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ABSTRACT

Experimental results of comparative screening studies of candidate molten

carbonate salts as phase-change materials (PCM) for advanced solar-thermal

energy storage applications at 540 0 to 870°C (1004° to 1600°F) and steam-Rankine

electric generation at 400° to 540°C (752 0 to 1004°F) ire presented. Alkali

carbonates are 4attractive as latent-heat storage materials because of their

relatively high storage capacity and thermal conductivity, low corrosivity,

moderate cost, and safe and simple handling requirements. Salts were tested

in 0.1 kWhr lab-scale modules and evaluated on the basis of discharge heat flux,

solidification temperature range, thermal cycling stability, and compatibility

with containment materials. The feasibility of using a distributed network of

high-conductivity material to increase the heat flux through the layer of

solidified salt was experimentally evaluated. The thermal performance of an

8 kWhr thermal energy storage (TES) module containing LiKCO 3 remained very

stable throughout 5650 hours and 130 charge/discharge cycles at 480° to 535°C

(896° to 995°F). A TES utilization concept of an electrical generation

peaking subsystem composed of a multistage condensing steam turbine and a TES

subsystem with a separate power conversion loop was defined. Conceptual de-

signs for a 100 MWe TES peaking system providing steam at 316°, 427°, and

454°C (600°, 800°, and 850°F) at 3.79 X 10 6 Pa (550 psia) were developed and

evaluated. Areas requiring further investigation have also been identified.
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EXECUTIVE SUMMARY

The objectives of this TES program were to a) define and identify a

high-temperature TES concept that can effectively utilize the high-quality

thermal energy in a steam-electric power generating facility, b) investigate

and test candidate TES salts, primarily carbonates, which are applicable to

energy storage in both the superheat region (temperature range of 343° to

190°C, 649 0 to 750°F) of conventional electric-utility, water-Rankine power

plants and in TES systems for solar-thermal power system applications in

the temperature range of 538° to 871 0 C (1000 0 to 1600 0 F), and c) evaluate

means of increasing the heat flux during thermal discharging. The work

performed to achieve these objectives is described in two tasks.
=,

•	 Task 1 System Definition

This section presents a TES peaking system concept to apply in fossil

fuel-fired steam-electric plants. It discusses the design zriteria used to

develop the concept, the necessary operating characteristic3 from the TES

unit, and the economics and general status of the technology. The principal

features of the TES peaking system are 1) good system efficiency, 2) minimum

degradation of the charging energy in the TES unit, and 3) minimum impact on

the primary plant's operating procedures.

The results of the system studies performed here indicate that a phase-

change TES material for application in a steam-Rankine cycle should have a

transformation temperature less than 350% (662QF).

•	 Task 2 TES Module Testing and Eysiluation

Three engineering-scale modules were constructed and operated under

Energy Research and Development Administration (ERDA) Contract No. EY-76-C-02-2888.

The engineering-scale units were 0.305 m (1 ft) in outer diameter (OD) and

0.457 m (1.5 ft) high with a 0.0508-m (2-in.) diameter single-pass heat

exchanger (HX) tube. They contained LiKCO 3 salt, which has a melting point

of 505°C (940°F). One of these units, Unit No. 2, was c7cled 30 times,

which represented 1400 hours of operation. As a result of the already

accumulated operating time, the unit was restarted and operation was cor,%inued

under this contract to obtain system endurance data. This unit was then

operated and discharged for a total of 5650 hours and 129 charge/discharge

PRECE011 'a rAka . AiiK NOT FILMED	
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cycles, with no significant losses of system performance. The LiKCO 3 salt and

AISI 316 stainless-steel containment and HX exhibited very good physical and

chemical stability.

Salts were also investigated in this subtask for their applicability to

latent heat storage in the low 343° to 399°C (650 0 to 150°F) temperature range,

and the 538° to 871°C (1000 0 to 1600°F) range for solar-thermal applications.

Emphasis was given to salt compositions based on L1 2CO 3 , Na 2CO 3 , and K2CO3,

from which congruent molting carbonate mixtures are a^ yaila'ble covering t/le

temperature range 397° to 898% (747° to 1648°F). From the work completed in

Task 1, however, it was indicated that phase-change TES materials in a

steam-Rankine cycle should also have transformation temperatures less than

350°C (662°F). Because this temperature is lower than the lowest melting

i	 carbonate eutectic known, and subsequent work was to be primarily with carbonates,

the major experimental effort was at this point redirected to solar-thermal

systems applications in the temperature range 538 0 to 871 0 C (1000 0 to 1600°F).

These salts were tested in laboratory-scale units that were 0.0762 m (3 in.)

in OD and 0.127 m (5 in.) high with a 0.0127-m (0.5-in.) diameter, internal

HX tube. The thermal performance of the laboratory-scale units was

determined during charge/discharge cycles, using high-velocity ambient air

as the working fluid. From this study, pure Li 2CO 3 and Na f CO 3 emerged as

strong congruent melting candidates for high-temperature solar-thermal applications,

with a (Li-Na-K) 2CO .3 eutectic for the lower, steam-Rankine applications. Two

alkali/alkaline earth carbonate mixtures, Na2 CO 3 -BaCO 3 and I.,i2CQ 3 -CaCO 3 , also

exhibited extremely stable performance in the 600 0 to 750°C (1112° to 1382°F)

range. The therm.,) response of these lab-scale storage units agreed well with

that predicted by the heat-transfer model developed at the Institute of Gas

Technology (ICT) under the previous ERDA contract.

