need to be
counsidered for economic attractiveness, for reasons already
described. Table 2.1 calculations are presented for two systems, the
four-slab square of Figure 2.3 (System 1) and the large thick pipe
(System 2). The sand-pipe approach (System 3) is analyzed in detail
in Section IV. The economic results, expressed in $kWnr~t and taken
from Tables 4.1 (Section IV) and 4.2 (Section IV) is shown at the
bottom line of Table 2.1. Although in Table 2.} the weight of steel
is much greater in System 1 than for System Z, the cost of each system
is almost equal, due to lower steel cost for the heavier system. This
appears to be coincidental and is due to prevailing steel, processing,
and labor rates. 1In Table 2.1, peripherals such as valving, headers,
controls, insulation, foundation, ctc., are not considered because the
bulk of the cost will be for the steel itself. System 1 stores 59% of
heat in the water and 417 must be transferred to and from the steel,
whereas System 2 features a 342Z/66% water/steel heat storage ratio.
Therefore, System 1 will provide a faster system response than System
2. It is stressed that the fluid which transports and stores the heat
has an impact on the system economics. If oil were used instead of
pressurized water, there would be additional cost factors. Heat
exchangers would be necessary and heat capacities would be different
resulting in different system sizes, and cost comparisons such as that
shown in Table 2.1.

The most significant result from Table 2.1 is the energy cost
($/xWhr-t). For the considered conditions, Systems 1 and 2 cost about
the same, 314/kWhr-t, whereas the sand-pipe approach costs about
$3/kWhr-c. The result can be anticipated from Table 4.1 (Section
Iv). The $3/kWhr-t cost fcr sand-pipe TSU considers the entire system
including containment, controls, contigency, etc. This result is not
ccmplevely unexpected; if the large pipe approach of System 1 had sand



Table 2.1. Comparison of Candidate Concepts

NOTE: All physical parameters are per linear meter.
Water pressur: = 2000 psia (13,788 kPa).

Square Foot

Thick Walled

Piece Pipe Pipe Sand-Pipe
Cocsidered Parameter System 1 System 2 System 3
Volume of steel (4.34 f£r3/f¢) (2.48)
0.403 m3ln 0.236 m?/m
Weight of steel (2126 1b/fe) (1216)
(Pg = 7850 kg/m3) 3100 kg/m 1773 kg/m
Heat stored in steel (102,000 Btu/ft) (58,400)
(C, = 0.28 Joules/gram 98 kWhr-t/m 56 kWhr-~t/m
dg = 2229C)
Volume of water (2.78 ££3/ft) (4.59)
0.258 m3/m 0.426 m3/m
Weight of water (158 1b/ft) (261)
(Py = 913 kg/m3) 230 kg/m 380 kg/m
Heat stored in water (69,600 Bru/ft) (114,800)
(C, = 2.6 Joules/gram 67 kWhr-t/m 110 kWhr-t/m
dg = 22290¢)
Heat stored in system (171,600 Btu/ft) (173,200)
165 kWhr-t/m 166 «Whr-t/m
Percent of heat in 59%/41% 34%/66%

steel/water

($680/ft @ 32¢/1b)
$2231/m @ 70¢/kg

($730/ft @ 60¢/1b)
$2395/m @ 132¢/kg

Cost for steel

$4.22/103 Btu =
$14.41/kWhr-t

$4.00/10 Btu =
sl 30 66/kWhr-t

Energy cost
Approx $3/kWhr-t

NOTES

System 1 is the four slab square hollow steel TSU formed from four slabs (filled
with interior water) (Figure 2.3).

System 2 is a 0.91 m (3 ft) O0.D. thick wall circular pipe with wall thickness 8.9 cm
(3.5 in) filled with water.

System 3 is the sand-pipe (with water interior) TSU, described and analyzed in
following sections.
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packed around the outer pipe diameter so that the low cost sand could
participate in the heat storage function, then the system cost would
naturally be raduced. However, as will be explained in Section IV,
although the sand system costs less, the penalty for introducing sand
is lowered system response because considerable time is required for
heat to diffuse into and out of the sand, which is characterized by a
low thermal diffusivity., If immediate system response is not required
in all parts of the TSU, as is the case where a 6 hour charge and
discharge time may be necessary, then a lower cost system with
appropriate response may be suitable., Therefore, Systems 1 and 2 are
rejected from further consideration, and the remainder of this study
will describe and analyze the sand-pipe TSU approach.
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SECTION III
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 from
emong virious 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 pressurized 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 fluid which flows within the
pipes and the power cycle working fluid (pressurized steam or water).
The storage transport fluid is identical with 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 diffusivity 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
«hips may be too costly. Therefore, in the interest of keeping the
considered system simple, only sand 1is considred in this study.

One possible design for the sand~pipe TSU is shown in Figure
3.1. The sand, which 1s 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
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Figure 3.1, Sand-Pipe Thermal Storage Unit Overall Configuration
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two walls made of concrete are unspecified as 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 * .ding moment indicates that columns must be placed
vertical.y 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 ft)
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. 1In 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 stability 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 roids 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 combined
load of the I-beams, sheet steel, sand, and pipes. The footing 1is
calculated to be 1.22 m (4 ft) wide and continuous throughout 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 17
of the inputted heat rate, 15 cm (6 in) of mineral wood insulation
thickness is found to be adequate. A telephone survey given to
commercial 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 $228,000 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. 1In 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 discharzed
from the module. The pipes serpentine to allow long flow paths, and
heat is stored both in the sand and the liquid tramsport fluid.
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A limiting factor in the extraction or input of thermal energy
to or from the stationary sand-pipe TSU is the low thermal diffusivity
of the storage material, sand. This may mandate a high pipe density,
wvhich manifests as a relatively high pipe cost. Because the cost for
the sand and accompanying concrete retaining structure, including
insulation, is less than the cost of the pipes, the overall system
cost is strongly dependent upon tube spacing. Power related costs
dominate TSU cost, primsrily due to the pipe expense. Power related
cost items include pipes and header system, controls, sensors, and
valves. Pumps and filters are not considered here as part of the TSO
expense because they are already present requirements in any systen.
However, pump work and pressure drop thrcugh the TSU will be evaluated
in subsequent calculations because they are vital factors for system
integration and operational cost assessment. The energy related costs
include sand, containment and insvlation. A simple First Law of
Thermodynamics type calculation i. generally sufficient to size the
sand volume, thus essentially resolving the sand and container costs.
However, a Second Law type thermal analysis is needed to evaluate the
minimum tube spacing or range of spacings which will satisfy the power
input and extraction requirements. For example, it may be desired
that the total energy from the system be extracted in six hours, which
would be consistent with one given tube spacing. A 9 hour cycle would
ailow a greater tube spacing and a less expensive system. The thermal
analysis (presented in Section IV of this report) will evaluate the
time temperature history of the storage unit with given specified
geometrical parameters (i.e., pipe diameter and centerline spacing
between the pipes). A 6 hour cycle is chosen here as a convenient
reference point. Th2 temperature distribution as a function of time
will indicate whether the tube spacing will satisfy the 6 hour
chargir_/discharging time; if not, other sets of geometrical data
input will continue until the criteria is satisfied. The resulting
tube spacing will then be used to determine the cost of the pipes and
the system. The thermal analysis will be described in the next
section and the cost analysis in Section V.

In addition to the costs for sand and pipes, examination of
Table 3.1 shows that there will be other energy related TSU costs.
The two concrete retaining walls, the two reinforced steel retaining
walls with internal tie rods, and insulation and weatherproofing must
be installed. Anticipating results from Section IV, the system
geometry indicated in Figure 3.1 (5100 w3 = 180,000 ft3 of useful
storage volume) will store 355 MWhr-t for a 8.9 cm (3.5 in) pipe with
25 cm (10 in) of sand (Case 10 from Table 4.1, Section IV) with 6
hours of charging; for 8 hours the system can store 398 Mwhr-t. This
would represent 49 flowpaths in parallel, each 1524 m (5000 ft) long.

In Figure 3.1 the area of steel walls, including a
multiplicacion factor of twe for the corrugation, is 669 m? (7200
ftz), aud for 3 mm (1/8 in) thick wall the steel volume is 2.12 m3
(75 cu ft), which weighs 17,000 kg (37,500 1bs). The factor of two is
probably too great for the corrugation correction but is used here to
be conservative (1.5 is probably more practical). it .aould cost



Table 3.1. TSU Capital Cost

Pipe Diameter = 8.9 cm (3.5 in); Pipe Spacing = 25 cm (10 in)
Pipe and Sand Cost Taken from Case 10 of Table 4.1
Total Pipe Length here is 66 x 1524 m = 100,600 m (330,000 ft)

Percent of

Item Type Cost Cost Sub-Total
Pipes and Headers Power Related ($20,100) (66) = 52.3
$1,327,000
Controls and Sensors* Power Related Small Assume
252 of
Valves* Power Related Small Pipe Cost
$332,000 13.1
Pipe Spacers* Power Related Small
Power Related Sub-Cost = $1,6592,000 65.4
Sand Energy Related ($2393) (66) = 6.2
$158,000
Steel and Concrete Energy Related $722,000 28.4
Containment,
Insulation, and
Weatherproofing
Energy Related Sub-Cost = § 880,000 34.6
TSU SUB-TOTAL COST = $2,539,0600 100
Contingency (30% of Sulftotal) = $ 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. Twenty-five
percent of pipe cost, or $331,000 provides a safe and conservative

(high) approximation.
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about $2.2/kg ($1/1b) to purchase and install the steel, so the cost
for steel walls is $37,500. The total I-besm length is 433 m (1420
ft), and at 37 kg/m (25 1b/ft) the I-beams weigh 32,500 kg (71,000
1b). At $2.2/kg ($1/1b) for installed cost, the I-beams cost
$71,000. There are 26 tie rods, each 30 m (100 ft) long and 3.8 cm
(1.5 in) diameter. These weigh 7250 kg (15,950 1b), and at $2.2/kg
($1/1b) cost $16,000. The total cost for the two steel walls is
$124,000, as summarized below:

Steel Wall Breakdowm

Item Size or Magunitude Cost, $

669 w? = 17,000 kg

Corrugated Steel 37,000
(7200 £t2 = 37,500)
443 m = 32,500 kg
Reinforcing I-Beams 71,000
(1420 ft = 71,000 1b)
793 m = 7,250 kg
Tie Rods 16,000
(2600 ft = 16,000 1b)
Cost for Two Steel Walls 124,000

Assume that the concrete wall is 1.5 m (5 ft) wide at the botton
and 61 cm (2 ft) wide at the top. Then, for 61 m (200 ft) length the
volume is 593 m3 (21,000 ft3), and at 150 1b/ft3 for concrete,
the wall weight is 1 million kg (2.1 million 1b). At 22¢/kg (10¢/1b)
to build the concrete wall, it costs $310,000. Note thkat alchough the
cost for steel wall is around the same as that for concrete wall per
linear foot, the concrete wall requires li.tle or no insulation and
weatherproofing, and so is less expensive than steel walls, The costs
for sand containment and insulation are summarized below:

TSU Costs for Sand Containment,
Insulation and Weatherproofing and
Geometry Dimensions

Item Cost
Steel Wall $124,000
Concrete Wall $310,000
Insulation and $288,000

Weatherproofing
TOTAL $722.000
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The tabulation shows that for the considered geometry the
subtotal cost of the TSU components necessary for sand containment,
insulation and weatherproofing amounts to around $722,009, with almost
half required for insulation and weatherproofing.

For the internal pipe and sand geometry described by Case 10 of
Table 4.1 (Section IV), namely pipe diameter of 8.9 cm (3.5 in) and
pipe spacing of 25 cm (10 in), each 1524 m (5000 ft) section can store
5.67 MWhr-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 power plant. The costs of installed
pipes and headers (from 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
items were assumed to have an installed cost of 252 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 overly optimistic (on the low 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 TSU cost is estimated at $3,301,000. Therefore,

TSU Total Cost _ $3,301,000 _

Pire and Sand Cost ~ $1,485,000 - 222

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 economy to large scale, because the containment costs
relate to exterior area; as a system gets larger, the volume increases
faster thea 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 C, (capital
cost of power related equipwment in $/kW), Cp (Capital Cost of Energy
related equipment in $/kWhr) and Cy (total TSU capital cost in
$/kW). The above quantities are related by

CT = CP + CE t (3.1)

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 Cp 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
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directed more towards power related items than energy related items.
Therefore, another rule of thumb which will be used in the estimate of
the next section is that power related costs are double the costs of
energy related costs (power costs = 2/3 of total; energy costs = 1/3
of total).
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SECTION IV

THERMAL ANALYSIS AND PRELIMINAKY ECONOMICS

Figure 4.1 shows some of the modeling assumptions employed in
the thermal analysis. Adjacent tubes are staggered in a hexagonal
arrangement vhen viewed from the end, although for analytical
purposes, the hexagonal 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 moves along the pipe, it loses (or gains) heat to (or from)
the surrounding sand. Thus, the fluid temperature decreases (or
increases) from its original input valve as the fluid moves along in
the pipe. To account for this, a Firs: Law calculation (a heat
balance between the fluid and the solid) is made at short intervals to
continually show the effects of decreasing fluid temperature.

