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1.0 INTRODUCTION

Thermal energy storage is a promising method for extending the steam gen-
erating capabilities of both conventional fossil fuel power plants and advanced solar
thermal energy conversion systems. Excess thermal energy available from the steam
boiler (or concentrating solar collector) can be stored during off-peak demand periods
and then used to increase steam capacity during peak load periods. In a solar application,
this stored energy would be substituted for the primary energy source during nonsunlight
periods,

Thermal energy can be stored as the heat required to induce a temperature
change, a phase transformation (e. g. , solid to liquid), or a chemical change in a
suitable medium. Using the latent heat of fusion (phase change) is attractive because the
heat absorbed per poundof storage material is relatively high, resulting in a more
compact system, Molten salts and salt eutectics are particularly attractive as phase
change media because of their high weight and volumetric heat storage capabilities,
their abundance in nature and as the result of industrial processes, and their low cost

per unit storage capability.

A preceding study for NASA-Lewis (Reference 1) showed that a latent thermal
energy storage system which utilized a conventional passive tube and shell heat
exchanger for salt containment was both technically and economically feasible. The
study revealed that suitabie latent heat media were inexpensive and that a major
portion of the cost was related to the passive heat exchange process. The accumulation
of salt deposits on discharge tube surfaces, combined with a high thermal resistance of
the solid Phzse Change Material (PCM), required a large (and costly) heat exchanger

surface area,

Significa.at performance and cost benefits can be realized if active heat exchange

concepts can be developed which prevent the buildup of a solid salt layer on the heat
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transfer surfaces. This program was initiated to design and test two active heat exchange
concepts for latent heat thermal energy storage systems suitable to t*. viility industry,
Test modules will be designed for a storage capacity of 10 kWht and 2 heat transfer rate of
10 kwt' These systems, if cost effective, can play an important part in erhancing our

nations dwindling energy resources,
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2.0 SUMMARY

The overall objective of this program is the development of an active heat

} exchange process in a latent heat thermal energy storage (TES) system which is suitable
for utility applications. These include either conventionally fueled plants or advanced
solar central receiver power plants. An effective TES system would be used to supply
peak energy requirements with energy stored during the off-peak periods. For
conventional power plants this offsets the need to increase the plant boiler capacity,
whereas advanced solar power plants require thermal energy storage for buffering

during normal operation and as the primary energy source during nonsunlight hours.

The program organization consists of multiple tasks culminating in hardware
demonstration and recommendation for future larger scale development efforts.
Specific tasks involve concept selection, including the TES media; detailed design and
analysis of laboratory-scale test units; hardware fabrication; test evaluation, and
data analysis and recommendations, This topical report presents the results of the
concept selection phase of the program and briefly describes the design of two

recommended demonstration test modules.

General performance requirements for the test modules are a storage
capacity of 10 kWht and a heat transfer rate of 10 kWt. With a suitable choice of storage
media the systems would be capable of generating steam over the temperature range
250°C to 400°C, although in this case the boiling temperature was specified between
315°C and 350°C for compatibility with advanced solar central receiver power plants,

At these temperatures suitable phase change materials are confined to molten
salts and salt eutectics. The evaluation of the candidate materials considered the
following criteria: melting point, latent heat of fusion, heat storage capacity
(kWht/unit volume), corrosion characteristics, handling problems, availability and

cost, Of the candidate salts considered, three families were found best suited for
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this TES applicat'ion: chlorides, hydroxides and nitrates. The specific salts

recommended, in order of preference, were as follows:

1. 20.5KCL ® 24, 5NaCl @ 55, OMgCIZ, % by weight - A chloride
salt eutectic that melts at 385°C (725°F).
2. KOH - Potassium hydroxide, melting point at 360°C (680°F)

3. NaN03 - Sodium nitrate, melting point at 307°C (585°F)

All three salts have good thermal performance, few corrosion problems - which
permits the use of less expensive containment materials (e. g. , mild steel), and they
are available in large quantities at a reasonable cost. The chloride salt eutectic was
selected for the demonstration test evaluation since it best fits the stcam generating

requirement (350°C) of advanced solar power plants,

Two active heat exchange concepts were selectzd for demonstration hardware

development:

® Direct contact heat exchanger

® Rotating drum with fixed scraper

These were selected from among the various concepts considered (scrapers,
agitators, vibrators, slurries) because they exhibited the best combination of low
development risk and high cost benefit. Unit cost estimates for the chosen TES

concepts as applied to a 300 MW, utility application with 6 hr of storage are presented

t
below,
Unit Cost ($/kWhy)
Passive tube-shell 21
Direct contact HX 16
Rotating drum 16

The development test modules are designed to interface with an intermediate heat
transport loop which uses a liquid metal eutectic (44. 5Pb/55. 5Bi% by wt.) as the

fluid. Three separate tank modules are provided: 1) a liquid metal tank which serves
as a supply reservoir and contains the pump, 2) a molten salt tank which contains the

PCM supply and a pump, and 3) a central heat exchange module within which the heat

transfer between the molten salt and liquid metal occurs. Both heat exchange concepts

2-2



are primarily made with 1020 mild steel and both use a nitrogen gas blanket to prevent

atmospheric contamination of the salt.