At the flow rates investigated, the rate of discharge was limited by the

transfer of heat between the salt and HX through the zone of solidified salt

formed on the HX during discharges. Enhancement of this heat conduction was

investigated and accomplished by installing a continuous, reticulated aluminum

matrix into the (Li-Na-K) 2 CO 3 salt and by testing an off-eutectic:, 81.3 wt %

Na 2 CO 3 — 18.7 wt % K 2 CO 3 incongruent melting slush. A porous carbon-based

material tested as a heat conduction enhancement material was found to be

imcompatible with a Na2CO 3 -K2CO 3 melt at 710°C (13180F).

viii
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A heat transfer model, originally developed at IGT in 1976 under ERDA

Contract No. EY-76-C-02-2888, was also used in the scale-up of a TES subsystem

conceptual design relevant to large, solar-thermal power system applications.

A conceptual design based on use of Li2COS PCM for a 50 MWth system utilizing

air charge/discharge fluid was completed.

It is recommended that further investigations focus on salt/containment

compatibility using high-temperature alloys,, development of cost-effective

containment and insulation mater?;^Is, long-term testing of larger units

(?10 kWhrr h) utilizing actual working fluids, continued cost/benefit analyses

of thermal conductivity enhancement (TCE) materials, and heat-transfer modeling

studies. In addition, interactio.i with ongoing TES systems design and

analysis studies is necessary to provide effective feedback to salt/HX

research and development efforts.

ix
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DETAILED DESCRIPTION OF TECHNICAL PROGRESS

Task 1. System Definition

Introduction

Energy demands from baseload electrical generating plants vary throughout

any given day, producing a variable demand on generating equipment. Because of

this variation, a portion of a utility's baseload generation, which is generally

coal- and nuclear-fueled, may be unused during low-demand periods. With baseload

generation capacity available, the concept of storing energy becomes attractive,

because energy storage can reduce the conventional peaking unit's (diesel and

combustion turbines) requirements by allowing for the substitution of

domestically available coal and uranium for the more expensive and increasingly

difficult-to-obtain oil and natural gas. But storing electrical energy is both

difficult and technologically limited. To date, pumped hydro has been the

principal method of storing energy on a large scale; however, other methods

of storing energy for utility application are being developed. One such method

is thermal energy storage (TES), utilizing the latent heat of phase-change

storage media.

The objectives of this task were to —

•	 Identify a range of operatiorr,l. latent-heat TES temperatures required
for application with fossil fuel-fired steam-electric plants

•	 Define and identify a high-temperature TES concept that could utilize this
high-temperature energy.

These objectives were accomplished by evaluating peaking energy availability

from coal- and nuclear-fueled baseload plants, design criteria and operating

and economic requirements of the TES unit, and the general status of the

technology of TES systems. In considering peaking TES subsystems, particular

attention was given to assuring minimum impact on the operating procedures of

the primary generating plant, minimum degradation of the charging energy in

the TES subsystem, and a realistically good overall system efficiency.

System Concept Development

Several concepts exist for integrating TES peaking systems into power

plants. For example,•.a recent study by Grumman examined 10 different TES

locations within nuclear and fossil fuel power plants, and Honeywell, Xerox,

1

N S T I T U T E
	

O F	 G A S	 T E C H N O L O G Y
r



11/79	 9100

and others' - " have proposed TES concepts for integration with solar-Dowered

plants. In selecting a TES utilization concept for anaj,Fsis, current literature

on TES systems was reviewed, and a meeting was held with representatives

of a major utility in order to define the selection criteria and limits that

would prohibit TES apn.lication. 7,8 The criteria and limits defined were —

•

	

	 Significant increases in the complexity of plant operations are
undesirable.

•

	

	 The introduction of additional thermal/mechanical stress on the
primary plant's equipment is undesirable.

•

	

	 Retrofit of current fcedwater TES concepts, and possibl,Y all other
TES concepts that assume retrofit, may not be feasible because of
downtime requirements for system installation.

• When the TES charging-steam circuit is such that at some point it
passes through the plant's cooling tower, a portion of the energy
rejected may leave to be charged to the peaking system if fairLi!	 energy-accounting practices are employed.

•	 Latent-heat storage is well suited to the boiling operation.

Based on these criteria, a TES peaking system concept that would allow

considerable freedom in the specific design of the storage portion of the

system, while taking advantage of the available information, was chosen. This

TES peaking concept, shown in Figure. 1, employs a separate power conversion

loop (electrical ,generation subsystem) and a TES subsystem. During charging,

steam coming directly from the pr'.mary plant's boiler is supplied to the TES

subsystem, where it is condensed and returned as boiler feedwater. When

discharging, the TES subsystem serves as a boiler, providing steam to the

electrical generation subsystem — a conventional multistage condensing steam

turbine.

With the separate power conversion loop TES peaking system concept,

additional thermal/mechanical stress is not introduced into the primary plant's

generation section, and increased control complexity is limited to throttling

the charging and discharging fluid.