Equation 4.1 is the mumerical 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.

m+1 m r m T
Tn 172 Tﬂi-l (1 + —2;—?'}) + Tn__l (1 -zTn) (4.1)
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 information and boundary conditions. Once the
distribution is calculated, the revised fluid temperature is
calculated from

Tfluid, n+1 = Teluidyn - T, L
where T,,ia] 1S calculated from the heat balance on the axial

element x for a time step t. The next axial element will then have
the fluid running 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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appropriate boundary conditions to the considered problem. Consider
the fluid running through the pipes. By convection, heat is
transferred from the fluid to the pipe wall. The pipe, being
relatively thin and kaving a high thermal conductivity, offers a
negligible heat transfer resistence and is considered to be at a
single wall teamperature. Heat is transferred within the sand by
conduction. The pressure of the sand against the pipes promotes heat
transfer between sand and pipes at the interface.

The boundary condition which related to zero flux at the outer
vall (system symmetry) is

;% = 0 where b = thermal influence radius
r=b

vhich can be represented simply as

T =T (4.2)

The initial condition necessary for the bounding of the differential
equation is

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

In the computer runs, F(x) was taken to be zero, corresponding to a
system initially at a total discharge state.

By formulating the problem so that Equation 4.1 can be used,
which places a restriction on the value of the time step, it is
possible to calculate all temperatures for the next time step from
those of the present time step, except for the surface temperature
Tj; the new temperature at r = b is determined from Equation 4.2.
The difference between old and new temperatures is a measure of heat
which has conducted into the solid during a considered time step at a
given axial location. Thus, the heat which has been conducted in is
known, except for the first radial element which has the unknown
surface temperature T;. T; is related to Tgp,jq4 at that
location and for the next time step both are unknown, although they
are mathematically related and can be solved simultaneously. The heat
stored in a cylindrical element at any considered time is

m 2 2 New New 01d 01ld
Q= 5 Poand®p sand Axi=1 Fie1 "1 |Tisr * Ti ~Tia - T
(4.4)
New
KTy K

where the subscripted variables can be recognized by inspection of
Figure 4.3. The conduction heat rate in Equation 4.4 is equated to
fluid heat lost during the time s.ep.
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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 time required to have location (r,x)
be at a temperature T(r,x) = 0.5 (aondimensional temperature where 1.0
is the maximum temperature), a single volumetric heat capacity
weighted temperature T vhich represents the entire storage unit was
found to be more useful. Appendix B gives the details of the
derivation. The result is

2 2, C = 2¢C
Fx Pgand (3 A) sand Ts + pvatet A pwatet Twater (4.5)
2 2 C 2 c
(s AD) psand Pgand A Puater Puater
where

A = pipe radius
B = sand equiralent thermal influence radius

p

density
Cp = heat capacity

with T; defined as

. 3{1'1 (rl + XAr) + T2r2 + ..+ TIrI + ovee +3ﬂ‘N(rN - YAr)

s %rl + Ty + I+ o v 0+ .00t r

N

where
Ty = temperature at points within solid
rp = radii
?s = 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 interest. The
listing is given as Appendix C. The variable names for the inputs are
documented in the comments 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.
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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 temperaiLuces are also calculated in the main
loop for each time step. The prozram 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 conduction 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 - Tmin
T=g5——v7 — (4.6)
max min

where
T = excess temperature difference ratio 0=<T=<1.0
Temp = local temperature at a given location and time (OF)

Tpin = Minimer possible system temperature corresponding to
dischargced state (°F)

= maximum temperature of charging fluid, and so maximum

Tmax T
potential system charge temperature (°F)

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
"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.
Temperature~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 distrivution 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, originally 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:

To,ater in = 315°C (600°F), the inlet water temperature
Tinitial = 93°C (200°F), the initial solid temperature

+1luid Density = 913 kg/m3 (57 1b/£t3)

Fluid Specific Heat = 4.61 kJ/kg°C (1.1 Btu/1b-OF)

Fluid viscosity = 1.875 x 1076 kg/m-sec (1.26 x 106 1b/ft-sec)
Solid (sand) density = 160 kg/m3 (100 1b/ft3)

Solid Thermal Conductivity = 0.346 w/m-°C (0.20 Btu/hr-ft-°F)
Solid Thermal Diffusivity = 9.29 x 10”4 m2/hr (0.01 ft2/hr)

1t is recognized that fluid properties change as the pressure on
the fluid increasss, The specific heat of water in particular
increases as the pressure increases. The intention of having 222°C
(400°F) maximum temperature drop is to estimate absolute heat input
rates for a given system. Also, the maximum water temperature could
increase to above 2159C (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 tl.e total storage system charge potential is
proportional to the overall temperature swing potential, if a
difference greater that 222°C (400°F) 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
2229C (400°F) temperature swing potential.



The difference between the systems considered here arise from
differences in tube diameter and tube centerline spacing. As
expected, a larger pipe costs more that a smaller pipe, but contains
more water and provides more heat transfer surface. Also, for a given
tube diameter, greater distunce between tube centerlines (see Figure
4.1) results in longer charge times and more sluggish system response,
but lower system cost. Table 4.1 indicates the parametric analysis
that was done for ten cases at flow velocity of 0.3 m/sec (1 fps)
representing a range of tube outer diameters 3.8 cm to 8.9 cm (1.5 in
to 3.5 in) and tube spacings 10 cm to 25 cm (4 in to 10 in). Cases 11
and 12 consider flow velocities of 0.9 m/sec (3 fps) and 3 m/sec (10
fps), respectively, for the Case 8 geometry. In every case, a 100%
charge would represent a total system cycled swing of 222°C
(400°F) average temperature difference between a totally charged and
dischargea condition., Table 4.1 also summarizes the results of the
calculations, which will be described.

The system states of charge versus time for various conditions
are indicated in Figures 4.4 through 4.6, where in each case a flow
length of 1530 m (5000 ft) is considered, and a total temperature
swing of 222°C (400°F) would constitute a totally charged system.

A typical interpretation is afforded by consideration of Figure 4.4,
which features a pipe outer diameter of 3.8 cm (1.5 in) and pipe
centerline spacings of 10 c¢cm, 15 cm, and 20 cm (4 in, 6 in, and 8

in). After 8 hours (480 minutes) of charging the 1530 m (5000 ft)
long system, initially at temperature T = 0 but heated by pressurized
water at T = 1, the 10 cm (4 in) spaced system (Case 1) has attained a
1002 charge while the 15 em (6 in) spaced system (Case 2 has a 75.5%
charge and the 20 cm (8 in) spaced system (Case 3) has accepted only
S0% of its maximum possible charge. The total energy potential charge
in MWhr-t for each curve is idicated in parentheses by each curve.

For a cylindrical water column with diameter 3.8 cm and length 1530 m,
pressurized to 13.8 MPa or 13,790 kPa (2000 psia), changing the
temperature 2229C (400°F) storecs around 0.44 MWhr-t of heat, and

this value is common to each of the three curves in Figure 4.4 (Cases
1, 2, and 3 in Table 4.1). For the 10 ecm (4 in) sand annulus, an
additional 0.88 MWhr-t can be stored, bringing the total storage
potential to 1.32 MWhr-t as indicated in parentheses by the D, = 10
cm (4 in) curve in Figure 4.4, Larger sand annuli naturally have
greater heat capacity, resulting in a less expensive sys“em. However,
Figure %.4 clearly shows that the larger tube spacing 1 stances are
associated with longer times to achieve charging, and so some
tradeoffs of technical efficiency versus dolliar iuvestment become
obvious,

1f an infinite amount of time is available to charge a system
with a pipe diameter of 3.8 cm (1.5 in), then nearly twice as much
pipe length (actually 2.578/1.324 = 1,95 times as much) would have to
be provided or the 10 c¢cm (4 in) spacing case (Case 1) as for the 15
cm (6 in) case (Case 2) to store a given quantity of heat., Because
the majority of the TSU system cost is for the wipes (as is shown in
Table 4.1), one might expect the closer spaced system to cost
approximately twice as much, However, if therc is insufficient time
for the system to accept 1002 charge, then the system chargeability
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Do Qs

Qeotal K
Spacing v Heat Storable Qr Heat Storable P
D; Between Fluid Vel. in Sand Heat Storable in TSU System % Heat Ins
Tube Dia. Tubes in Tubes kWhr-t in Fluid $/kWhr-t Storable in Cd
Case em (in) ca (in) o/sec (fps) (Btu/10%) kWhr-t (Btu/108) kWhr-t (Btu x 108) Sand
—
1 3.8 1C n.30 885 439 1324 67% $ 1
(1.5) %) (1.0) (3.02) (1.50) (4.52) ﬂ
2 3.8 15 0.30 2139 439 2578 83% $ 74
(1.5) (6) (1.0) (7.30) (1.50) 8.79)
3 3.8 20 0.30 3855 439 4294 90% $ 74
(1.5) (8) (1.0) (13.16) (1.50) (14.65)
4 6.2 10 0.30 630 1242 1875 34% $13
(2.5) (4) (1.0) (2.15) {4.24) (6.39) T
5 6.3 15 0.30 1886 1242 3128 607% $i3,
(2.5, (6) (1.0) (6.44) (4.24) (10.67;
6 6.3 20 0.30 3814 1242 4856 747 $13,
(2.5) (8 1.0) (12.34) (3.24) (16.57)
7 6.3 25 0.30 5884 1242 7126 83% $13,
(2.5) (10) (1.0) (20.09) (4.24) (24.31)
8 8.9 15 0 30 1513 24590 3963 387% $20,
(3.5) (6) (1.0) (5.17) (8.36) {13.52)
9 8.9 20 0.30 3307 2449 5756 S7% $20
(3.5) (8) (1.0) (11.29) (8.36) (19.64) '
10 8.9 25 0.30 5447 2449 7926 697% $20
(3.5) (10) (1.0) (18.70) (8.36) (27.06°
11 8.9 5 0.90 3307 2449 5756 57% $20
(3.5) (10) (3.0) (11.29) (8.26) (19.64)
12 8.9 25 3.0 3307 2449 5756 577% 520 4
(5.5) (10) (10) (11.29) (8.36) (19.64) j
*3.8 cm (1.5 in) installed pipe costs $5.02/m ($1.53/ft) **TSU system cost is 2.22 times pipe an1
6.35 cm (2.5 in) insialled pipe ccsts $8.60/m ($8.62/ft’ ***Energy Cost Ratio (Cg) = 1/3 (15U Sys
8.9 cm (3.5 in) installed pipe costs $13.19/m ($4.02/ft) See Section IIl for discussion of 1/3
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Pipe $/kWhr~t

Instalied® Sand Cost Pipe and TSU System Cost if
Cost @ 20/a Sand Cost Costs#® 1002 X Charge $/kWhr-t % Charge f«Whr-t
$ $ $ $ Charget¥& 6 nr. 6 or 8 hr 8 hr
$ 7,650 $ 375 $ 8,025 $17,816 .49 901 4.67 100% 4.49
$ 7,650 $ 920 $ 8,570 $19,025 .46 632 3.9 75.5% 3.26
$ 7,650 $1,684 $ 9,335 $20,721 1.61 402 4.03 50% 3.2:2
$:3,100 $ 296 $13,36¢ $29,673 5.28 1002 $.28 i0cx 5.28
$13,100 $ 811 $13,911 $30,882 3.29 972 3.50 98% 3.56
$13,100 §1,575 §14,675 $32,579 2.2 71i% 3.15 81% 2.77
$13,100 $2,537 $15,657 $34,759 i.63 S5i% 3.20 60.5% 2.29
$20,i00 $ 648 $20,748 §46,061 3.87 100% 3.87 100% 3.87
S57% $20,.00 $1,412 $21,511 $47,754 2.77 0% 3.08 35.6% .89
f 693 $20,i00 $2,393 $22,493 $49,934% 2.10 71.5% 2.94 B0% 2.25
5% $20,130 $i,all §21,511 $ 7,75 2.77 96.5% 2.87 937 2.30
57% $20,100 $1,ali $21,511 567,354 .77 9E% 2.83 o0 2.77
2.22 times pipe and sand cost (see Section III)
Ce) = 1/3 (ISU System Cost)/Heat Storage Capability;
discus: 1on of 1/3 factor, OR ra s
I(;IT\;QI' 1’4"r~ .
| or PO’\ IR L §
| AllTy
“ XA
Y “(\‘:1 i