The direct contact heat exchange concept is {llustrated in Figure 2-1, Three
tank modules are coupled by t+vo separate fluid loops; one for the molten salt, the otler
for the liquid metal carrier. The salt serves as the thermal energy storage medium,
while the liquid m<cal transfers the stored energy to the eventual heat sirk, in this case
an open water loop. Separate streams of salt and liquid metal, which emanate from their
respective tanks, are mixed together in the heat exchange reservoir. Both latent and
sensible heat are transferred to the cooler liquid metal by the countercurrent flow of
molten salt bubbles which are injected at the bottom of the mnetal column. As the salt
solidifies, it rises to the top of the heat exchange reservoir, where it is directed over
the edges, falling to the bottom of the surrounding tank, It is held here until the next
charging cycle, when it is melted (by electrical heaters which simulate the heat source)

and drained into the molten salt tank. Another discharge cycle can then begin,
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Figure 2-1 Direct Contact HX Concept

{ ANISTER

2-3



The rotating drum concept in Figure 2-2 is designed to take advantage of all
of the hardware (tanks, plumbing, pumps, instrumentation, ¢tc.) used for the direct
contact heat exchange concept. Only one-half of the central heat exchange module need be
replaced to convert from one system to the cther. In this concept, the heat exchange
between the molten salt and the liquid metal takes place on the circumference of a
rotating hollow steel drum. Molten salt sprays onto the outside surface, while the
cooler liquid metal flows through a narrow internal annulus, As heat is removed, the salt
solidifies and adheres to the outside surface. Located 270 degrees from the salt
admission point in the direction of rotation, a fixed scraper blade removes the solid
salt layer. The electroless nicke! plating on the drum minimizes the surface

adhesion strength and permits easier scraping.
e ADSUSTABLE
TOP LID SALT FEED

SCRAPER
BLADE

PRESSURE
SEAL

MOLTEN SALT

emmnte- PD/B1
HEAT TRANSFER
FLUID (Pb/tn)

ROTATING COUPLING

——— g G G A A————

BOTTOM HALF OF
EXISTING HEAT EXCHANGE
MODULE

# '
FIREROD HEATERS

)

TO SALT MODULE

1767-0CHT)

Figure 2-2 Rotating Drum Heat Exchanger Concept

The following sections of this report present the supporting details for the
salt selection, identification and evaluation of .1l the heat exchanger concepts, and a

description of the recommended systems.



3.0 THERMAL ENERGY STORAGE (TES) MEDIA SELECTION

Storage media or salts chosen for the TES system will have a significant impact
on the overall design, Candidate salts must be stable, possess good thermal physical
properties, be compatible with relatively low-cost contaminant materials, and not
separate into constituent components over the system life (20-30 yr), Desirakle
thermal-physical properties include a high latent heat of fusion 0. 06 - 0, 13 kWh/kg
(100-200 Btu/lb) reasonable thermal conductivity 1.7 - 3.5 W/m°C (1-2 Btu/hr ft°F)
and specific heat (0, 2-0.5 Cal/g°C), 2 low vapor pressure (< 1 mmHg), and a moderate
density change between the liquid and solid phases (10-20%). The overall system cost will
dictate whether or not the design is accepted by the utility industry. The system must
compete with a number of alternatives including increased boiler size, electrical energy
storage, and sensible heat storage. Hence, it is critical that salts be carefully screened
in order to select the lowest cost salts that are also compatible with low-cost containment

materials, such as gtainless steels, in order to develop a marketable product,
3.1 CANDIDATE SALTS

A basic consideration in choosing a suitable medium for latent heat thermal
energy storage applications is the desi~ed woiking temperature, In this study the TES
heat exchange system is used to produce boiling in a steam power cycle, which requires
that the melting temperature match the boiling requirements of the cycle, For example,
consider a typical supercritical fossil plant which is representative of modern
installations, Figure 3-1 shows the steam requirements and how a latent TES system
would be used to provide boiling for an auxiliary power supply. Steam to provide energy
for stcrage is available at 540°C, 24 MPa (1000°F, 3600 psi) and would be cooled and
condenszed to pressurized water at 374°C during the TES charging cycle, During
dischar e to the auxiliary powercycle, the TES system would supply the energy needed

for boiling at 260°C.
For the purposes of this study and to provide a general data base, the candidate

storage media included a wide range of melting points between 250°C (480°F) and
{650°C) 1200°F, Salts in the following generic families can be considered for applications

within this temperature range: fluorides, chtorides, hydroxides, nitrates/nitrites,
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carbonates, sulfates, and oxides. As summarized in Figure 3-2, chlorides, hydroxides,
and nitrates/nitrites were selected for further consideration.
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Figure 3-7 Latent TES Storage for Fossil Fuel
Auxiliary Power Cycle
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RECOMMENDED REJECTED COMMENTS
-