For this concept, the primary plant's steam generator determines, to

a great extent, the TES subsystem's operating conditions. The operating

pressure determines the temperature at which the steam will condense and, hence,

the temperature at which a major portion of the energy is available during

E
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Figure 1. PRIMARY PLANT WITH TES PEAKING SYSTEM
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charging. The output steam temperature influences the discharging output

temperature, and the feedwater return temperature establishes a target ''

temperature for the condensate returned from the TES subsystem during charging.

Typical primary plant steam generator characteristics are shown generically

in Table 1 for the two fossil- and two nuclear-fueled plants.

Table 1. TYPICAL POWER PLANT STEAM-GENERATOR CONDITIONS

Conventional Supercritical Nuclear

Fosf3II'
--	

Fossil s' MR7
_ _	

__. ESWIt1

Output Temperature,	 Steam,	 °C	 (°F)	 5:18	 (1000) 538	 (1000) 266	 (510) 288	 (550)

Return Temperature, Water, 	 °C	 (°F)	 249	 (480) 266	 (510) 204	 (400) 171	 (340)

Pressure,	 I l a	 (psia)	 1,7	 X 10 7 	(2500) 1.3 X 10'	 (3500) 2.5	 X	 10 6 (690;	 3.6 X	 10 6 	(965)
A80020302

While it is desirable (and most likely possible) to combine a TES system

with a pressurized water reactor (PWR) or a boiling water reactor (BWR) nuclear

power plant, the low output steam temperature and pressure of just over 260%

(500°F) and 4.826 X 10 6 Pa to 6.957 X 10 6 Pa (700 to 1009 psia), respectively,

prohibit the use of a separate power conversion loop TES peaking system. The

conversion efficiency during discharge of the TES peaking system would be

very low.

In contrast, the fossil-fueled plants have boiler output temperature and

ppressures of about 538°C (1000°F) and 1.655 X 10 7 to 2.413 X 10 7 Pa (2400 to

3500 psia), permitting a considerably higher efficiency during discharge.

Thus, we have assumed the TES utilization concept to be mated with a power plant

that can provide superheated steam at 538°C (1000°F) and 1.655 X 10 Pa 7 (2400 psia)

Additionally, for a TES system designed to accept superheated steam and discharge

water in the charging mode, a staged or phased TES subsystem will be needed to

minimize the reduction in temperatu) , availability from charging to discharging.

Simplistically, the TES subsystem can be viewed as a subsystem with a

charge/discharge mode. Both modes can then be broken down into three stages,

with the discharge mode performing the reverse of the charge mode, as follows:

4
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Stage	 Charging Mode.	 Discharging Mode

1	 Uesuperheating	 Superheating

2	 Condensing	 Boiling

3	 Condensate Cooling 	 Feedwater Heating

Although the desuperheating/superheating and condensate cooling/feedwater

heating stages could employ non-isothermal energy storage in a sensible storage

material with temperature gradients in the direction of charging fluid flow,

the establishment and maintenance of these gradients in storage and during

discharge to ensure the system's proper operation is uncertain. Thus, we have

assumed all TES subsystem Stages to be nearly isothermal, employing phase

change materials.

In summary, the TES utilization concept selected consists of an electrical

generation subsystem composed of a conventional multistage condensing steam

turbine and a TES subsystem, with the subsystem employing at least three

isothermal energy storage modules operating in series. Its only connection

to the primary plant, which provides steam at 538°C (1000°F) and 1.655 X 10" Pa

(2400 psia), is a charging steam line and a feedwater return line.

O L) (111,	 Conditions

Base Case - 316% (O (0f F) OutletSteam

In the TES subsystem, the charging steam is received from the primary

plant's boiler at 538°C (1000°F) and 1.655 X 10' Pa (2400 psia); at this pressure-.,

the saturation temperature of the charging steam is about 350°C (662°F), which

defines an upper boundary for the operating temperature of the condensing/boiling

stage of the TES subsystem. The lower boundary is simply the highest temperature

and associated pressure that can be obtained dining discharge, allowing for a

reasonable driving temperature difference during charging and discharging.

Assuming a temperature difference of about 50% (90°F) between the PCM in the

condensing/boiling stage and the charging and discharging fluid, the saturation

temperature of the discharge steam was set at 247% (477°F), resulting in a

system pressure of 3.792 X 106 Pa (550 psia) and a melt temperature for the

PCM of about 297% (567°F). Operating temperatures of the remaining stages

were set somewhat arbitrarily after a discharge output temperature was selected,

with reasonable temperatures for the feedwater return during charging and

feedwater :input during discharging being known.

5
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For a base-case, three-stage TES subsystem, the final temperature of the

discharging fluid was conservatively set at 316°C (600 0F), with feedwater

input set at 178% (352°F). Figure 2 conceptually shows the TES subsystem and

its charging and discharging condition. With input steam conditions of 316°C (600°F)

and 3.792 X 1.0 6 (550 psia) to the electrical generation subsystem and exhaust

conditions of 6.895 X 10 3 Pa (l psia) and 5% moisture, a tentative heat balance was

calculated for a plant producing 100 MW of net electric power output (Figure 3).

A heat rate of 1.79 X 10 7 J/kWhr (16,972 Btu/kWhr) was obtained for a thermal-

to-electric cycle efficiency of 20.1%. Table 2 provides additional cycle

information.

The total heat required in storage to achieve an 8-hour discharge period

at 100 MW is 1.43 X 10 13 J (13.576 X 10 9 Btu). Discharging mass is 6.355 X 10 6 kg

(14,010,552 lb) with a charging mass of 7.12 X 10 G kg (15,691,818 lb).