Table 4.1. Sand-Pipe TSU System,
Parametric, Cost and Performance Data
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(state of charge) must be taken into account. Generally, when
comparing two systems (cases) which feature the ssme tube diameter but
different tube spacing, the relative pipe lengths are related by the
following type relationship

Pipe Length (Case 1) _ (Q-Total, 2) (I Charge of 2) G%.7)
Pipe Length (Case 2) (Q-Total, 1) (X Charge of 1) :

The Equation 4.7 is the first step to comparing system tube lengths
and costs for different cases, and Figures 4.4, 4.5, and 4.6 are
required to determine the percentage of charge at a given time. For
example, exercising Equation 4.6 for Cases 1 and 2 at 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 ] is 1.324 Mwhr-t,
and for Case 2 the Q-Total is 2.578 MWhr-t. Using Equation 4.7 for an
8 hour charge time is represented as follows

Pipe Length (Case 1) _ (2.578) (0.755)

Pipe Length (Case 2) ~ (1.324) (1.000) -~ 1*%7

which indicates (that for an 8 hour charge period), 477 more length
(and therefore greater cost) will be necessary if a Case 1
configuration is used instead of Case 2., But this result and Equation
4.7 are both time dependcat, for if infinite time were allowed then
the ratio would be 1.95, and if only three hours were available then
the ratio would have been 1.03. The close spacing cases are
attractive only when fast response times are required. When longer
charge times are available, the advantages of close tube spacing are
lost and these cases become more expensive. This is a general and
expected result, and illustrates why care must be exercised in
selecting a given tube diameter and spacing for a given application,
because the optimal! configuration to satisfy one system requirement
may be the wrong configuration for another. The analytical arguments
attendant for Figure 4.4, for the 3.8 cm (1.5 in) tube diameter, also
apply for Figures 4.5 and 4.6 for diameters of 6.3 cm (2.5 in) and 8.9
cm (3.5 in), respectively,

Another fundamental (and perhaps intuitively obvious) conclusion
is that a higher fluid velocity promotes a faster charging rate,
evidenced in Figure 4.7, because the mass and heat flow into the
system is higher. The convective heat transfer coefficient is also
increased by the higher velocity, but that effect is secondary and
will not be discussed. The convective heat transfer coefficient
between the pressurized water and tube inner wall used in this
analysis is, h = 488 cal/hr em? ©C (1000 Btu/hr-£t2-°F),

There are two performance tradeoff considerations: 1) higher
velocities increase the rate of system charge (Figure 4.7), 2) also a
general increase in the pressure drop and associated pump work
requirements, although it will be shown below that pressure drops are
not too severe for water velocities less than 3 m/sec (10 fps).
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From a system basis, the total heat input to an initially
discharged system (T = 0 everywhere) can be measured by monitoring the
instantaneous teaperature difference between fluid inlet and outlet
temperatures, Thermal power input results for ten cases considered in
Table 4.1 are shown in Figures 4.8 (for D; = 3.8 cm = 1.5 in), 4.9
(for D = 6.3 cm = 2.5 in), and 4.10 (for D; = 8.9 cm = 3.5 in).

In each case, the water entry velocity is 0.3 m/sec (1 fps), the flow
length is L = 1530 m (5000 ft), and the pipes are initially filled
with water at T = 0. At time zero, water at temperature T = 1 begins
to displace the cold water at x = 0, and behind the advancing hot-cold
front (assumed to be sharp here) heat begins to be transferred to the
sand, cooling the water. After 5000 sec (83 min), the advancing
hot-cold front reaches the exit section at x =L = 1530 m (5000 ft),
and the temperature of the outlet water can begin to rise, provided
all of its heat has not been lost to sand. Comparative inspection of
Figures 4.8, 4.9 and 4.10 reveal several general trends. Generally,
systems with smaller diameter pipes have a slower system response than
those with larger pipe diameters for a given tube spacing. This is
because, for a larger pipe, a larger fraction of the heat is stored in
water, rather than sand, and so less heat must be transferred to the
sand, At the same time, larger pipes feature a greater heat transfer
area, which promotes heat exchange from fluid to sand. Another
expected result is that for a given pipe diameter, larger spacing
inhibits chargzing rate and therefore the system utilization factor for
a given charge time. In the three figures the heat rates are based on
a total possible temperature difference of 220°C (400°F), and if

the temperature difference potential were changed, then the heat flux
would be proportionately altered. The outlet fluid temperature and
the heat flux acceptance rates are important in determining the
percentage of achieved system charge.

Figures 4.8, 4.9 and 4.10 can also be used to determine the
fluid outlet temperature by using the ordinate at the right. For the
case where L = 1530 m (5000 ft) and V = 0.3 m/sec (1 fps), it is
apparent that the fluid outlet temperature will be zero up to 83.3 min
(5000 sec) and that the system heat retention rate is also constant at
some maximum level, Therefore, the fluid outlet temperature ordinate
is inverted in magnitude, with zero corresponding to maximum heat rate
and T(fluid) = 1 corresponding to zero thermal power retention.

Figure 4.11 shows the impact of velocity on the heat charge rate
and also on fluid outlet temperature for a given configuration. For a
given flow length, higher water velocity is associated with faster
system response, namely faster charging rates and increased fluid
outlet temperatures at early times. Because increased fluid velocity
through a pipe increases friction pressure drop and pump work, the
technical performance improvement must be balanced against increased
pump work costs. Also, because the same quantity of heat is stored
regardless of velocity and heat acceptance rate, the areas under each
of the three curves in Figure 4.11 are all equal.
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The practical problem of selecting a suitable geometry (tube
diameter and tube spacing within the sand matrix) for a given charge
rate acceptance requirement can be approached, but not entirely
decided, by inspection of Figures 4.8 through 4.10 for 0.3 m/sec (1
fps). Other similar curves would have to be generated if velocities
other than 0.3 m/sec (1 fps) were to be considered. For example, if
only 2 hours (120 min) were available for system charging, then Case 4
(Do = 10 cm = 4 in with D = 63 cm = 2.5 in, Figure 4.5) would be
the most likely candidate from those considered. Figure 4.5 indicates
that this configuration accepts about 902 of total possible charge in
2 hours at a near steady rate, and Table 4.l indicates that for
maximum charge only 342 of heat is stored in sand (with the remainder
of 66Z in the water). Case 8, with Dy = 15 cm (6 in) and D; = 8.9
em (3.5 in), accepts 82% of total charge in 2 hours, and this might be
a fair alternative to Case 4, depending upon which case is most
economically attractive. But it is clear that neither Case 4 or 8 is
appropriate if we consider a 6 or 8 hour available charge period,
because the capability of quick charge cannot “;e used to advantage.
For longer charge times increased tube spacing is acceptable, and
because system cost drops rapidly as tube spacing increases, this cost
differential would be a driving criterion. For 8 hour available
charge times we would be temp.ed to select the least expensive
configuration which achieves at least 80% of total charge, but not
100%. Thus, Case 5 (Dj = 6.3 cm = 2.5 in and Dy = 15 cm = 6 in),

L = 1524 m (5000 ft) on Figure 4.5 accepts 90% of possible charge
after 5 hours and for the next 3 hours approaches asymptotically total
charge, Case 5 might be acceptable for 5 hours but would be too costly
for an 8 hour charge time. Case 6 (D; = 6.3 cm = 2.5 in and Dy =

20 cm = 8 in) accepts 80% charge in 8 hours and would be less costly
than Case 5. Also attractive in the D; = 8.9 cm (3.5 in) category
might be Case 9 (D, = 20 cm = 8 in) and Case 10 (Dg = 25 cm = 10

in).

Chargeability is one necessary tectnical criterion for
configuration selection. A second factur is favorable temperature
distribution of heat stored in a system, Storage efficiencies are
greatest when some parts of the thermal storage uunit are hot and some
are cold because this represents minimum degradation of heat inputted
to storage, and also provides the condition for which heat can be
recovered at temperatures approximating input conditions with
attendant higher post-storage conversion efficiencies.

The development of axial temperature profiles with time (Figures
4,12 through 4.16) for candidate configurations is useful because they
indicate which part of a system is accepting heat and which is not.
Although a somewhat arbitrary reference length of 1530 m (5000 ft) was
chosen for the computer simulation, the effect of a shorter system
flow length is easily determined from these figures. For an 8 hour
charge period, the chargeability for Case 10 (D; = 8.9 cm = 3.5 in
and Dy = 25 cm = 10 in) is 80% and features relatively constant
thermal power rate {Figure 4.6) and the energy cost looks promising at
$2.63/kWhr-t (Table 4.1). Let us analyze Case 10 in some detail. The
system average temperature (including average solid and fluid effect)
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versus axial iocation at various time intervals for Case 10 is
indicated in Figure 4.12. From 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 t> charging fluid and which
parts do not. For example, during the first 35 minutes in all systems
where fluid velocity is 0.3 m/sec (1 fps), we would close valves so
only the first 510 m (2000 ft) or less of flowpath is exposed to the
fluid, because pur.ping the cold water shead of the advancing hot-cold
wvater front wculd nct promote system charging and would cost pressure
drop and pumpwork., A striking feature of Figure 4.12 is the relative
flatness of the temperature curves after 2 hours (120 min). Even at 8
hours (480 min), the average system temperature at the inlet (x = Q)
is 0.91, despite the fact that the water temperature has bzen at 1.0
for the entire time (see Figure 4.13). This long charge time is a
consequence of the low thermal diffusivity of the sand, which meaus
that a long time is required for the heat to conduct into the sand.

As shown in Table 4.1, 69T of the heat is stored in the sand for Case
10 wvhen fully charged, and the low sand thermal diffusivity manifests
as long charge times which will be compensated from economic
considerations when long charge and discharge times are available.

Figure 4.13 shows the system average temperature versus position
for Case 9 (D; = 8.9 cm = 3.5 in, D, = 20 cm = 8 in). A series of
comparisors is obtained by comparing Figure 4.13 to Figure 4.12 (for
Case 10 with D; = 8.9 ca = 3.5 in, Dy = 25 cm = 10 in). It is
immediately obvious that the closer tube spacing case (Case 9) charges
faster, as we would expect. Another very important feature of closer
spacing is the incressed separacion of temperature during charging
along the system length. For example, at time 60 minutes, when the
advancing hot-cold front fluid has reached 3600 ft, Case 9 has a
maximum and minimum dimensionless temperature of 0.70 and 0.08,
vwhereas Case 10 has 0.50 and 0.06. At 120 minutes, the axial system
temperature gradient remsins steeper for the closer spacing
condition. This hot-cold separation is important from a storage
standpoint because if heating were suddenly stopped at a given charge
condition, the system temperature would equilibrate to an intermediate
level to that of the sand and water, with resultiag deterioration of
heat availability. Then, when water flow 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 performance and
cost becomes obvious. If long charge and discharge times are
avaiiable, the large tube spacings become practical (and probably
economically necessary).