FLUORIDES b ONLY FLIJORIDE SAL™S WHICH MELT BELOW
500°C CONTAIN LARGE AMOUNTS OF
EXPENSIVE Li, Be, OR ALKALI METAL;
FLUDRIDES NOT AVAILABLE IN LARGE
QUANTIT!ES REQUIRED

CHLORIDES X LOW COST, GOOD THERMAL PROPERTIES;
AVAILABLE IN SUFFICIENT QUANTITIES FOR
UTILITY APPLICATIONS

HY DROXIDES X LOW COST, GOOD THERMA! PROPERTIES;
AVAILABLE IN SUFFICIENT QUANTITIES FOR
UTILITY APPL-CATIONS

NITRATES/NITRITES X LOW COST, GOND THERMAL PROPERTIES:
AVAILAE _E IN SUFFICIENT QUANTITIES FOR
UTILITY ArPLICATIONS

CARBONATES X APFLICABLE 1 _MPERATURE RANGE > B50°F
FOR WHICH CHEAPER CHLORIDE SALTS EXIST

SULFATES X HICHLY CORROSIVE

OXIDES X | HIGHLY CORROSIVE

1767-0044T)

Figuro 3-2 Salt Selection Summary

3.1.1 Fluorides

Ja general, {luorides posseas the best thermal properzies of the salts under
vonsideration, and they bave received a great deal of attention in prior studies
(References 2,3, and 4). For the present study fiuoridcs wers rejected mainly on the
hasis of cost and availability, According to Reference 3, thc only fluoride eutectics which
neelt be 'ovw 500°C (1000°F) maust contain large amouvnts of LiF, BeF2 or MBF 4
(where M = ulkali metal), Bon is expensive and highly toxic. MBF4 has a significant

vapor pressure and can be extremely corrosive even to high nickel content alioys. LiF is

expensive and in short supply.

Even modest power plant size systems could require 10 million b of salt per
installation, Foote Minceral, the largest manufacturer of Li¥ (and of Li salts of all
kinds), reported that their potential annual produstion capacity isonly 4 million ib per
year. For this reason, the near teim use of LiF for TYS is not practical, Use of
fluoride salts must wait for TES systems which store large amounts of heat above
649°C (1200°F), g temperature which exceeds the requirements of contemplated central

solar systems.
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3.1.2 Carbonateg

Reference § recommends carbonates over chlorides axd hydroxides as heat
storage salts. However, all of the recommended eutectics which melt below
338°C (1000°F) contain large percentages of Lizcos. The same cost and availability
problems which apply to LiF also apply to L12C03. although to a slightly lesser degree.
This is unfortunate because carbonates have good thermal properties. Moreover, the
presence of Lizcoa has been showa to form A passivating layer on steels which results
in very low corrosion rates. Reference 3 lists a eutectic mix of 57% KZC():‘3 and 43%
MgCO3 vhich melts at 460°C (860°F) and might be suitable; however, it would be more
expensive than a chloride eutectic whiLh melts at 465°C (869°F) and has a higher heat
of fusion,

3.1.3 Sulfates

A sulfate (Glauber's salt) Nazso 4 ° 10H20 is being used by G. E. in its low
temperature rotating drum system (Reference 6). For this study, sulfates were rejected
because of their extremely corrosive nature at higher temperatures. When heated,
sulfates give off 02 and form sulfides » hich result in rapid steel corrosion (Reference 3).
An oxygen atmosphere has been suggested tc retard sulfide formation, but the presence

of pressurized O2 would result in many practical problems in a real system.

3.1.4 Ogxides

Oxides were also rejected because they are corrosive and generally difficult

to purify,

3.1.5 Chlorides

While they do not have thermal properties quite as attractive as fluorides,
chlorides have good properties and are cheap and available in large quantities. Several
of the recommended eutectics are chlorides. The principal chlorides of generai interest
to TES are Na, K, Mg, Ba, and Ca. ZnCl2 has been eliminated because of its
relatively high cost and since it has a tendency to subcool.