Discharging flow rate is 7.94 X 10 `' kg hr (1,751,319 1b/1nr) for 8 hours. At

a flow rate equal to the discharging rate, charging would require 8.96 hours.

Additional Designs: 427% (800°F) and 454% (850°F) Outlet Steam
Temperatures

The base-case TES unit was assumed to provide steam at 316% (600°F) and

3.792 X 10 6 Pa (550 psia) via a multi-temperature storage unit. This TES unit

was depicted as having nominally three isothermal sections to provide preheating,

vaporization, and superheating to the discharging fluid. It is desirable,

for efficient operation of the steam turbine, to increase the output temperature

of the discharge fluid; this increase requires division into non-isothermal

superheating and pre p gating sections or the division of these two sections

into several isothermal sections.

Using the several isothermal sections approach, the number of isothermal

storage sections and the charging-mass to discharging-mass ratio were varied

to arrive at conceptual designs for TES units providing steam at 3.792 X 10 6 Pa

(550 psia), 427% (800°F) and 454°C (850°F). Figures 4 and 5 show

these designs. The 427°C (800°F) case requires six isothermal sections

and has a charge-to-discharge mass ratio of 1.2 while the 454°C (850°F) case

requires seven sections with a charge-to-discharge mass ratio of 1.3. The

increased charging-mass to discharging-mass ratios [the 316°C (600°F) unit's

1.12 ratio is the reference base] were required to obtain enough high-temperature

energy in storage for superheating during discharge.

6
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WATER ± C(*F) STEAM,°C(°F)

	

178	 247	 247

	

(352)	 (477)	 (477)

	

STORAGE SECTION	 277	 298	 392

	

TEMPERATURE °C(°F) (532) 	 (569)	 (737)
JOULES REQUIRED PER KILOGRAM 3.19X106 	 1.73XIOG	 2.07X106(Stns REQUIRED PER lb

	

(137)	 (743)	 (89)OF DISCHARGING FLUID

316
(600)

OUTPUT

INPUT

	

308 (587)	 350 (662)	 468 (875)	 538 (1000)
WATER,°C(°F) STEAM, °C (°F)

INPUT 538 °C (1000°F), 1.65 X 107 Pa ( 2400 psla) STEAM
OUTPUT 316 °C ( 600 ° F) , 3.79 X 106 Pa ( 550 p6la) STEAM!
CHARGING MASS	 = 1.12DISCHARGING MASS	 A79112448

Figure 2. TES SUBSYSTEM WITH 316% (600°F) OUTLET STEAM
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Table 2. HEAT-BALANCE INFORMATION FOR 100-MW PEAKING UNIT
WITH 316°C (600°F) OUTLET STEAM

Full Throttle

Turb [ne

Steam Flow, kg/hr (lb/hr)	 794,385	 (1,751,319)
Pressure, Pa (psia) 	 3.79 X 10 6	(550)
Total Temperature, °C (°F)	 316	 (600)

Condenser

Steam Flow, kg/hr (lb/hr) 	 613,193	 (1,351,856)
Pressure, Pa (psia) 	 6894.8	 (1.0)

3rd Extraction Heater

Water Flow to Heater, kg/hr (lb/hr)	 613,193	 (1,351,856)
Turbi^e Stage Pressure, Pa (psia) 	 7,6 X 10 4	(11.0)
Wat,,° Temperature Out, °C (°F) 	 89	 (192)
Water Temperature in, °C (°F) 	 39	 (102)
Extraction Enthalpy, J/kg (Btu/lb) 	 2.7 X 10 6	(1160)

=r	 Extraction► Required, kg/hr (lb/hr) 	 55,695	 (122,786)

2nd Extraction Heater

Water Flow to Heater, kg/hr (lb/hr) 668,886 (1,474,642)
Turbine Stage Pressure, Pa (psia) 3.17 X 10' (46)
Water Temperature Out, °C (°F) 133 (272)
Extraction Enthalpy, J/kg (Btu/lb) 2.74 X 10' (1180)
Extraction Required, kg/hr (1b/hr) 57,024 (125.717)

lst Extraction Heater

Water Flow to Heater, kg/hr (1b/hr) 725,911 (1,600,359)
Turbine Stage Pressure, Pa (psia) 1.0 X o f (145)
Water Temperature Out, °C (°F) 178' (352)
Water Enthalpy In, J/kg (Btu/1b) 7.54 X 10 6.. (324)
Extraction Enthalpy, J/kg (Btu/lb) 2.8 X 10 6 (1205)
Extraction Required, kg/hr.	 (lb/hr) 68,474' (150,960)
Boiler Feed, kg/hr (lb/hr) 79,438 (1,751,319)

Turbine Generator

Enthalpy at Throttle, J/kg (Btu/lb) 3.0 X 10 6 (1293)
Work up to 1st Extraction Point, J/kg (Btu/1b) 2.0 X 10 5 (88)
Work up to 2nd Extraction Point, J/kg (Btu/1b) 2.6 X 10' (113)
Work up to 3rd Extraction Point, J/kg (Btu/lb) 3.1 X 1.0 5 (133)
Exhaust Enthalpy, .J/kg (Btu/1b) 2.4 X 10 h (1053)

Plint Performance

Net Plant Sendout, kW 100,000 (100,000)
Plant Heat Supplied, 1.0 6 J/hr (10 6 Btu/hr) 1.79 X 10 6 (1697.2)
Overall. Plant Heat Rate, J/kWhr (Btu/kWhr) 1.79 X 10 7 (16,972)
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Tentative heat balances for a 100-MW steam turbine with three stages of

water preheat were calculated for steam at 3.792 X 1,0 6 (550 psis) and at

temperatures of 427° and 454% (800° and 850°F). The resulting system

efficiencies were approximately 28% and 30%, a substantial improvement over

the 20% efficiency of the 316°C (600°F) base case. This improvement is

significant considering that a 30% efficient TES peaking system operating

with a 38% efficient primary plant has an effective efficiency equal to that

of pumped hydro with an electricity-to-electricity efficiency of about 70%.