A comparison curve to Figure 4.12 is Figure 4.14. And for Case
10, Pigure 4.14 plots the fiuid temperature (not -ystem locally
averaged temperature) against axial position for .ifferent 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
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temperature is T = 0.68 at flow length of 1463 m (4800 ft), and
increases with time. This may impact on the source of heat (fossil,
solar, etc.), because for the first 90 minutes the heat source could
conceivably accept water at temperature T = 0 and heat it to
temperature T = 1, When the ratio ¢f inlet water temperature to the
heat source begins to rise, then conditions within the heat source
system become time variable. The fluid temperatures at flow length
L = 1524 m (5000 ft) for different times, taken from the computer
outputs or alternatively from graph sets like Figure 4.14, provide the
data points for Figure 4.11, previously discussed. The effect of
varying the input fluid velocity can be estimated in Figure 4.14 by
use of dimensionless parameter ¢ and Fo. In the calculations, a
convective heat transfer coefficient h = 488 cal/hr-cm2-°C (1000
Btu/hr-£t2-OF) was used as a precalculated input, because

turbuleat flow inside a pipe h is relatively insensitive to velocity
(h varies approximately as v0-2), Appendix D shows the derivation
of a dimensionless parameter

A = hx
CPVDi
and explains each symbol. In Figure 4.l4, dimensionless A is used as
an alternative abscissa to axial position (ft). ) has the practical
effect of making a given graph indepeudent of velocity V, since V is
contained in A. Therefore, if the A abscissa is used in Figure 4.14,
then the V = 0.3 m/sec (1 fps) restriction in the title should be
disregarded. If Figure 4.14 is to be expressed in terms of
dimensionless parameters, then the dimensionless time would be the
Fourier Modulus, Fo, based on pipe diameter D;, or

Fo = =2
D

vhere

Fo = Fourier Modulus (dimensionless)

Q
"

thermal diffusivity of sand (w2/hr)
t = time (hr)

D; = pipe diameter (m)

An attempt was made to generate universal graphs which would
display the general case in terms of dimensionless parameters for all
geometries and operating conditions, but comparisons with the computer
outputs were in vain. PFigure 4.1, limited to fixed radial geometry,
is the most general type of graph which correlates with the data.
Figure 4.i5 and 4.16, both of which plot fluid temperature against
axial locations at various time intervals for Cases 6 and 9,
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respectively, are two other configurations which might be considered

for 6 or 8 hour storage. The effect of different geometries on fluid
axial temperature distribution for different times can be observed by
comparison of Figures 4.14, 4.15, and 4.16.

In terms of charging and discharging performance, generally the
smallest tube spacing and largest pipe diameters are desirable, but
both of these conditions results in larger cost, as the pipe demnsity
(pipes per volume) is higher. Large spacing and small pipes yield the
least system cost, because the sand increases its share of the heat
stored and is far cheaper than the pipes, but the response performance
decreases. Therefore, tradeoffs are necessary between cost and
required performance. In designing a thermal storage system, a rapid
charging or discharging rate may not always be necessary in certain
applications (long-term storage, for example), and the designer may
opt to select a system with slower charge/discharge rate to reduce
costs. Table 4.1 summarizes costs for the various system plus
charging performance data in the form of percent of charge at 6 and 8
hours. Six and 8 hour charge times were arbitrarily chosen as a
representative interest for a power plant which 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 materials, inspection,
testing, etc.) and sand costs. Valves and controls were assumed to be
a small 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 m (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
100Z charge conditions is listed in Table 4.1, for sand alome, water
alone, and the sum of the two which comprises the system heat
storage. The percent of heat storage in sand is also listed in Table
4.1, Knowing the cost of 1524 m (5000 ft) of pipe (from Appendix E)
and the cost of sand at 2.2¢/kg ($20/ton), the system cost is
estimated for 1002 charge, subject to the assumptions previously
discussed. 1In Table 4.1 the temperature swing was assumed to be
2220¢ (400°F) and averaged thermal and fluid properties were used
for the water. For example, if the average input temperature is
3159¢ (600°F) and output is 93°C (200°F), then properties were
evaluated at 205°C (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
0.2¢/kg ($2/ton) ifor concrete grade sand if transportation is provided
by the customer. However, sand costs are generally a small portion of
the total system cost for every case in Table 4.1 even assuming sand
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at 2.2¢/kg ($20/ton). The pipe installed cost dominates the system
cost. Therefore, having determined the pipe and sand cost, and the
system cost (which is obtained by multiplying the pipe and sand cost
by 2.22 as discussed in Section 3), the total TSU capital cost is
estimated. From these data, the system cost is divided by the total
heat capacity (kWhr-t) and again by 3.0, as discussed in Section III,
to obtain the system energy storage cost estimate for 1002 charge
(Table 4.1).

However, as is apparent from the thermal analysis, the charging
(and discharging) of the sand thermal storage unit is a dynamic
operation, and a system may not be able to accept its total possible
charge in a given length of time. A system which receives less than
1002 of its possible charge during a cycle has an unused capability,
and this must be considered in the cost analysis. The costing
technique applied to System 10 in Table 4.1, features 1524 m (5000 ft)
of 8.9 cm (3.5 in) 0.D. tubing and a 25 cm (10 in) tubing spacing.
The pipe cost $20,100 and the sand cost $2393, so the subtotal TSU
cost is $22,493, and the total TSU cost is wultiplied by 2.22 to total
$49,934. For a fully charged system, 69% of heat would be stored in
the sand and the remaining 31% in water (neglect pipe heat capacity).
Since the system contains 7926 kWhr-t with a temperature swing of
204°C (400°F) when 1002 charged, the energy cost for a 1002
charged system would be

1/3 ($49,932/7926 kWhr-t) = $2.10/kWhr-t

Assuming flow paths of 1524 m (5000 ft) after 6 hours of charging, the
percent charge is only 71.5X of maximum possible (see Figure 4.6 and
Table 4.1). Therefore, instead of storing the full 7926 kWhr-t of
energy, the system has only been able to absorb 5667 kWhr-t, and the
energy unit storage cost for this condition is 1/3 ($49,934/5667
kWhr-t) = $2.94/kWhr-t, which value is reported in Table 4.1 for 6
hours of charge time. If we allow 8 hours for the same system to
charge, then the emergy unit storage costs drops to $2.62/kWhr-t,
because 80% of the system becomes charged (reported in Table 4.1).

The point is that energy unit storage cost is dependent upon the
operating conditions, which involve rates and Second Law of
Thermodynamics considerations, and not only on static First Law
calculations. Otherwise stated, it is not possible to predict which
of a set of possible system configurations will provide the lowest
energy cost by calculation of heat capacities only, unless an infinite
time ie available for each half-cycle. 1In Case 4 (Table 4.1 and
Figure 4.5) (Di = 6.35 cm = 2.5 in, Dy, = 10 cm = 4 in), 6 hours
constitutes an "infinite time," because after 4 hours the Case 4
system is 100Z charged.

The system energy cost ($/kWhr-t) for 1002 charging and limited
time (6 and 8 hr) charging previously described and reported in Table
4,1 is a straightforward and unambiguous calculation. Although the
energy cost is important, it is only one of two significant cost
indicators which characterize a system. The other cost criterion is
system power cost ($/kwWw-t), and for the considered sand and water
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system wvhich features variable power rates, this power cost is open to
some interpretation. Generally the system initial power cost is
determined by dividing the TSU system power related costs by rated
system power. The system cost, with limitations defined above, for
each configuration is listed in Table 4.1; for Case 10 it is $49,934
for a 1524 m (5000 ft) length. The maximum system power input rate
for assumed conditions depends on the velocity of water and tube
diameter, and water tewperature swing. This is the same for all
configurations with a given tube diameter; for Cases 8, 9 and 10 it is
1767 kW-t for water velocity 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 ($) (4.8)
Maximum Power Capability (Kw-t)

Using Equation 4.8, the System Power Cost for Maximum Power Condition
for Case 10 is (2/3) ($49,934/1767 kWw-t) = $18.84/kW~t. But
increasing the water velocity would increase the maximum power input
and thus proportionately decrease the System Power Cost. Thus, for
Case 12 (same tube diameter as Case 10 but with water velocity 3 m/sec
(10 fps) the maximum power would be 10 times greater and the Power
Cost would be 10 times less, or $1.88/kW-t. Although Case 12 (3 wm/sec)
(10 fps) has a low apparent power cost, it is apparent from Figure
4.11 that the high power capability can only be sustained for 1524 m,
3 m/sec (5000 £ft/10 fps) = 500 sec or 8.3 min, after which the power
capability plummets. Furthermore, it is apparent that the sand
packing does not influence the maximum power rating. When water is
introduced into a TSU which has stood dormant for awhile, the exit
water is uniform at the saturated TSU temperature for the time it
takes the introduced water alone to reappear at the other end. Thus,
Equation 4.8 clearly has a major deficiency which disqualifies it from
application when wide variations of power can occur Juring a given
cycle. Note that these problems were secondary when we considered
energy cost, becuase the energy capacity is an intrinsic property of
the considered configuration. Dynamic and transient effects appeared
on a small scale when less than 100% charging was considered, but
there was no impact on the System Energy Cost order of magnitude. It
is clear that costing the sand-pipe thermal energy storage system on
an energy basis is primarily a First Law of Thermodynamics problem and
relatively unambiguous. Costing per unit power involves the Second
Law and is open to interpretation.

It is clear that any cost per unit power criterion should
include both the water and sand elements of the system and include a
significant duration of a charging or dischargine cycle. The device
adopted here is to consider the amount of time a given system requires
to achieve 80% of maximum charge and then to divide 80X of the full
charge (kWhr-t) by this time. Times are found from Figures 4.4
through 4.7.
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Thus,
ASP = Average System Power

. 0.8 Total Energy Capacity in kWhr-t). (4.9)
Time to Achieve 80Z of Pull Charge

Then the System Power Cost (SPC) is

SPC _ System Power Related Cost in $ (4.10)
- ASP

Table 4.2 shows the SPC using equations from 4.9 and 4.10. Comparing
the results for Cases 10 and 12, both for the same geometry of D; =
8.9 cm (3.5 in) and Dy = 20 cm (8 in), it can be seen that the SPC
for water velocity of V = 0.3 m/sec (1 fps) is $42.93/kW-t, and for

V = 3 m/sec it is $13.00/kW-t. In this case, increasing the velocity
by a factor of 10 results in an order of nmagniiude power unit storage
cost reduction of approximately 3, rather than 10 as would have been
computed by Equation 4.8. Thus, the way the system is operated
impacts upon the cost per unit power, but the result also takes into
account the entire system response, as should be the case,

In selecting a storage system to integrate into a specific
storage requirement, three columns in Table 4.2 are of interest; these
are: (1) System Energy Cost Ratio (C¢) ($/kWhr-t), (2) System Power
Cost Ratio (Cp) ($/kW-t), and (3) the Time to accept a given
percentage of maximum system heat (hr). When comparing Cases 2 and 3,
both costs are slightly less for Case 3 than for Case 2, but the 80X
charge time for Case 3 is 12.8 hours compared to 9.2 hours for Case 2.
Therefore, if we could afford the longer charge time, we would
probably select Case 3 over Case 2, and vice versa.

An interesting observation regarding Table 4.2 System Power
Costs is that, regardless of configuration, for velocity of 0.3 m/sec
(1 fps) the SPC ranges from $19/kW-t to $55/kW-t, with an average of
about $25/kW-t, and the system likely to be selected may cost less
than $30/kW-t. The general result for a velocity of 0.3 m/sec (1
fps), the SPC is about $30/kW-t, and could drop to $15/kW-t for higher
water velocities (Lases 11 and 12).

Because it has been demonstrated that higher water velocities
are consistent with lower system costs and improved system response,
it is necessary to determine what is the effect of velocity on
pressure drop and also parasitic pump work. The well known equation
for friction pressure drop inside a pipe of given internal diameter
D; and length L is

_ fLov? (4.11)

| 4
chD

where the friction factor f is obtained by first calculating the
Reynold's Number,

Re = X? (4.12)
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vhere T is the kinematic viscosity (m?/sec). For turbulent flow (Re
is greater than 10%) Equation 4.13 is used to calculate f from Re
for a smooth pipe

f = 0.184 Re™ 0.2 (4.13)

Assume average water temperature at 205°C (400°F), for which T =
1.76 x 10~7 mw2/sec (1.89 x 10~6 ft2/sec) and P = 913 kg/m3

(57 1b/£t3). Then, using Equations 3.11, 3.12 and 3.13, it is
possible to generate Table 4.3 for L = 1524 m (5000 ft).