Containment of chlnriaes depends critically on the purity of the melt, Water,

even if present in only minute amounts, will cause excessive corrosion, References 7
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and 8, however, indicate that some chlorides can be contained in mild steel if they are
dry and pure. In particular, Reference 8 tested a eutectic of NaCL @ KC1 @ MgCl2 in
1020 mild steel for 1000 hr at 500°C and noted no intergranular or mass transfer
corrosion, Blanket atmospheres of N2, Ar or He have been used successfully to

prevent itmospheric contamination,

Some undesirable features of chlorides are that MgCl2 and CaClZ, when
strongly heated, give off toxic fumes ..hich would be a problem if a TES unit ruptures.
Also, chlorides have a very large volume change on fusion; for example, for NaCl
the volume change from solid to liquid is 25%, so that significant salt movement will
occur during cycling. CaCl2 is a desiccant, so that an exothermic reaction will occur
if it contacts water. Mg(OMN) 9 contamination of MgCl2 results in the formation of
oxichloride cement (MgOC1) which could be a problem,

3.1.6 Hydroxides

Hydroxides are also available in large quantities at a relatively low cost and are
therefore potential TES salts. A non-eutectic mix of NaOH (91%), NaNO3 (8%), and
1% unspecified corrosion control additives is mariketed under the name '"Thermkeep" ®)

by Comstock and Wescott, Inc. at a cost of about $0, 20 per 1b.

Two contaminants that pose a corrosion problem in NaOH are H20 and C02.
which can be absorbed from the atmosphere, Use of a blanket atmosphere is essential and
References 3 and 5 recommend H2, although Reference 3 notes that this introduces possible
long-term problems with hydrogen embrittlement of the alloys and weldments of the con-
tainment unit. Noting the danger of explosion inherent in a pressurized Hz atmosphere,
Reference 9 suggests that satisfactory results might be obtained using a mixture of 10% Hz
and 90% N, which would reduce the risk. Reference 5 questions the seriousness of COO
contanxim;ion and points out some contradictions in existing data regarding water conta:mi-
nation, DMost authorities (References 10 and 5) suggest using stainless steel. However,

Comstock and Westcott use mild steel in their '""Thermkeep" (R)

system made possible by
their use of a corrosion inhibitor. Also, corrosion problems may be expected to be worse

for KOH than NaOH (Reference 5).

Hydroxides are extremely hydroscopic and any contact with water would result

in a highly exothermic reactien (possibly explosive in nature) which would be quite
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troublesome, In addition, hydroxides are caustic and could be a danger to personnel
in the vicinity of a ruptured container, According to Reference 8, NaOH may give off
toxic fumes when strongly heated,

Thermal properties of hydroxides are not as good as those of chlorides. It
should be noted that NaOH, in addition to a solid-liquid transformation at 321°C (610°F)

which hasa A Hfs = 38 cal/gm, also exhibits a solid-solid phase transformation at
296°C (565°F) with an addiiional A H=38 cal/gm,

3.1.7 Mitrates

While the thermal properties of nitrate/nitrite eutectics are not as good as those
of chlorides and hydroxides, the low costs, good corrosion properties, and low melting
points make them good candidates for TES applications. The specific salts considered

are; KNO_, NaNO_ and NaNO .,
3 3 2

Eutectic mixtures of these three salts have been available under various trade names
as heat transfer fluids since the late 1930s (U-TEC-TIC, HITEC, HTS, Partherm).
Reference 11 describes a 143°C (290°F) melting point eutectic called '"HTS, " which is
identical to HITEC, Partherm 290, and U-TEC-TIC (References 12 and 13). Fairly

complete data is available for these salts because of their long use.

Nitrates/nitrites are superior to most salts in that they form a passivating
layer on steels by the formation of sumyface oxide layers, Moreover, the presence of
small amounts of water does not appear to increase the corrosion rate significantly
(Reference 3). Kirst, et al, gives a corrosion rate on mild steel of 0. 0003 in. /month
at 454°C (850°F) (Reference 11). Most corrosion problems will result from solid
impurities in the melt, particularly NaZSO N and Al oxides. A blanketing atmosphere
of N2 is recommended by several sources (References 9 and 11).

Nitrites do noi pose some of the hazards associated with other salts; they evolve
no toxic gases nor are they caustic. They should, however, be kept out of contact with
organic matter (fire hazard), cyanide, and aluminum. At temperatures above

454°C (849°F), nitrites continuously degrade by 5 NaNO,— 3NaNO, + Na_O + N_. This

2 3 2 2
represents the upper limit to which these salts are useful and care should be taken to

prevent nitrite-containing TES units from overheating, Baker Chemical lists the
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decomposition point of NaNO_ as 380°C (7T16°F). Compared to chlorides, nitrates present

3

much less of a problem from volume change on fusion, the increase for NaNO3 being

10. 7%, that for KNO3 only J. 3% and that for NaNO2 Jess than 20% (Reference 10),

3.2 PROPERTY AND COST DATA

Figure 3-3 presents a list of thermophysical property data for candidate media
based on the use of chloride, hydroxide, and nitrate/nitrite salts in the primary temp-
erature range of interest, 250-500°C, for conventional power piants. Similar data for
higher melting point salts which could be used in higher temperature central solar power
plants are presented in Figure 3-4. Vapor pressure for each of the listed salts is less
than 1 mmHg.