These heat balances and additional cycle information are shown in Figure 6,

Table 3, and Figure 7, Table 4, respectively.

Our original thinking was that the TES subsystem designs having output

temperatures of 316°C (600°F) and 454% (850°F) would provide a conservative

to somewhat optimistic parameterization. But this may not be the case because

the lowest log-mean temperature difference for the 454 °C (850°F) case is

about 39°C (70°F). Higher output temperatures could be obtained if lower

log-mean temperature differences were affordable and higher charge-to-discharge

mass ratios were acceptable. In addition, the system could be redesigned with

more feedwater heating stages in the electrical generation subsystem, which

would increase the efficiency of electrical generation and tend to eliminate

part of the low-temperature sections of the TES subsystem. However, the

temperature of the charging stream as it leaves the TES subsystem would

increase. (possibly increasing the total plant operation complexity) to fully

utilize the remaining energy in the stream.

Economic Analysis

Because cost data for 'he TES subsystem are uncertain, an equation

defining output energy cost as a function of the peaking system's total annual

cost and energy output was given to establish allowable costs for the TES

subsystem. This analysis wis performed parametrically for a range of output

energy costs ($30 to $80 million/kWhr e), an electrical generation subsystem

cost of $200 and $400 per installed kilowatt, and leveli.zed fixed charge

rates of 15% and 19% recommended by the Electric Power Research Institute (EPRI).9

These fixed charge rates represent tax preference cases for a plant life of

20 years and no-tax preference cases, respectively. EPRI has recommended that

the tax preference be excluded from long-term analyses, included for near-term

analyses. Table 5 shows the EPRI-recommended levelized fixed charge rates

12

I N S T I T U T E	 O F	 G A S	 T E O H N 0 L 0 G Y



I
I
I

o^

m M
U

0
^ USW
v co

a ^ ^Y
p I N

X ^ V

co M =
M V a
O Y
ti h

O
It 

X
OD
O
16

Hn	 cc
N H

W

Q	 '^
O

n
w
0
O
O
00
u

U

N
^t

E-iH

C.7

xxH

^G
Wa

0CH
x0w
w

zU

W^
H

z
W
H

N

bD
W

13

a. w

O	 v~°a.No

COQ
h

Mp
X-FXm
O N OD M

cy
vi	 to

11/79

9100

v

I N S T I T U T E	
O F

G A S	 T E C H N O L O G Y



11/79	 9100

`fable :3. IIEAT -BALANCE INFORMATION FOR 100-MW PI3AKiNG UNIT
WITH 427°C (800°F) OU"1"I,ET STEM

Full Throttle

Turbine

Steam Flow, kg/hr (lb/hr)	 50,847	 (1,120,989)
Pressure, Pa (psia) 	 3.79 X 10	 (550)
Total Temperature, °C (°F) 	 427	 (800)

Condenser

Steam Flow, kg/hr (lb/hr)	 39,240	 (865,227)
Pressure, Pa (psia)	 6894.8	 (1.0)

3rd Extraction Heater

Writer Flow to Roator, kg/hr (lb/hr) 39,246 (865,227)
Turbine Stage Pressure, Pa (psia) 7.6 X 10 ` (11.0)
Water Temperature Out, °C (°F) 89 (192)
Water Temperature In,	 °C	 ( °F) 39 (102)
Extraction Enthalpy, J /kg (Btu/1b) 2.7 X 10'' (1160)
h'xtractlon Requirrd, kg/hr (lb/hr) 35,682 (78,665)

2nd Extraction Heater

Water Flow to llc^iter,	 kg/hr	 (1b/hr.) 428,142 (943,892)
'.Turbine Stale Pressure, Pa (psia) 3.1.7	 X	 10'' (46)
Water `Temperature Out,	 °C (°F) 1.33 (272)
Ext raction Enthalpy, J/kl; (Btu lb) 2.74 X 10 ►' (1180)
Extraction Required, kg/hr (lb/hr) 36,500 (80,469)

lst Extraction theater

Water Flow to theater, kg/hr (lb/hr.) 	 464,642	 (1,024,361)
Turbine Stage Pressure, Pa (psia) 	 1..0 X 10 ►'	 (145)
Water Temperature Out, Q C (°F)	 178.	 (352)
Water. Enthalpy Tn, d/kg (Btu/lb) 	 7.54 X 10	 5	 (324)
Extraction H''nthalpy, J/kg (Btu/1b)	 2.8 X 10	 (1205)
Extraction Required, kg/hr. (lb/hr)	 43,829	 (96,627)
Boiler Feed, kg/hr (lb/hr) 	 508,472	 (1,120,989)