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

PP-%——!
Np

with

M = DAV = %»DZDV

7p2vAP TELDOVS (4.14)
so PP = 7n = 8g
P cnP

where

np = pump efficiency-(np = 0.8 in this study)

gc = 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 205°C (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,

Rezl Work Lost = Wy (1 -n) (4.15)

where W; 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)
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Table 4.2, Economic Relationships

Time to
TSV Accept 80 Average TSU Average TSU TSU Energy
Dy Do v System TSU System of maximum System Maximum System Power Cost Ratio for
cm cm m/sec Cost Heat Capacity System Heat Power Charge Rate Cost Ratio 8 hr Charge
Case (1n) (in) (fps) $ KWhr-t hr kW-t kW~-t $/kW-¢ $/kWhe-~t

1 3.8 10 0.30 17,816 1324 4.0 282 324 42,12 4.49
(1.5 (4) (1.0)

2 3.8 15 0.30 19,025 2578 9.2 224 324 56.62 3.26
(1.5) (6) (1.0)

3 3.8 20 0.30 20,721 4294 12.8 (est) 268 324 51.54 3.22
(1.5) (8) (1.0)

4 6.35 10 0.30 29,673 1875 1.75 357 901 55.41 5.28
(2.5) (&) (1.0)

5 6.35 15 0.30 30,882 3128 4.2 596 901 34.54 3.56
(2.5) (6) (1.0)

6 6.35 20 0.30 32,579 4856 8.0 486 9201} 44,69 2.77
(2.5) (8) (1.0)

7 6.35 25 0.30 34,759 7126 10.7 (est) 533 1767 43.48 2.69
(2.5) (10) (1.0)

8 8.9 15 0.30 46,061 3963 2.0 1586 1767 19,36 3.87
(3.5) (6) (1.0}

9 8.9 20 0.30 47,754 5756 4.0 1194 1767 26.66 2.89
(3.5) (8 (1.0)

10 8.9 25 0.30 49,934 7926 8.0 792 17617 42.03 2,63
(3.5) (10) (1.0)

11 8.9 25 0.90 49,934 7926 2.5 1842 5300 i8.07 2.80
(3.5) (10) (3.0}

12 8.9 25 3.0 49,934 7926 1.8 2560 17670 13.00 2.7

(3.5) (10) (10.0)




whereas in Table 4.3 we observe that the pumpwork crder of magnitude
is influenced more by water velocity than pipe diameter. It is
emphasized that the power levels in Tables 4.1 and 4.2 are in kW-t,
and in Table 4.3 it is expressed in kW-e. Therefore, to compare
orders of magnitude of parasitic pump power from tables 4.3 with
storage power input levels in Tables 4.1 and 4.2, it is necessary to
divide the electric power value in Table 4.3 hy the conversion
efficiency, which will generally increase the value by at least a
factor of three. Table 4.3 indicates that the power to pump water in
a 1524 m (5000 ft) long pipe can be significant for velocities in the
range of 3 m/sec (10 fps), whereas for 0.3 m/sec (1 fps) it is
negligible and for 0.9 m/sec (3 fps) it is probably acceptable.

Another important consideration is the water pressure drop
through the pipe section. Table 4.3 indicates that for 3 m/sec (10
fps)the prcssure drop will be order of magnitude of hundreds of psi,
for 0.9 m/sec (3 fps) it will range in the tens of psi, and for 0.3
m/sec (1 fps) it may vary between 14 to 35 kPa (2 to 5 psi), depending
upon pipe diameter and perhaps pipe roughness characteristics. The
low pressure drop and pump power associated with flow velocity of 0.3
m/sec (1 fps) has determined why much of the analysis in this section
was done for 0.3 m/sec, although 0.9 m/sec could have been considered.
Also, the effect of bends and elbows in the convolutional geometry has
been ignored in the previous order of magnitude calculation, although
‘his would increase both pressure drop and pump work in every case.

4-35



Table 4.7.

Friction Pressure Drop and Pump Work

205°C (400°F) water in 1524 m (5000 ft) long smooth pipe

Parameters used: p= 913 kg/m3 (57 1b/ft3)
T= 1.76 x 1077 m2/sec (1.89 x 10~6 ftr2/sec)

Pump efficiency Np= 0.8

Pipe Water lieynold's Friction Pressure Pump
Diameter Velocity Number Factor Drop Power
cm (in) mps (fps) ( -) (-) kPa (psi) (kW-e)
3.9 1.5 0.3 (1) 66,000 0.02 33.78 0.015
(4'9)
6.35 2.5 0.3 (1) 110,000 0.018 18.34 0.022
(2.66)
8.9 3.5 0.3 (1) 154,000 0.0169 12,41 0.029
(1.8)
3.9 1.5 0.9 (3) 198,000 0.016 264,74 0.32
(35.5)
6.35 2.5 ¢.9 (3) 330,000 0.0145 132.36 0.48
(19.2)
8.9 3.5 0.9 (3) 462,000 0.0135 88.24 0.63
(12.8)
3.9 1.5 3 (10) 660,000 0.0126 2137.14 9.3
(310)
6.35 2.5 3 (10) 1,100,000 0.0114 1158.19 14.0
(168)
8.9 3.5 3 (10) 1,540,000 0.0106 772.13 18.3
(112)

4-36



SECTION V

ECONOMICS AND THE SAND-PIPE THERMAL STORAGE UNIT

A, GENERAL CONSIDERATIONS

When designing a thermal storage unit (TSU) it is convenient to
separate the costs into two components, energy related cos* and power
related costs. Energy related components include the storage medium,
containment costs, transportation of energy relatel materials to the
site, insulation, and generally any items related to the storage of
heat, but not to the input or extraction of heat from the system. The
power related components are all parts of the system which relate to
the input or extraction of heat to the sys“em and norually include any
heat exchangers, pumps, most plumbing, intermediate transport fluids
and their subsystems, most controls, and generally any device
pertaining to system heat transfer. System heat loss is an energy
related penalty, whereas pump work and pressure drop are power r2l-’ed,.

The bifurcation of TSU system expensas into energy related a.
powei related costs stimulates a search for a technique io categorize
candidate TSUs on a systematic economic bases., Power is the time
derivative of energy. Compare here the ratio of energy related costs
to power related cost or

. TSU Energy Related Cost
Proposed Cost Ratio = Ton o poTated Cost (5.1)

where

TSU Total Capital Cost = TSU Energy Related Capital Cost +
TSU Power Lelated Capital Cost  (5.2)

Figure 5.1 explains why the above proposed cost ratio is
deficient because the same TSU storage concept employed in two
different applications will have an entirely different cost ratio.
Consider, for example, a large body of sand poured 1.. place around
pipes so that heat transport fluid is contained by the pipes and
brought into contact with the sand to allow heat to diffuse between
the fluid and the sand. Here, the sand and container comprise the
energy related cost and the pipes and pump constitute the power
related cost. For a given energy storage capacity, disregarding the
heat capacity of fluid filling the pipes, the sand volume and thus
cost is the same regardless of the pipe packing density, and so may be
considered a constant, as indicated by the dashed path a-b in Figure
5.1, If, for example, in a very large sand volume only one pipe is
provided for thermal power input or recovery, then the power related
cost will be very low (path c¢~d in Figure 5.1) and the power
capability of the TSU will he correspondingly low. It may take a year
to charge or discharge the sand volume with thermal energy. For some
applications, this eneormous energy-to-power ratio might be
a.ceprable. However, if a considered application demands a higher
charge and discharge rate, then many more tubes must be :mbedded
within the sand pile at a higher
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power cost (path e-f in Figure S.1). It is clear that applying
Equation 5.1 to the pipes—embedded-in-sand TSU will yield a "Proposed
Cost Ratio" which is dependent upon application, with perhaps a high
ratio for low power extraction capability and low ratio for high
power capability. Equation 5.1 thus fails to provide a TSU
classification parameter which is independent of specific application.

Calculation relevant to several TSU systems have all indicated
that both curves in Figure 5.1 can be qualitatively represented as
indicated, with the curve intersecting the ordinate at a postive value
for a zero value of the abscissa. This zero displacement represents
the fact that even a small performance requires some equipment and
installation labor. The characteristic of gradual slope decrease with
increasing size is geuerally due to economy of scale, although either
curve can take sudden jumps, as point j on each curve, to indicate a
size threshold above which additional equipment in many systems mus:
be specified, such as another heat exchanger or storage tank.

Although economy of size can cause the slopes of the two curves
in Figure 5.1 to decrease somewhat with increasing system size, all
calculations indicate that the slope retains its order of magnitude
regardless of the absciss value, and that variations of the slope
value are not large throughout the likely range of the abscissa. The
slope of the energy curve at a location of interest in Figure 5.1 is
the Energy Unit Storage Cost (Cg). Cg has dimensions of $/energy
and is defined as

Cg = Slope of Energy Cost Versus Energy Curve (Figure 5.1)

d_(Energy Related Costs) l
d (Energy Storage Capacit}?{d (Abscissa) + 0 (5.3)

Similarly, the slope of the power curve in Figure 5.1 is defined as
the Power Unit Storage Cost (Cp), with dimension of $/power, and is
defined as

Cp = Slope of Power Cost Versus Power

d (Power Related Costs) (5.4)
d (Power Input or Extraction Capabilities)|d (Abscissa)+ 0

where only the power input or the extraction capability is considered
for the abscissa, whichever is smaller. The sum of input and
extraction power costs is used for the ordinate. In many systems the
same power related equipment is used for hezt insertion and removal,
but in some systems different heat exchangers may be used for the two
functions.

Because the Cgp and Cp vary slightly with the value of either
energy or power capacity levels, the ratio of the two should be almost
independent of abs issa in Figure 5.1. This ratio can serve as an
application independent parameter useful for cataloging TSUs on a
consistent economic basis. Thus, we define the Energy Power Cost



Ratio (EPCR) as

CE
EPCR = roue (5.5)
P
For smxzll systems, with a low abscissa value on both curves in

Figure 5.1, two points on each curve must be taken to determine the
Cg and Cp slopes in order to determine the EPCR characterizing
parameter in Equation 5.5. But because both the energy and power
components of large systems will cost considerably more than small
systems, the ordinate intercept for zero abscissa will generally be
relatively small. For large systems, one of the points for computing
slopes in both curves in Figure 5.1 can be taken as the origin (0,0)
without incurring serisus error. This is a decided convenieunce for
quickly determining the EPCR of a large system with known
characteristics at a single point design, because the EPCR becomes

Energy Related Cost ($)
Energy Storage Capacity (kwhr) (5.6)
Power Related Cost (§) )
Power Transfer Capability (kW)

EPCR =

Thus, either Equation 5.5, (which is general for any size TSU), or
Equation 5.6, (valid for large TSU systems), can be used to determine
the EPCR. Equation 5.2 is generally applicable to determine the total
capital TSU cost.

The Cg, Cp, and EPCR parameters defined above were developed
to allow economic classification of various TSU concepts on a nearly
application independent basis. One problem with the technique is that
often only the total TSU first cost is knocwn, and in some applications
it is difficult to bifurcate a componen:! cost into a solely energy
related or power related item., Frequently useful are the System Cost
cf Energy Storage (CES) and :he System Cost of Power Storage (CPS)
where

TSU Total Cost (from Equation 5.2)
Useful Stored Energy When System
is Fully Charged

System Cost of Energy Storege (CES) =
(5.7)
and

TSU Total Cost (from Equation 5.2)
Maximum Power
Extraction Capability
(5.8

System Cosc of Power Storage (CPS) =

The simplicity of formulating the CES and CPS, plus the ease of
comparing different TSU approaches on a consistent economic basis for
given applications, make them advantageous in some analysis.
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Sizing a TSU relative to the larger system of which the TSU is a
part is a matter of application and economics. The "TSU Time Factor"
T, defined as

TSU Energy Storage Capacity

T
* TSU Power Transfer Capacity

(hours) (5.9)

is a useful ratio which can normalize the energy related costs to the
power related costs. The dimension of T is time. If a given TSU can
store 600 Miwhr-t and the average power extractiom capability is 100
Mé-t, then T = (600 Méhr-t)/(100 MW-t) = 6 hr, and in this case T is
the length of time which a system can be operated from the storage
mode., However, if 12 hours of operation from storage at the 100 M-t
extraction level are required from the same kind of storage system,
then supplying two identical 6 hour units at double the cost will
obviously satisfy the energy requirement. But it will be more than
adequate to supply the power extraction requirement, because there is
also twice as much heat transfar surface, the power extraction
capability is 200 MW-t so the TSU Time Factor T remains 6 hours.
Because we generally have to pay for additional heat traasfer
capability, a large T is associated with smaller power related costs,
and vice versa. A certain amount of heat transfer surface is required
to achieve 100 MW-t of power, whether or not the heat foz#$ hours o
12 hours is withdrawn. [t is clear that a system such as the
sand-pipe TSU designed to produce 100 MW-e for 12 hours will cost less
than one for 6 hours at the same pouver recovery level, provided the
power related cost is significant compared to emergy related cost.

For example, if the tube-intensive sand-sensible heat storage system
must have a tube spacing cf 12.6 cm (5.0 in) in order to achieve a
given T , then for double energy capacity with the same power
capability (27) the sand voiume and containment costs might be twice
as great. But the tube spacing for the same power might be only 17.8
cm (7.0 in), hence the tubes would not cost twice as much. Because in
the sand heat exchanger design the tubes represent a significant
portion of the overall cost, this saving is important.