Salt costs as well as thermophysical and chemical properties will impact the salt
selection for a full-scale system implementarion. There are two cost considerations
associated with the choice of a ,......cular salt. The first and most obvicus is the bulk
cost of the required material in a purified condition. The second consideration is the
impact of the selection on the required system hardware such as the size and construction
of storage tanks, heat exchangers, pumps and plumbing. Only the cost of the bulk

material will be considered here,

Various chemical suppliers were contacted to obtain salt prices for the
quantities required for a typical power plant application. Because some degree of
purification beyond commercial grade will be required, this additional expense must be
considered in estimating the total TES cost and at least a preliminary estimate must be
included in any realistic system cost appraisal. The purification cost was estimated as
follows: First, suppliers of salt in large quantities were contacted including Foote
Mineral, Croton Chemical Company, Morton Salt, Hooker Chemical and Plastics
Corporation, Dow Chemical, and IMC Chemical Group. I gereral, it was found that
the purity of commercial grade salts ranges from 90 - 992, 5% (not including water of
crystallization) with a variety of impurities. For example, in the case of Mg(?l2 ° 6H20
and (‘aCl2 ] 2H20, 50% and 20% H 20. respectively, is contained in the crystal lattice,
Consultants were retained in order to determine which of the various impurities might
pose a problem and require removal, It was concluded that water and oxygen are

critical contaminants ard that water must be removed from salts to the maximum degree
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HEAT OF PECIFIC H THERMAL CONDUCTIVITY
COMPOSITION | FUSION, AH SPECIFIC HEAT 103 X CAL/SEC °C CM DENSITY HEAT
SALT ELEMENT | MELT POINT WEIGHT % CAL/GM CAL/GMC {BTU/MR FT °F) GM/CC (LB/FTS) STORAGE
A-B-C °C (°F) A B C {B8TU/LB) SOLID (Cpg) LIQUID (Cry) | SOLID (k) LIQUID (k) |SOLID (3) LIQUID ipp) | KW-HR.
NaNO,-NaOH 246 (475) 845 155 - 42.6 (76.5) 45 45 1.66 1.68 224 1.933 3.14
1.377) 377} (140) {120.7)
NaCi-NaNO4 297 (567) 46 954 -— 46.8 (84) .44 43 146 1.46 2.2¢ 1.88 3.47
(.36) (.35) (149 tmn
NeNO, 307 (585) ]100 - - 435 (78.1) .45 .44 1.36 1.45 2.26 1.90 323
(33 {.36) {149) (119)
NaOH 318 (606)  |100 - - 76 (136) .48 .50 2.20 2.20 283 1.76 7.05
(53 1.53) {180) (108)
KCI-KNO, 320 {608) 45 956 — 26.21 {47) .28 .29 1.16 1.15 211 1.85 1.82
{.278) 1.278) (132) (116)
KOH 360 (680) 100 - - 32. (57.6) .32 .36 2.20 2.20 2.04 1.73 2.14
53 53 (127 {108)
KC1oNaCl-MgCl, 386 (726) 146 223 632] 70.3(126) 23 248 3.6-38 1.9-2.4 2.26 1.63 5.17
{.87-.92) (.47~.59) {140) {102)
NaCl< BsCl,MgCl,| 418 (784) 284 318 398| 81.6(146) 19 21 3.6-38 1.9-2.4 276 212 7.38
1.87~-.92) (47-.59) 172 132)
NaCleMgCl,, 450 {842) 60 40 - 111 (199) 22 24 3.6-38 2.27 2.23 1.61 8.11
(87-.92) (.65) {139.1) {100)
CaCl,oKCl-NaCl 465 (869) 845 65 29 77.6 (139) 21 .23 3.6-38 1.9-2.4 2.15 1.86 5.48
(87-.92) {.47-.59) {134) (115)
NaCl-CaCl,, 500 (928) 33 671 - 67 (121) 20 24 3.6-38 2.44 2.16 1.89 475
(87-92) -  (.69) {134) 118)
KCleNaCl+CaCl,, 504 (939) 5§ 29 66 67 (120) .26 24 3.6-38 2.39 2.16 1.90 4.71
{.87-.92) 1.58) (134) (119)
1767-005(T)