Turbine Generator

Enthalpy at Throttle, J'/kg 	 (Btu/lb) 3.28 X 10^ (1410)
Work up to 'Est Extraction Point, J/kg (Btu/1b) 4.77 x 10^ (205)
Work up to 2nd Extraction Point, J/kg (Btu/lb) 5.00 X 3.0 ! (215)
Work up to 3rd Extraction Point, J/kg (Btu/lb) 5.93 X 10'' (255)
Exhaust Enthalpy, J/kg (Btu/1b) 2.45 X 10' (1053)

Plant Performance

Net Plant Sendout, kW	 100,000	 (100,000)
Plant Heat "upplied, 10^' J/hr (1.0 6 Btu/hr)	 1.28 X l0 ^'	 (1217.5)
Overall .Plant Heat Rate, J/kWhr (Btu/kWhr) 	 1.28 X 10 )	(12,175)

1.4
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Table 4. HEAT-BALANCE INFORMATION FOR 100-MW PEAKING UNIT
WITH 454°C (850°F) OUTLET STEAM

Full Throttle

Turbine

Steam Flow, kg/hr (1b/hr)
Pressure, Pa (psia)
Total Temperature, °C (°F)

Condenser

Steam Flow, kg/hr (lb/hr)
Pressure, Pa (psia)

3rd Extraction Heater

Water Flow to Heater, kg/hr (lb/hr)
Turbine Stage Pressure, Pa (psia)
Water Temperature Out, °C (°F)
Water Temperature In, °C (°F)
Extraction Enthalpy, J/kg (Btu/1b)
Extraction Required, kg/hr (1b/hr)

2nd Extraction Heater

Water Flow to Heater, kg/hr (1b/hr)
Turbine Stage Pressure, Pa (psia)
Water Temperature Out, °C (°F)
Extraction Enthalpy, J/kg (Btu/lb)
Extraction Required, kg/br (lb/br)

1st Extraction Heater

Water Flow to Heater, kg/hr. (lb/hr)
Turbine Stage Pressure, Pa (psia)
Water Temperature Out, °C (°F)
Water Enthalpy In, J/kg (Btu/lb)
Extraction Enthalpy, J/kg (Btu/lb
Extraction Required, kg/hr (lb/',r)
Boiler Feed, kg/hr (lb/hr)

Turbine Generator

Enthalpy at Throttle, J/kg (Btu/Lb)
Work up to 1st Extraction Point, J/kg (Btu/lb)
Work up to 2nd Extraction Point, J/kg (Btu/lb)
Work up to 3rd Extraction Point, J/kg (Btu/lb)
Exhaust Enthalpy, J/kg (Btu/lb)

Plant Performance

Net Plant Sendout, kW
Plant Heat Supplied, 10 6 J/hr (106 Btu/hr)
Overall Plant Heat Rate, J/kWhr (Btu/kWhr)

	

465,926	 (1,027,192)

	

3.79 X 106	(550)

	

454	 (850)

359,652	 (792,897)
6,894.8	 (1.0)

359,652 (792,897)
7.6 X 104 (11.0)

89 (192.0)
39 (102.0)

2.7 X 106 (1160)
32,666 (72,017)

	

392,318	 (864,914)
3.17 X 10 5	(46)

	

133	 (272)

	

2.74 X 106	(1180)

	

33,446	 (73,736)

425,764 (938,650)
1.0 X 10 6 (145)

178 (352)
7.54 X 10 5 (324)
2.8 X 106 (1205)

40,162 (88,542)
465,926 (1,027,192)

3.35 X 106 (1440)
5.40 X 10 5 (232)
5.70 X 10 5 (245)
6.63 X 10 5 (285)
2.45 X 10 6 (1053)

100,000	 (100,000)

	

1.21 X 10 6	(1146.4)

	

1.21 X 10 7	(11,464)
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a function of assumed plant life. Additional assumptions made In this analysis

are as follows:

•	 The peaking system size is 100 MWe.

•	 The peaking system is designed for operation at full capacity
for 8 hours per day.

•	 The electrical generation subsystem investment cost is installed
cost and includes turbine/generator, condenser, and feedwater heaters.

•	 The annual operating and maintenance cost for the electrical generator
subsystem is $0.003/kWhr.

•	 The annual operating and maintenance cost for the TES subsystem is
3% of the capital investment.

•	 The TES subsystem energy losses are zero.

•	 Plant availability is 85%.

Table 5.

Facility Life,
Years

5
10
15
20
25
30
35
40
45
50

EPRI-RECOMMENDED LEVELIZED FIXED CHARGE RATES

_	 Levelized Fixed Charges, %*
No Tax Preference	 With Tax Preference

34	 29
23	 19
20	 16
19	 15
18	 15
18	 15
18	 15
18	 15
18	 15
18	 15

* Includes return, depreciation, allowance for retirement dispersion, income
taxes, other taxes, and insurance. Excludes operation and maintenance.

Essentially this economic analysis treated the break-even cost of such

a system as an unknown and solved for it in terms of the electrical generation

subsystem and desired electric power costs.

17
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The derivation is as follows:

EC=K AC
SXPF

AC = ACT + ACE

ACE = (FD X [E) + (FN X WC) + AE

IE=ElXSX103

WC = 0.02 X IE (See assumptions.)