For long-term storage or even seasonal storage we normally have
a high T, perha, s measured in months. In this case we can afford an
expensive (power related) extraction device (i.e., heat exchanger)
because it will be relatively small in cost. But we require an
icexpencive energy related cost (storage medium, containment,
insulation, etc.} because this will 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 as low T in Equation 5.9) a
system must have the capacity to discharge very rapidly (high power)
hence, the power related costs for 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 little or no heat exchanger is needed, and so the pip=2s buried
in sand TSU could be suboptimal.
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Personnel safety and the proclivity of the storage system to
fire, leaks, explosions or other self-destruction are intaczible
Factors which are difficult to quantify, but nevertheless, they would
detract from the system attractiveness. System resistance zo damage
from natural disasters, sabotage, and vandalism also possesses
unquantifiable appeal.

Development risk is another factor to which it is difficult to
assign a dollar value. Although an untried system concept may appear
to have promising potential on paper, it may contain certain elements
requiring new techmology development. If this new technelogy proves
to be either very expensive cr impractical to implement, then the
entire conceptual system may either by unusable or more expensive to
install and operate than the original estimate. But such a
determination is, in sowe cases, possible only after comsiderable
expenditure of time and money. As an example of development risk, a
new storage medium may have muny desirable properties, but its
long-term interaction with other parts of the system may be unknown or
the medium may tend to degrade with time. Low-development risk
systems are fabricated from off the shelf technology using materials
and techniques which have been previously used successfully in similar
environments where operating experience is available.

In mosc 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
usefully extracted. As an illustration, if a thermal storage system
has a cyclical temperature swing between 315°C (600°F) and 205°C
(400°F), then before the system can usefully store heat it must de
heated from ambient temperature to 205°C (400°F). This leads to
the concept of Initial Energy Investment (IEI) as a prerequisite for
usefu! thermal storage. The IEI is normally nonrecoverable, although
with good insulation and design the IEI may have to be paid
occasionally, especially for large systems. If a major part of the
IEI must be invested at the beginning 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
Thermodynamics, 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 to determine the containment volume and costs;
these are energy related costs, Second Law 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 purifier system, and
pumps. These items may have minor cost impact in many systems, but in
some these costs may be significant.



An ecounomic analysis which computes ornly the initial capital
cost of energy storage (Cp) of a system is not complete without
considering factors such as throughput efficiency, reliability,
operation and maintenance, cost of parasitic power and heat loss,
system efficiency from storage relative to direct operation from the
heat source, etc. The storage system first cost is only omne of
several important indicators of economic performance. For example, a
thermal storage system characterized by relative luow first cost may be
afflicted with frequent unscheduled outages which coula cripple the
performance of a very expensive power plant,

It is difficult to estimate recurring costs such as operation
and maintenancz, degradation and replenishment of charge,
deterioration and replacement of various components, taxes, insurance,
etc. But a comparative cost estimate 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 retuires knowledge of future economic conditions
including interest rates. The nuisance and lost revenue due to
scheduled and unscheduled shutdowns caused by the storage subsysteam
should also be part of the capitalized first cost. It is therefore
apparent that, although the Gy (5/xW) of a storage system is an
important parameter which may be relatively straightforward to
approximate, the actual owning cost stated as a present value is an
even more useful parameter and is also more difficult to estimate.

B. ECONOMiCS OF A SAND~PIPE THERMAL STORAGE UNIT

The resulte from Section IV, which analysis was donme in every
case for a single 1524 m (5000 ft) flow length of pipe and surrounding
sand, are applied here to estimate the costs relating to a large TSU
of such size that might be integrated into a power plant. Although
1524 m (5000 ft) flow lengths were previously considered, it is
rezognized that the flow path will serpentine, with straight flow
lengths of perhaps 15 to 30 m, (50 to 100 ft), after which 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
per formance, which in turn impacts orn 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 we require a TSU
which will accept 333 MW-t average thermal power and have a capacity
of 2000 MWhr-t, from Equation 5.9 it is apparent that the TSU Time
Factor T wili be

TSU Energy Storage Cagac?ty 2000 Mwhr-t _ 6 hr
TSU Power Transfer Capacity 333 MW-t




80 it will require 6 “ours to charge up the system. It is necessary
to select a geometry irom Table 4.2 which has approximately the same
time to accept a significant amount of the system heat, about 80Z.
From Table 4.2, the following data can be observed:

Time to Accept System System
80X of Maximum Pcwer Cost Energy Cost
Case D; Do v System Heat ($/xw-t) ($/kWhr-t)
(in) (in)
1} 3.8ca 10cm 0.3a/sec 4.0 hrs 42.12 4.49
(1.5) (&) (1 fps)
2 3.8cm 15cm 0.3 9.2 56.62 3.26
(1.5) (6)
5 6.35ca 15cm 0.3 4.2 34.54 3.56
(2.5) (6)
6 6.35ca 20cm 0.3 8.0 44.69 2.77
(2.5) (8
9 8.9cm 20cm 0.3 4.0 26.66 2.89
(3.5) (8)
10 8.9cm 25cm 0.3 8.0 42.03 2.63
(3.5) (10)
11 8.9cm 25cm 0.9/m/sec 2.5 17.28 2.80

(3.5)  (10) (3 fps)

In an 8 hour charge period, Cases 2, 6, and 10 can be selected and
in practice, Case 10 would be selected because both system power cost
and also system energy cost are less for Case 10 thar for the other
candidates. Also, because Case 10 features greater spacing 25 cm (190
in) than the other two 15 cm (6 in) and 20 cm (8 in) for Cases 2 and 6,
respectively, there will be fewer pipes, headers, controls, and
therefore less maintenance cost. Fewer tubes also mean lower
operational costs because parasitic pump power 1s less. For the 6 hour
charge period we would interpolate between Case 1 and Case 2, Cases 5
acd 6, and Cases 9 and 10; the likely result would be a "Case 9 1/2"
with D; = 8.9 cm (3.5 in), Dy = 23 cm (9 in) tube spacing, system
power cost of $24/kW-t, and system energy cost of $2.75/kWhr-t. In the
preceding exampie where interpolation between cases is used, it is
recognized that all interpolations may not be linear. However, they
will provide a reasonable order of magnitude estimate, To determine how
large the 2000 MWhr-t system with 6 hour charge must be, consider thct
each 1524 m (5000 ft) flow length with D; = 8.9 cm (3.5 in) and ., -

23 cm has an average power input capability (from Table 4.2, Tzses 9 3nd
10) of 1/2(1194 + 792) = 993 kW-t, so for 6 hour the total hea. capacity
is 6(993) = 59°3 kWhr~t. Then,

2000 MWhr-t -
5.96 MWhr-t/flowlength
flow paths in parallel are required. The TSU volume will be

N = 336

TSU Volume = 336 7 (9/12 ££)2 (5000 ft) = 742,000 ft3
= 21,000 o3
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and the cost for pipes and sand will be (assuming average system
energy cost 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/Mwhr)
= $5.5 Million

The parasitic power losses are estimated from information on Table
4.3. The TSU pressure drop is 12.4 kPa (1.8 psi), because all tubes
are in parallel., The TSU pump power requirement is

TSU Pump Power = (3336) (0.029 kW-e) = 9.7 kW-e

= 32.5 kW-t (conversion
efficiency = 0.3)

wvhich is about 0.1X of the total power being inputted.

Table 5.1 vas prepared to determine the effect of tube spacing
on the technical and economic performance of a system with given tube
diameter, and also the effect of water velocity for a given
geometrical configuration. Systems 1, 2, and 3 vary tube spacing for
a given tube diameter and water velocity of 0.3m/sec (1 fps). As tube
spacing increases, the system response becomes more sluggish, as
expected, because a greater percentage of the total stored heat must
transfer to sand which is characterized by a low thermal diffusivity.
To input the same quantity of heat requires a longer time,
consequently the average power capability is lessened. Because more
heat is stored in sand for larger svacing, less pipe length 1is
required which is manifested as lower system cost and marginally less
pump power requirement, although the system volume is greater because
the energy storage density is less for sand than water., Therefore,
the TSU energy cost is less as the tube spacing increases. However,
the TSU power cost is greater for larger tube spacing because the
magnitude of power input (output) is less. Thus, the tube embedded in
sand TSU will show best performance when long svstem charge and
discharge times are available.

The effect of water velocity on a given system geometry can be
appreciated by comparing Systems 3 and 4 of Table 5.1. System 3
features water velocity of 0.3 m/sec (1 fps) and System 4 has 0.9
m/sec (3 fps). But System & charges faster (2.5 hr compared to 4 hr),
as expected, because the average power charge capability is greater.
Because there is not a great difference in the cost of the two
systems, the TSU power cost is less for the faster velocity. There is
less time for the heat to transfer into the sand for the faster
velocity, so the system is a little larger and costs more, therefore
the TSU energy cost is marginally higher. The high velocity generally
performs better technically and economically except for pressure drop
and pump work, which increases very quickly with flowrate or
velocity. Therefore, in a practical system design, the velocity will
be consistent with acceptable pressure drop and pump work losses.



The direct costs compiled in Tables 5.1, 4.1 and 4.2 are those
for pipe and sand only, which is the largest single expense. However,
in Section III it was estimated for a large system that in order to
account for the additional total system components, it is necessary to
multiply the base pipe and sand figure by a factor of 2.22., For
example, in Table 5.1 for System 1, where the pipe and sand cost is
estimated at $7.1 million, the TSU system captial cost is estimated at
($7.1 x 106 x 2.22 =) $15.8 x 106. The energy unit storage cost

(Cg) is
Ce = (1.3) (§15.8 x 106)/(2x106 kihr-t) = $2.63/kWhr-t.
The power unit storage cost (CP) is
Cp = (2/3) (515.8 x 106)/(250,000 ki-t) = $42.03/kW-t.
The same applies to the rest of Table 5.1, which gives an indication

of how much a large sand and pipe system might cost, although the
system design is not optimized,
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Table 5.1.

Temperature Swing 222°C (400°F)
1525 m (5000 ft) Flowlength

Large TSU Technical and Economic Performance Estimates
TSU Usable Capacity = 2000 MWhr-t

SYSTEM | SYSTEM 2 SYSTEM 3 SYSTEM &4
FEATURE OR DESCRIPTQR (Case 10) (Interpolate between (Case 9) (Case 11)
Cases 9 and 10)
Tube D;, Tube Spacing D, 8.9cm, 25ca 8.9cm, 22.8¢cm 8.9cm, 20cm 8.9cm, 20cm
{(3.5in, 10in) (3.5in, 9in) (3.5in, 8in) {(3.5in, Bin)
Water Velocity 0.3 m/sec 0.3 m/sec 0.3 m/sec 0.9 m/sec
(1 fps) (1 fps} (1 fps) (3 fps)
Time for System co Achieve 8 hr 6 hr 4 hr 2.5 hr
802 of maximum charge
Number of Flowpaths in 316 336 419 434
Zarallel
Average Charge Power Capability 250 MW-t 333 -t 500 MW-t 800 MW-t
TSU Volume md (£t3) 24,400 21,000 20,700 21,500
(862,000) (7462,000) (731,000} (758,000)
TSU Pressure Drop 12.4 kPa 12.4 kPa 12.4 kPa 88.2 kxPa
(1.8 psi) (1.8 psi) (1.8 psi) (12.8 psi)
TSU Pump Power Requirement 30.5 kW-t 32.5 kk-¢ 40.5 WW-t 272 kW-t
(Conversion Efficiency
= 0.3)
Pipe and Sand Cost ($ Million) $7.1 $7.5 $9.0 $9.3
TSU System Cost® 515.8 $16.7 $20.0 $20.6

Cp, TSU Power Costw*
{$ Milliom)

Cg, TSU Energy Cost#*¥*
($/kWhr-t)

$42.03/kW~-t $33.43/kW~t

2.63 2.78

$26.67/wd-t

3.33

$17.17/kW-¢

3.43

*Multiply total pipe and sand cost by 2.22 to egtimate the total storage system cost, which

includes insulation, containment, etc.

Section III.

**TSY Power Cost and TSU Energy Cost estirates in Table 5.1 include the effect of the

The factor 2.22 is discussed and documented in

.22

multiplication factor and assumes power related equipment costs 2/3 of rotal TSU capital cost
and energy telated components cost 1/3.
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SECTION VI

RESULTS AND DISCUSSION OF RESULTS

It was originally believed that a hollow steel ingot could be
produced for 33¢/kg (15¢/1b), 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¢/1b) 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 II) were considered, which had the advantage over the hollow
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 (Cg) around $14/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 transport 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 would 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 was successzfully adopted was to
replace the concrete 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 overpressure 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 Cp was estimated at $3/kWhr-t for "a large TSU, which includes
costs for all parts of the system including 30%Z 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 conceyts were discarded from further study. A computer model
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 eccnomic
performance. For a large TSU with masimum temperature in the 343°C
(650°F) 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 comsistent with 6 to 8 hour charge or
discharge time. The results of different 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 drops and pump
work expenditure if lower density steam were used. But with liquid
water, the velocity (and hence the possible system charge rate) cannot
be too great, as indicated in Table 4.3.