Figure 3-3 Candidate Salts for Conventional Power Plant Applications
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COMPOSITION SPECIFIC HEAT THEAMAL CONDUCTIVITY DENSITY HEAT
MELT POINT WEIGHT. % HEAT OF e 1'Fs CAL/GMPC, BTUNLBYF 10’ X CAL/SEC'CCM_(BYUMR FT°F) GM/CC (LB/FT') . €
SALY ) A ] c CALIGM soLic LiouiD (€' SOLID ix} LIOUID (k) SOLID (7} LIOWO ¥y KW-HA/FT3

ki - e, CO, 587 (1088) 493 507 - 581126) 28 308 83 63 248 V74 61
s e 1153 (109}

ICt - CaCt, 800 (1112) €68 332 - 777139 9 2t 36-38 19-24 210 169 53
(87-82) 1.47-50) 131 (1081

KC - CaCl, 640 (1184) 202 08 - 833 (129) a8 n 38-38 19-24 213 1.90 a8
187-92) (47-50) 1132 e

IKCt - NaCt 858  (1216) %1 439 - 889 (177) n 2 36-38 1924 208 163 &7
ta7-92) (47-50) 11294 198)

b, CO, - Na,CO, -Co,cO| 700 112820 | 481 29 220 46 (130) » 38 41 a1 257 267 61
i1 0 11581 (156)

s, €O, - K, €O, 70 nm | @2 sos - 610110} 40 ar 412 412 248 194 50
1.0) 110} 1156} (121}

Cact, 72 Na22) 100 - - 611110 19 E1 36-3.8 19-24 2.5 207 a3
i87-92 (47250 (134 29

Fc, 7”8 (1420 100 - - 7530135 8) 20 2 38 19-24 207 1.50 81
87 147-59) 129 194)

a1 801 (1474) 100 - - 152 (200 » 2 38 19-24 212 1.56 82
82) 147250 1136} 97)

e, O, 231 {1564) 100 - - @8 (119) 2 a0 436 436 253 197 55
(1.08) (106} 138 0z

K, co, 891 11636 100 - - 56 4 (101) 7 »% a1 4. 243 190 50
i1 i (152} 1118

INa £ ea8 (18101 100 - - 188.6 (339) 38 39 10-19 107 258 195 %9
12448 25801 1180) nan

s CO, 1333 (2482 100 - - 126.9 (228) 38 8 13 13 293 283 122
30 3n 1183 183)

ca ®, 1380  (2460) 100 - - 209 1188 £ 30 10-19 107 318 254 8s

| . 2.4-1.8) 1260 1188 1801
1767-006(T}

Figure 3-4 Candidate Salts for Advanced Soler
Power Plant Applications



possible. Further, it was felt that traces of Nazso could be troublesome, especially

4
if it were to separate from the bulk mass and collect in one location. In addition, removal

of Al oxides, KZSO 4’ KCIO3, Hg metal, and Mg (OH)2 traces might be required,

Figure 3-5 summarizes the suggested salt purification requirements.

OBJECTIONABLE IMPURITIES REQUIRED PROTECTIVE
SALT SUPPLIER 70 BE REMOVED GAS ATMOSPHERE
NaNO.‘,
NaNO, Na,SO,
KNO, CROTON AL OXIDES N
—_ 2
KCl
CaiNO,), ALL
NsOH HOOKER Ne,SO, TRACES OF H
— WATER 2
8C MORTON AND N,
KOH IMC K2804, KCIO4, Hg OXYGEN H,
(A.B)
mgch, ‘A MglOH)
2 oow o2
CaCl (8) ?
N
8eCl., (C) ? ? 2

(A) MgClz"FLAKE" IS IN FACT: MQCI2 ° 6H20 {ABOUT + 50% WATER)
(B) PURITY SPECIFICATIONS NOT DETAILED SUFFICIENTLY
(C) SUPPLIER AND PURITY NOT IDENTIFIED

17eroorm Figure 3-6 Suggested Salt Purification Requirements

The removal of traces of water and oxygen should be done after the salt has
been placed in the TES heat exchanger so that contact with the atmosphere will not
occur after purification. The cost of fuel oil to heat the salt for drying would be only
2/3¢/1b at 80¢ /gal of oil. Other costs are difficult to estimate, The need for a vacuum
freeze/thaw purification cycle might design the thickness of the TES heat exchanger walls
for certain configurations, thus increasing the unit cost. Alternately, a larger vacuum
shell could be constructed to hold the heat exchanger so that only one very heavy walled
unit would be required which could purify many units. The procedure to remove solid

impurities (NaSO,, primarily) is best conducted in aqueous solutions of the parent salt by