AE = (3.0 X S X PF X 8760) 10-6 (See assumptions.)

where

EC	 - energy cos(-, $ mi.11ion/kWhr

K	 = conversion constant

S	 = plant size, M

PF	 = plant factor (decimal)

AC	 = annual plant cost, $ million

ACT = annual TES subsystem cost, $ million

ACE = annual electrical generation subsystem cost, $ million

FD = fixed charge rate for depreciating investment

FN = fixed charge rate for nondepreciating investment

WC = working capital

AE = annual operating and maintenance cost for electrical
generation subsystem, $ million

IE = total investment for electrical generation subsystem,
$ million

EI	 = electrical generation subsystem cost, $/kW

combining

ACT = S X PK 
X EC _ [(FD X IE) + (FN X WC) + AE]

and substituting values

ACT = S IPF[(8.756 X 10 -3 X EC) - 2.628 X 10-2 ]-[1.8235 X 10-4 X EIJI (8)

(1)

(2)

(3)

(4)

(5)

(6)

(7)

I' 18
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Assuming the same fixed charge rates and percentage of investment for

working capital as before, with maintenance on the TES subsystem taken at 3%

of the capital investment, the break-e'en cost per lcilowatt'.electric for the

TES subsystem can be stated as —

FT =	
ACT - FC

(2.1235 X 10 ^)S	
(9)

or

ET = ACT - FC	
(10)

2.1235 X 10-2

where

ET = break-even thermal energy storage cost, $/kWe

ACT = break-even annual cost of the subsystem, $ million

S = system size, XW

FC = annual fuel cost for charging TES unit, $ million

The results are shown in Figures 8, 9, and 10 for the 316°C (6000F),

427°C (800°F) and 454°C (850°F) systems. The left axis shows the total annual

break-even cost of the TES subsystem including charging fuel costs. The

right axis shows the total break-even capital investment for the TES subsystem

per installed kilowatt-hour (electric) for a charging fuel cost of %$1/10 9 J

($1/10 6 Btu) (total charging energy costs). The zero point of the right axis

is the point where the allowed annual TES subsystem cost equals the annual

fuel cost. The investment costs shown on this axis are equal to $6.94 and

$5.68 per million dollars of allowed annual cost above the annual fuel cost

for the 15% and 19% fixed charged rates, respectively.

For the 454°C (850°F) case, the break-even storage cost with electrical

generation subsystem cost of $200/kW and desired energy costs of $60 million/kWhre

are $42/kTA'hre and $57/kWhre (19% and 15% fixed charged rate). With the 316°C

(600°F) case, these costs are reduced to $36/kWhre and $48/kWhre . This

$8/kWh;.e to $9/kWhre reduction in break-even storage cost for the 316% (600°F)

case results from the $1.4 X 10 6 increase in annual fuel costs, a result

of lower efficiency.

19
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18

3160C (600 0 F) STEAM
SYSTEM EFFICIENCY: 20.1%
OPERATING TIME: 8 hr/day
PLANT AVAILABILITY: 85%
SIZE 1 100 MW

ELECTRICAL GENERATION
SUBSYSTEM COST

ANNUAL FUEL COST

AT $0.01/IO7J
($1.00/106 Btu)

FIXED CHARGE RATE: 19%

FIXED CHARGE RATE: 15%

L_	 I	 I	 I	 I	 ^J
30	 40	 50	 60	 70	 80

COST OF ELECTRICITY, mills/kWhr
A79114445

Figure 8. TARGET COSTS FOR A TES SUBSYSTEM AS A FUNCTION OF ELECTRICAL
GENERATION SUBSYSTEM COST, FIXED CHARGE RATE, AND OUTPUT ELECTRICITY

COST WITH 316°C (600°F) OUTLET STEAM

;:
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18 1 15% 19%

427°C (800°F) STEAM 97.2 79.5

16 SYSTEM EFFICIENCY: 28.0%
OPERATING TIME: 8 hr/day 83.3 68.1

109 PLANT AVAILABILITY: 85% C
iq.14 SIZE: 100 MW

^•
ool

69.4
,\

56.8 dJ^

12 ELECTRICAL GENERATION H
SUBSYSTEM_ COST_ N_,

55.5 45.5 v

l^ 10 I w'^
Q

.0001, 41.6 34.1	 ^

H

J A
w

27.8 227

6 °°Iz ^°' Q

Q
- 13.9 11.4	 N

m
4

Z
- _ _	 ANNUAL FUEL COST AT $001/16'J	 I,	 /106 Bt J

3 a0 2 3
Q

1 110,

 
® FIXED CHARGE RATE: 19%	

0

0

	

	 Q

® FIXED CHARGE RATE: 15%

30	 40	 50	 60	 70	 80
COST OF ELECTRICITY, mills/kWhr 	

A8001022?