The economic results for some of the better cases are assembled
in Table 5.1, where a TSU with usable energy capacity of 2000 Mwhr-t,
2220C (40COF) water temperature cyclic swing, and 1524 m (5000 ft)
flow 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 (Cp) is $33.43/kW-t, and the energy unit
storage cost (Cg) 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.
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APPENDIX A

NUMERICAL DIFFERENCING OF THE TRANSIENT 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 coordinate) conduction effects and
consider radial symmetry in the cylinder in Figure 4.2 and 4.3 the
transient heat conduction equation in radial coordinates becomes:

T = temperature
(a) 3« o @I *13Ty ¢ . time
ot 9. 2 r or . .
r r = radial coordinate

wher

o= X (thermal diffusivity)
pCp
Replacing the terms on right hand side of equation (a) with their
central difference analogs,

2T Tn+1 - ZTn + Tn--l

— a I =
r

L ( r)2 ’ n

and replacing the time term with a forward difference term,

m+l .m _
Tn -Tn = (Tn+1 2Tn * Tn-1 N Tn+1 Tn-l)
t 2 2r r
(r)
Some rearranging results in,
m+1 m r __r
T, =T, (1-2F)+F T ., (1 + 2rn)+ T, @ 2rn)



vhere F is the Fourier modulus (aat/(Ar)2)., F = 1/  coresents the
upper limit of stability from error damping criteria. Therefore,

mvl - ér_
Tn % [T:+1 1+ Zrn) * T:-l

Ar
a-9-)]
n

where

_Flan? | (an)?

At a 2a

equals the time step.

This is Equation 4.1. The geometry for this finite differencing
scheme is shown in Figure &4.2. The superscript refers to time

accounting, while the subscript refers to radial location i.° Figure
402.



APPENDIX B

HEAT CAPACITY WEIGHTED AVERAGE TEMPERATURE
FOR A CYLINDRICAL SECTION

At any given time the average temperature within a cylindrical
section, illustrated in Figure 4.2, is related to the amount of
thermal charge which has been accepted by that element. Since
generally the tewperature distribution within the element is changing
vith time, the percent of total possible thermal charge is also
changing. The average temperature of the seztion, Tg, is defined as

N
.fl A LC Ty

Py

T, =
s ALC
PEp

Assuming density (P;) and heat capacity (C,;) are constant
throughou> the volume of thick wall cylinder, then

T = i is ¥ 1arn2- .2
T = , where A, for i =1 1is 4 [(r1 + zlkr) .7

. . ¥ 1 2 1 2
A, for 1< i< N is Z[(ri + iAr) (ri EAr)]

- m 2 1, 2,
Nis g ry -[(rN - EA:‘) H

'8
[

A. for
i

fs is then

1,422 1,2, _1,.2 1.2
Il[rl* 2Ar) r, ]+...TI[rI+ 2Ar) (rl 2Ar +...'I'N[rN 2.ﬁr)]

T =
1 2 2 1 2 1 2 2 1 2
s [(r;* 380 r " Jee[(r)= A0 (1= 380 ]+ fr "= (r- 5 410)7]

then

1 i 1 1
iml(rl +-Zz3r) + e. +T.T e * ETN(rN ZJ}:)

T, 1 — 1
'i'rl + see + I'l + oa e +ErN



The heat capacity weighted average temperz.ure if.cludin. lae flowing
fluid is

2 _ 2 = 2

Paand (8 A cp Ts water p Twater
T = sand water
(32 = AD Pgand cp Az pvater P
sand wvater

A = pipe radius
B = cand thermal influence radium

wvhich is Equation 4.5.
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. Y APPENDIX C

COMPUTER CODE LISTING OF THE THERMAL ANALYSIS IN SECTION IV.

e REAL NOOT,AXIAL(997) RAQIUS(,S)
3o REAL T(V9?,15),Q0999) TFLUID(999) TNEM(999,15) ,TFLNEW Y9y,
Se REAL TSYSTN(999) RCIFSQIS])
Se < INPUT AAD[AL SPACE STePS(l),, KOUNY DECIDES HOW OFTEN RESULTS
5 C will B8E PRINYED
Te C NFIRST 15 NUnBER OF INITIAL vIME SYEPS WHICM WiLL BE pRINYCD
8 READIS,130)1 KOUNT, NP IRST
%o 4 SNPUT [NNER AND OUTER RADII tinCHgs) A aAnND B
100 4 INPUT TINE LIMITININUTES) rinaX
ile < INPUT AXpaL FLOW LENGTN(FEET), ZLONG
12 < INPUT CONVECTION MEAT TRANSFER COEFFICIEMNY (BTU/MReFT -F )
1de 4 IMPUT FLgw VELOCITY (FT/SEC) v
1% 4 INPUT INpTIAL FLUID YENPENATYURE (DEGREES Fi 114
1Se 4 INPUT INJTIAL SOLID TEMPERATURE(DEGREES F) 43
{ 6o REAC(S,120) ABTIMAX, ZLONG,K,V,TF,TS
17e < INPUT SOLID PROPERTIES (THERNAL CONOUCTIVITI(BIU/MAF i
18e C OENSITY{LB/FT3) ,HEAT CAPACITY(BTU/LBeF)})
1% READ 5,:%0) TC,0,CP
20¢ C INPUT FLUID PROPERTIES/MEAT CAPACITY(STU/LBeF ) DENS T
2 [ 4 VISCOSiTY (LD, FT=SEC)
22¢ READ (%,160) CPF,DF,viSCO
23e C VLRIFY INPUTTED DATaA
24 wRITE (° _170) A
25¢ WRITE (6,180 B
260 WRITE (&,190) !
27 WRITE(6,}95)KOUNT
28 WRITE! 196 )INFIRST
2% WRITE 14,200) ZLONG
Qe WRITE 18,3101 vimax
3l WRITE (4,220) M
32e WRITE (6,230) V
33e wRITE (e,62490) TF
%o wRITE (6,250 TC
35e WRITE (4,240 O
Jbo wRITE 6,279y CP
37 wRITE (& ,200; TS
38e wWRITE (&, 2901 CPF
3% WRITE (6.3001 DF
sQe WRITE (&6 ,80) vISCO
ale CONST u{geB-aeAdloCPep,/ | %u,
82 CONST2mAqaeCpFeaDF/jun,
(21} CINSTISCONST:  «CONST2
a4 Jelej
a45e Pisl, 18159
whe TRAXTF
q7e Ce}
a8e OELRe(B=a)/(12,9C)
5% RaDluS(ly=a
50e OResDELRe; 2,
5]e D0 <03 ljez,.y
32¢ FLOAT=lIw}
Sle 00 RADIUS(I[)mAeFLORTODR
S%e DENOM®0 60 {RADIUS{I}«RADIUSI )
5Se DI SO Jym2,}
Sée 6§00 DENONMODENOMeRADIUSIGY)
57 ALPNATC/(DocP)
58 DELTOELReDE LR/ {2,084 PHA)



a%e OTINESOE Togg,

40e DELXeDELTOVE 3400,

sle [4 CALCULATE NUNBER OF axiAL SPACE SteEPS, NAXIAL
s2° ODUNKYeZLoNG/DELX

830 NAX[ALSOynAY

s4e YLONG o NaxXial

59 llltt(b.;:'lnl:ll;

sbe WAITE (6,210) DELX,DELT,ALPHA,OELR

67e ROOTaDFoploAoA/ 104 0y

'Y 1) WRITE(S,9951n00T

4% (4 MAITZ OUy RAQIL FOR wniCu TEMPERATURE WILL 8€ CALCULA-ED
70 WRITE(Se929)

Tie WRITE(G,990) (RADIVS(JPL) ,JPLEI,JE

72 (<

73e < WRITE QUy PUNP WORK,PRESSURE OROP AND RELATED PARANETERS
7% REwOFeveg oA, viSCO/12,

75e F20.1099RERO(=002)

J6e DP>(FolloNGe 2,00FeVvay)/(2:°492:%32.2!0
Ve PUNPe (NDQTeDP)/(0,8540F}/778,93400,
78s PuKWePUNP /38y 3,

79 WRITE(6y ) 10)PUNP,RE,F,DP

80 WRITE( 6198 )PUKY

8le QGSOLID © CONST oP[eX  ONGe (TFaTS)® X
82e QFLUID ® CONST20P1eX ONGe(TF 15)-JLLX
83e QCHARGE & QSCLID * QFLUID

8%e AKWHRTeQCHARG/ 3] %0

850 WRITE(6,831QS0LI0,QFLUID, QCHAPG, AxunnrY
[ TY) | 4 INITIALIZE FLUID AND CYLINDE® TEMWTERATURES AND CaLCVLATZ axlab L0OC
87e AXIAL(])20.0

88e 00 10 JPLe| NAXIAL

8% QlJPL)e0,0

90 TFLUID(JPL e, 0

?le IFLJPL EQellgO TO 9

92 AXTAL(JPL )saxiaALiJPLL ) ) *DELX

93e ] 00 10 =1,y

94 INEW(JPL L' o 0.0

95 i0 T(JPL,L120,0

%% TFLUID(L)®} .0

97 TFLNEW 1l }e] g

80 4 WRITE OUY INITIAL CONDITIONS

9% TIn€Ea,.0

100e QT0TALe0,0

igle HEAT N0, 0

102e AVG = QO

103e WRITE (6,90} TIME, QTQTAL MEATIN

10%e WRITE(§,3%0!

10Se NPRINTaQ

106e KOUNTReQ
107e C
1g8e CALCULATE PRELIMINARY CONSTANTS

10%e CONLIsPlepFeAgAsIELXOCPF I8,

110e CON2u2.9PlehoDELXOHODELT/ 2,

Itle CONQaQSeDePeCPeCEL X/ %,

112 CONRAD®2 oAecReDReDR

1} 3e CONK}sCONQeCQNRAD

1190 00 20 JPLe2,1

{15 LPasyPLe
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{16e
117e
1180
119
:120e
121e
122+
123
129
128e
2o
127e
128e
129
130
13l
132e
133e
1348
135e
136
137
138e
139
190
l4le
192
183
18%e
185e
1960
197
l48e
4%
150e
1Sl
152¢
193¢
165%e
155
1$be
187
180
159%e
160e
jéile
162+
1630
lede
165e
lese
1670
168e
1%
173e
171
172

.