4
selected chemical reactions, This would indicate that solid purification might best be

undertaken by the salt manufacturer,

Figure 3-6 presents bulk (truckload lists) salt costs and an estimate of purified
salt costs for each of the constituent elements of the eutectics listed in Figure 3-3, A

significant increase in demand for TES applications could result in a cost reduction. In
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TOTAL COST INCL.
MANUFACTURERS | QUANTITY COST | $.06/L8 FOR WATER,
TRUCKLOAD CORRECTED FOR |  0,, AND SOLID IM-
20,000 LB WATER CONTENT | o 0 e cEMOVED
MgCl,, 6 Hp0 0850 170 22
CaCl ,(20%) H O 0440 086 108
NaC! 0177 - 07
KCl 0756 - 1286
NaNO, 3095 - 3596
NaNO4 1086 - 1606
KNO, 1825 - 2380
NaOH 143 - 193
KOH 22 - 27
BaCl, 166 206

VIST0%8M  Ligure 3-8 Cost Estimates, Individual Saits (8/1b), 1977 Prices

the other direction, prices will increase due to added purification costs as just discussed.
In two extreme cases (MgCl2 and CaClz), crystalline water accounts for 50% and 20% of
the salt weight respectively so that in order to get 1 1b of MgClz, 2 lbm of MgCl2
crystals must be purchased; this effectively doubles the cost of this salt even without
including the cost of water removal. The purchase price adjusted for water content is
shown in Column 2. The total estimated salt cost shown in Column 3 includes an
allowance of $0. 05/1b on all salts for the energy required for water removal, the
amortization of a vacuum vessel and pumping station for vacuum bakeout, and

provisions for some extra supplier charge for solid impurity removal,

Using these cost figures, eutectic material ($/1b) and thermal storage ($/kWht)
costs can be computed based on the component weight breakdown. This information is
presented in Figure 3-7 for each of the eutectics, or single salts listed in Figure 3-3,

3.3 RECOMMENDATION

The salt selected as the principal one for this study was 20. 5 KC1 @ 24, 5 NaCle
55. 0 MgC1 2 which melts at 385°C (725°F). This salt is representative of chloride
systems, which are expected to be important in moderate to high temperature TES
applications, Reference 8 gives unusually detailed containment information indicating low
corrosion and specifying purification techniques. The thermal properties of the salt are
very good, much better than for hydroxides or nitrates, and it is neither toxic, caustic,

or oxidizing. The required constituent salts are inexpensive and readily available in
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$ns $/KWht
SALT ELEMENT MELT POINT INCLUDING INCLUDING |
AB.C °C(°F) 8ULK | PURIFICATION | BULK | PURIRICATION
NaNO,°NaOH 246(475) 115 166 6.13 7.36
NaCloNaNO, 207(567) 106 .166 427 6.30
NaNO, 307(586) A1 .18 481 6.99
NaOH 318(605) .143 198 359 484
KCIsKNO4 320(608) 178 .230 1293 16.7
KOH 360(680) 22 27 13.04 18.0
KCloNaCleMgCl,, 385(726) 069 473 1.20 3.00
NaCleBaCl,eMgCl, | 418(784) 088 a72 2.08 4.02
NaCleMgCt,, 460(842) 045 13 0.77 2.23
CaCl,y-KCieNaCl 465(869) 038 096 0.93 2.36
NaClsCeCl,, 500(928) .036 003 0.99 2.63
KClsNaCleCaCl, 504(939) .029 .096 0383 2.73

17674009 Eigure 3-7 Cost of Candidate Salts and Salt Eutectics, 1977 Prices
large quantities. Some possible drawbacks are that this salt does bhave relatively large
volume change on fusion and that MgCl2 tends to form a hydrate MgCl2 ® 6H20 if the
anhydrous salt is exposed to moist air, However, these are not serious from the view-
point of overall system operation. Proper container design can accommodate the density

change and demonstrated purification techniques can remove all significant traces of water.

The other salts which were recommended as alternatives for this test program
are KOH and NaNO3. Because they melt at distinctly lower temperatures (360°C for
KOH and 307°C for NaNOs),

with a chloride eutectic to cover the entire temperature range of interest for feedwater

in an actual system these salts could be used in combination

heating, boiling, and superheating. Hydroxides and nitrates are already in use as heat
transfer and storage media. While neither of these salts has thermal properties that
compare with chloride salts, they have other advantages, particularly for the temperature
range of interest. Specifically the ability of NalNO3 to passivate steels could be important
in active designs where slight atmospheric contamination of the salt is possible,

No problems regarding long-term stability or kinetics of transformation are
expected with any of these salts. Vapor pressures for all the salts are low at the
temperatures of interest, which simplifies containment vessel construction. Supercooling
does occur with some chloride salts (particularly ZnClz); however, it is not expected

to occur with the specific eutectic chosen,
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4.0 IDENTIFICATION OF HEAT EXCHANGE CONCEPTS
4.1 OVERALL SYSTEM CONSIDERATIONS

The active heat exchange concept lends itself to a variety of overall system flow
arrangements., For discussion purposes, it is convenient to consider five basic flow
schematics, each of which has some variants:

® Single-tank pumped fluid system (Figure 4-1)

® Two-tank pumped fluid system (Figure 4-2)

® Multiple-tark pumped fluid system (Figure 4-3)

® Natural convection system (Figure 4-4)

® Intermediate liquid metal loop (Figure 4-5).

Each component takes advantage of the higher density for the solid compared with
the liquid. The solid is forced by gravity against the bottom of the tank where it can be
melted by hot source fluid during the energy storage mode of the cycle. For schematic
purposes, the active heat exchangers for the pumped systems are shown as separate units
located at the top of the storage tanks. Many of the active heat exchanger concepts require
a location within the tanks (though near the top), and, in some cases, a location beneath

the free liquid surface of the molten salt,

The active heat exchange concepts are discusscd under three generic categories
(mechanical scrapers, vibrators and mixed fluld streams) which include the following
spec!fic concepts:

® Translating scrapers
Rotating scrapers
Rotating drum with fixed scraper
Mechanical vibrators
Ultrasonic liquid bath
Tube flexing
Gas bubble turbulation

Direct contact heat exchange.
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Figure 4-1 Single Tank Pumped Fluid System Schematic
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The applicabllity of these concepts to the overall system flow arrangements is

shown in Figure 4-6.

It should be mentioned that corrosion in flowing sait systems may be more severe
than in passive designs where the salt is essentially immobile. According to Reference 14,
in a flowing salt system thermal potentials exist which cause the removal of metal at hot

points and its subsequent deposition at cooler sections.
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Figure 4-6. Active Heat Exhanger - System Flow Combinations

4,1,1 Pumped Single-Tank System

In the pumped singie-taik concepts (Figure 4-1) the solidified PCM is essentially
at the phase change temperature within the storage tank. Even if an active heat exchanger
were to extract sensible energy from the solid before returning it to the tank, heat trans-
fer with tne liquid at the top of the tank would bring the sclid back to phase change tem-
perature. During the thermal storage cycle, it would be possible to get some sensible
storage in the liquid, because liquid hotter than the phase chauge temperature could be
collected at the bottom side heat exchanger and fed to the top of the tank, Having lower
density, it would tend to remain there, thermally stratified, though cooling slowly by
conduction heat transferto the cooler PCM located lower in the tank. The iiquid super-
heat would be quickly eliminated during the usage period by agitation of the liquid and by
remelting of the sclidified PCM sinking through it.

Elimination of the liquid superheat will reduce the temperature difference available

to the active heat exchanger, and this will increase the size of the heat exchanger somewhat.
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The single tank system has an advantage, however, in being able to accept either a partially
solidifted slurry or a wholly solidified PCM returning from the active heat exchanger. A
single tauk may, because of lower surface to volume ratio, be cheaper to build and insulate
for a given level of heat loss to the environment. The concept is adaptable to multiple
smaller tanks in paraliel, however, if the economics of a particular application favored

sach an approach,

4,1.2 Pumped Double-Tank System

Use of the two tanks (Figure 4-2) permits the system to use the sensible heat
storage capacity of the PCM in addition to the heat of fusion. This could reduce the amount
of PCM required by as much as 30%, with a corresponding reduction in the volume of each
of the tanks. Allowing for the higher density of the solid, the combined two-tank volume
mizht be only 20-40% greater than the single-tank system. To take advantage of solid
sensible storage capacity, however, the active heat exchanger would have to be a type which
provides a completely solidified return (e. g. , a rotating drum rather than an internal
scraper). The flow of the molten PCM from the tank bottom heat exchanger to the liquid
storage tank could be by gravity, if the liquid storage tank were located beneath it, or a
pump (not shown) could be used. In addition, depending on the thermodynamics of the ap-
plication, a heat exchanger might be used to further superheat the liquid before it enters the

liquid storage tank,

4.1.3  Multiple-Tank Pumped Fluid System

The multiple-tank system(Figure 4-3) is thermodynainically equivalent to the two-~
tark system in permitting use of sensible as well as latent heat thermal storage. The system
is based on the "one tank empty'* corcept, for which n-1 tanks are sized to holl all the PCM
at the hoitest liquid temperature, and one additional tank is provided for transfer operations,
The total volume of all the tanks is then only n/(n-1) of the required liquid volume, Forv
example, an 11-tank system with 30% sensible storage would require only 70% of the PCM

and 77% of the total volume of a comparable single-tark system.

With the system shown in Figure 4-3, PCM is transferred from one tank to
another during the usage part of the cycle, but stays within the tank it is in for the storage
part of the ~vele. The system has valves on the PCM lines, but does not require valves for
the high pressure source and sink fluid lines. The sourcc fluid enters at Tank 1, which

would tend to melt first, followed by the others in sequence,
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