20 ROIFSQIJIPL ) oRADIUSILPY)ORADIUSILP JIeRADIUSLJIPL ) oRADIUgIIPL)

LENGTN o )
30 QT0TaALe0 .0
LENGTH = LENGTH ¢ |
IP(LENGTH,GT NAXTAL) LENGTN a NAXIAL
00 S0 Lop,LEnGTH
C SOLID TeNPERATURES FOR THE NEXY TINg SvgP CoN g EXPLICITLY DLygP
C MINED FRON THOSE OF THE PRECEEDING TINE STEP, CxCePY FOM_ THE InNgR
C SURFACE TERp wMICN RUST BE OCTERNINED FRON 4 CONDUCTION cLOSURE CONG
00 4§ Kez2,J
" (gita (i)} g0 To %0
vafijekel _
VAROQELR, 122 (A/ 12,21 VAR ODELRI 1)
TNEW (L K )00eS0iT(L KojlogiooTaRIaVIL K=l)e(]s=VAR;))

60 T0 %
4 N0 FLUX gOUNDARY cONnDITION
bl TNEW(L K)o TNEWIL Kol )
L1 3 CONTINVE

[ 4
CALCULATE WEAT CONSTANT QSey WNICH DESCRISES WEAT WHICHM HAS CONDUCTED
C INTO THE SOLID INTERIOR DURING ~INE STEP, THIS EXCLUDES MEAT [INTO Tr
C FIRST ELEMENT
Q3§70.0 :
00 8¢ JPLe2,;
LPJegpLe, i
LYY QSETQSEYOROIFSAIIPL I ( TNEY (L ,LPJ )+ TNEW(L ,JPL )
ITULILPIIeTIL,JPLY)
CONRTSCONRAD G (I TNEWIL ,20oTiL 20T ,1))
CONK2eCONQe (CONRTSQSET)
C
C OETERNINE Ngw SURFACE TEWPERATURES TNEW(L,}!
IF(L€Qe1 160 10 48
LLULLei~]
TOPRYFLUIOILLLL)=CONK2/CON) «CONK2/CON2
8OTTOMS | QeCOMNK]/CONjoCONK]/CON2
TMEN(L,§)aTOp/80TTON
TFLNEW(L )oTNEN (L, ]} o] 40°CONK]/CON2)oCONK2/CON2
QILISCOMK e THEWIL 1 )0 CONK2
60 T0 sO
(1] QU1 )eCONK | eCONK2
TNEW( (|, 1)),
TFLNEW(l)u}],.p

£1:] QIOTAL=QYOTAL«QiL)

C

€ QTOY IS MEAY [NyO SOLIO DURiNG TIME STEP (B8TY)
QTOT = QTOTAL o (TF (S}
MHEAT INSHEATINSQTOTY

C REPLACE OLD TEWPS Witm N [ghPS
00 52 Lej ,LENGTH
00 St Key .,

S} TIL K IOTNEW( (4K}

€2 TFLUTO(L o TF NEW(L)
TINESTINEOTINE

C

4 PRINT RESULTS
NPRINTSNPRINT®)
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173e
178e
128e
1740
177
1780
17%
180¢
1810
1820
183
1840
145
186
147
188
149
1900
19)e
192¢
193e
{9%e
195
196
197
198
199
200
201
202e
2030
20%¢
205°
206
207
208
20%e
210
210
2° %
21)e
2198
215e
216
2170
218e
219
220e
221
2220
2230
22%e
275s
2.4
227
2200
229

IF(NPRINT LE NFIRST g0 TO &8
4 OECtIDE Ir 1“!! TInE SYEP SHOyULD Og REPORYLD
KOUNTReKQUNTR® |
IF(KOUNTR,LT . KOUNTIGO TO 30
XKOUNTReO
ss CONTINVE

13SUN s 0,0

FLSUR & g.0

DO 7p Le; ,LEnGTH
"“"Oosg-tllblUS(lloolll.DO?(L.ll’tlhh!ﬂ!!dl-bl/l.l-yiL.Jl)
00 400 V.2

400 rlul-runuotfL.JJlotAolu$|JJ»
TAVESDeFuun/pENON

4 TAVESO g WEIGNTED AVERAGE TeMPERATURE FOR 30LID OmLY
TSYSTH(L)o(CONSTIeTAVESDeCONST2eTrLUID(IL ) SCONST]

< TSYSTN |S WEIGNTED avE TENPERATURE FOR SOLJD ANO FLUID CONTAL <D

TSSUN » TSSURN o TAVGSD
FLSUX & pLSUR o TFLULID(L)
70 CONTINUE

SOCHRG = TSSyM/XLONG

FLCHRG ® FLSyN/XLONG

NEATFL = FLCHuRG o QP UID

HEATSO egoCMRGe@SOLLD

HEATSY & HEATFL * MEATSO

AVG o (HEgATSQ o HEATFL) / QCHARG

PRTUNR © NOOTeCPFeiTFaTS)e(TFLUIT [ 1)aTFLUIDINAXIAL })® 3600,
PRKWT o "STUMR/3I% 4.

[a N al

REPORT RESULTS oF THIS rin€E STEP
WRITE(6:490)TINEQTOT ,HEATIN
WRITE(6,91) WEATFL, ~ZATSY, AVG
WRITE(4,330} PBTUNR pxWT
WRITE(6,350) (TFLUID L) Lo LENGTH)
WRITE(G,35Q I (TSYSTN (L) Lol LENGCTH,
< IF THE SYSTEmM IS @8 PER CENT CHARGED, €0 QNTO NEXT CAsE
1F{AVG.GE.0,98160 TO 75
IF (TIRE LE,TINAX) GO TO 30
75 StoP

8G FORMAT ((X.7FLUID VISCOSITY(LB/FTLSEC) « *,2X,E13.5!)
85 FORMAT(/,' HEAT SOLID CAn ACCEPT (BTU) o *,F 12,2, * MEAT FLUID LA
1 AcCery ‘IVU| o 0 F12,4247," WEAT SYSTEN cnn ACCEPY (ByV) »f ,F|242
L4 l’lOoZv' KuapR="¢ )
v0 FORNAY(//.ll STIMEIMINUTES )7 F10,3,5X,¢TOTAL NEAT TO WALL(BTU) =
C*yF1042,5%, TWEAT TO wALL FROW TIWg z:no (BTVY) e ¢ F12.1)
91 FORMAT( ¢ WEAT CONTAINED IN FLUID (87U v, r;z.l, *  NEAT CONTAI
1ED IN SYSTEM(ATU) @ 7, F1241,%  SYSTIN AVERAGE CHARGE = *,Fe,4)
110 FORMAY(//,1X, 'runruonx(!fuxna: ? L E1345,/ 41X, *REYNOLDS NURBER ® ¢
CEIS5e54791%, ¢3Hg FRICTION FACYOR IS 0,:;5.5 /.xx,'rﬂc PRESSURE DRO
CILB/FT2) IS *,E1Se5)
120 FORMAY (gF10,3)
129  FGRMAT({IX,*NUMBER OF aXlAL SYEPS CALCULATED 1S¢,2x,17,
130 FORMAY(8])0)
190 FORMAY (F10e2)
150 FORNAY (3F10,.3)



230+ 360 YORCLY 12010,3,61340)

231 i’ TARNAL, Ll , * INNER unolus.nnCuts',zx.(;o.Qp

232e 130 “IRPAT L1k, *OUTER RADIUS, INCKES=’ ,2X,7L0,%)

233¢ 19, FOIMAT (;x,'NUNBER OF SPACE STEPS IN RADIAL DIRECTION =0 ,2X,14)
234¢ 19 FORMATL|x ¢RESULTS WiLL OF RgPORTED EVERY ¢ 14.¢ ot TINE STEP')
23%¢ 196 FORMAT(1x, ¢TWE FIRSY ¢ [g,° <TH TINE STEPS WILL BE RgPORTED A4S
1360 C OEBUG AfD?)

237¢ 190 FORMAT (X 'PynPUORK(oNE FLOW LENGTH) [N XILOWATTS IS °,€15,§5]
238 200 FOMMAT (X *SYSTEN LENGTH(FEQT) o * 2%,7[04))

23%¢ 210  FORMAT(ix, JaxiAL STEP SIZE,FEET =f ,3K,010,247, 1% ,

290¢ COTINE STEP,MQURS o® ,F 0¢85,/ 1%,  THERNAL. D1IF usxvirv.rgzzua ot
3eqe CPL0eB./) K, BA01AL SPACE STEP, FERY © 0P D¢8,/)

282 220 PORMAT {1k, *CONVECTIgN NEAT YRANSPER COQEPSCIENT(BTU/NReFlZer) of
243e 125,F10.2)

%% 250 FORMAT (X, %pLOW VELOCITY(FT/SEC) = 2K F10:2}

248e 290  FORMAT { X ,'pFLUID TEMPERATURE INPUTIQEGREES F) «! ,2X,F10¢2)

3860 250 FORMAY t X, o yMERNAL CONOUCTIVITY OF SOLIO(BTU/NR=FTeF) =’ ,2X 70,2
287 1

208e 260 FORMAT (1x,*DENS'Y OF SOLID(LO/FT3) «f,2x,F1042)

249 270  FORMAY (X, ,"HEAT CAPACITY OF SOLID(IOTVU/LBeF) o¢,2X,Flge))

250 200 FORMAY (3x,?INITIAL SOLIO TEWPERATURE(F) =,2X,F10.2)

5] 290  FORMAT (X, *FLUID HEAT CAPACITY(OTU/LBeF) «f 2X,F10.3)

2520 360 FORMAY (X, ,*rLUID DENSITY(LB,FTI) o 2X,F104))

283 310 FORMAT (X, 'NAXINUN TINE(NINYTES) o ¢,2X,F10,3)

2540 320 FORMAY(1x,P8,2,1477,4,F18,2)

288e 33c FORMAT(®  THERMAL POWER TO SYSTEM DURING TINE STEP = *,Flu,y,
256 1! BTu/sHe s '.F12,1,' KWeT?)

257 34g  FORMAT(/ |X,?FLUID TEMPS wilLL BE PRINTED IN GROUPS CF SIXTEEN
2580 CSTARTING FROM TME MOTTEST, ENOING WITM TWE COOLEST ',/ 11X,

259% CITHEN TNg VOLUME WEIGHTED AVERAGE TEMPS wiLL BE PRINT;D N GROUPS
260 COF SIXTEgN?)

2610 350 FORMAT(1x,16F7.9)

262 995 FORMAT(1x,*MaSS FLOW RATE(MOQT=LB,SEC) IS ! Fa,3)

2630 998 FORMAT(|gF8,)!

264 999 FORMAT(/ 1X,+RADII FQR WHICH TEMPERATURES ARE CALCu 2-tT:i~CHES)®)
265e END

ND OF CoMPILATION} NO DIAGNOSTICS,

? CYP:,086

PRI
R

AL P

SUPS14,96p

AR TR
o0

TR QUALITY,
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APPENDIX D

DERIVATION OF DIMENSIONLESS PARAMETER A

In an attempt to find correlation parameters which would apply
to all of the system thermal dynamic curves in Section III, different
dimensionless parameters were considered. No geueral parameters were
found which would be generally applicable in all cases, although the
dimensionless parameter, which is used in Figure 4.14, does provide a
dimensionless flowlength which may be useful in some circumstances. A
heat valance on a differential element dx of pipe is described below.

n

hAA

///t Tradial

D — Qout

.

where the following definitions follow,

8T adial

M cp T e

31 Cp Tin
mass flow rate through pipe

heat capacity of fluid

density of fluid

temperature of fluid at outlet

temperature of fluid at inlet

convective heat transfer ccefficient (fluid to pipe wall)

pipe wall area ir element dx

Tf - Tw

D-1



Tf = bulk fluid temperature

'1‘w = wall temperature

The heat balance is,

Q . -Q

out v HCp (Tout - Tin) = bA AT

in radial hA (Tf - Tw)

Differentially,

HCp dT. = hA ('1‘f - Lw)

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

2
D
——— = } -
oV 3 Cp de h 7D dx (Tf Tw)

1f we group temperature terms togethe-,

aT¢  _ _4hdx
Tf - Tw pv DCp
integrating,
—d_'rf_. = 4hx X
- v
'1'f 'I’w P DCp

In English uni::

= BTU/ur £.° °F
= ft

lblft3

= ¢t/hr

= ft

C. = BTU/1b°F

0O <€ m X =
"
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I e

Y

DIMENSIOWLESS

A is then the dimensionless parameter which relates several transport
variables to each other and serves as a dimensionless flow distance
from the system entrance.
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APPENDIX E

PIPE AND SAND COST SAMPLE CALCULATION

In this report the cost of installed carbon steel pipes capable
of containing pressurized water to 2000 psia in the sand-around-pipe
thermal storage unit (TSU) is taken from the following table, which
was generated from surveys of engineering construction firms.

Pipe Diameter Material Cost Welding Cost Installation Total
(inch) $/ft $/ft $/ft $/fe
1.5 1.29 .12 .12 1.53
2 1.62 .12 .12 1.86
2.5 -— - -— 2.62%
3 2.60 .64 .13 3.37
3.5 -— -—— -— 4.02%
4 3.65 .87 .14 4.66

*
Interpolated costs

Sample Calculation of Sand and Pipe Cost

Consider a vand-around-pipe thermal storage unit (TSU), such as
described in Section II and I1I, which has 1.5 inch 0.D. pipes on 4
inch centers. In Section III the thermal performance of such a system
is calculated for different conditions, and the cost of a 5000 foot
section of such pipe and sand is estimated here. From the above we
see that the installed pipe will cost about

Pipe Cost = ($1.53/foot) (5000 feet) = $7650

The area * "thin the boundaries of an arnulus defined by 4 inch outer
circle and 1.5 inch inner circle and is 0.075 square feet, and so the
sand volume in a 5000 foot length is 375 cubic feet, which at 100
1b/ft3 weighs 37,500 pounds or 18.75 tons. Delivered sand at

$20/ton would then cost

Sand Cost ($20/ton) (18.75 tons) - $375

and so the combined sand and pipe cost would be

Pipe and Sand Combined Cost = $7650 + $375 = $3025

which is the value reported in Tables 3.1 and 3.2.