Figure 9. TARGET COSTS FOR A TES SUBSYSTEM AS A FUNCTION OF ELECTRICAL
GENERATION SUBSYSTEM COST, FIXED CHARGE RATE, AND OUTPUT ELECTRICITY

COST WITH 427°C (800°F) OUTLET STEAM
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18 15% 19%
454 0C(850 0 F) STEAM 97,2 79.5

I6 SYSTEM EFFICIENCY: 29.8%
OPERATING TIME: 8 hr/day

1°v_ PLANT AVAILABILITY: 85% 83.3 68.2

Vr 14 SIZE:IOOMW

69.4 56.8
m 12 ELECTRICAL GENERATION J
NW

SUBSYSTEM COST sT 345.4H 55.5
4210 ^^

ZC`pp1^.111	 -	 --- ^
,Lp 41.6 34.1	

NO

v e
U

pl^^ap
o

..I ^^ 27.8 22.7 w

z6 app) H
Q 13.9 11.4	 z
W 4

11	 I'Al
If	 ANNUAL FUEL COST AT $0.01/107J W

3 32

Q ® FIXED CHARGE RATE: 19%
Q

O
® FIXED CHARGE RATE; 15%

COST OF ELECTRICITY, mills/kWhr
A80010228

Figure 10. TARGET COSTS FOR A TES SUBSYSTEM AS A FUNCTION OF ELECTRICAL
GENERATION SUBSYSTEM COST, FIXED CHARGE RATE, AND OUTPUT ELECTRICITY

COST WITH 454°C (850°F) OUTLET STEAM
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Status of Technology

Numerous programs to study the applicability of using the latent heat

properties of various inorganic salts to store thermal energy in the respective

phase-change temperature regimes are either complete or underway.19306010

Storage of thermal energy in PCM is desirable because large quantities of

energy are involved in the phase-change process, and this energy is transferred

(idoally) at a cons^'ant temperature (the phase-change or melting point). As

a result of these programs, salts and salt mixtures have been identified for

applications spanning a temperature range of 93°C (200°F) to in excess of

1090°C (2000°F). The lower range of this temperature span includes space

.

	

	
heating applications, and the upper temperature range includes several solar

and vehicular propulsion applications. Storage of thermal energy from cyclic

industrial processes and in electric utility steam power plants falls between

the two temperature extremes. Each application in this wide temperature range

has its own unique set of requirements. For example, in the application where

thermal energy is stored and subsequently used to power a vehicle, weight

and volume of the storage subsystem is of prime importance. However, in-

identifying salts for utility applications, the prime factors are cost,

reliability, safety, and useful operating lifetimes.

The major portion of the TES subsystem consists of the TES salt and the

containment, vessel/HX. These two factors must be considered simultaneously

because of their various interactions. For example, a salt chosen for

its low cost and high heat of fusion may be corrosive toward low

cost containment vessel/HX materials, necessitating the use of more expensive

and/or complex materials (e.g., linings) or the selection of a different salt.

Similarly, if the chosen salt readily reacts with the envi.ronMent (air or n2u),

then special containment and sealing arrangements 'mu$t be:provided.

Experimental work at several laboratories (IGT, ConsUck and esteott,

Minneapolis Honeywell, and Philips) 1 9 5 1 1U O 12 9 13 has a4dressed these trade-offs;
however, insufficient data are available to provide exact and quantitative

numbers, especially long-term salt/containment/HX data.

The design and costs of the HX required in TES systems utilizing PCM are

governed by the complexity of the heat transfer processes occurring as well as

th,- corrosivity of the salt. The latter factor can be rath ,^r easily accounted

23
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for by materials compatibility testing. But the former presents fundamental

and technical constraints that could greatly increase the HX complexity. This

complexity results from the .fact that as thermal energy is removed from the

molten salt, a layer of solidified salt becomes deposited on the HX surface.

Because of the poor thermal conducitivity of the solidified salt, the heat

exchange rate (heat flux) decreases with time as the layer thickness increases.

Therefore, although ideally the heat flux from an isothermal source should

remain constant, the observed heat flux from a phase-change TES system varies,

approaching that more typical of a sensible heat storage source. Programs

are now under way to model, predict, and experimentally verify the rates of

heat transfer in TES PCM. 10 9 11	The models developed so far for selected

conditions predict quite accurately the observed experimental behavior as the

salt layer thickness increases. Currently, most experimental efforts focus

on ways to minimize the salt layer thickness or improve its thermal

conductivity. Physical as well as chemical means to control the salt layer

thickness are being utilized. Some physical means utilize scrapers and others

use vibratory techniques to remove the solidified layer. Modifying the

chemical composition of the salt, so that a "slush" and weakly crystallized

layer rather than a solidified layer is formed, is also being tested. }because

the thermal conductivity of most salts is only of the order of 1.73 W/m-K

(1 Btu/hr-ft-°F), the addition of a more conductive material having a cellular

or directional conductivity is being investigated. Aluminum, for example, is

a preferred conductivity promoter because it is approximately two orders of

magnitude higher in thermal conductivity. Because of the state of development

of some of these advanced heat exchange concepts, comparative quantitative heat

flux data are not available.

The technological readiness of passive HX concepts for the TES subsystem

discussed in this papez can be assessed if one makes the following simplifying

assumption and calculates parametrically the cost breakdown for the TES sub-

system components — the containment vessel/HX and TES salt.

•	 Operational concerns, such as reliability, safety, and useful life, are
solvable; these costs are included in the containment vessel/HX. cast.

24

I N S T I T U T E	 O F	 G A S	 T E C H N O L O G Y

v^



11/79	 9100

:fin performing this calculation, we selected the 454°C (850°F) case as the

reference design and $60 million/kWhre as the target energy cost. Thus, the

break-even installed cost of the TES subsystem is $52/kWhr (average of the

15% and 19% fixed-charge rate break-even costs, with electrical generation sub-

system costing $200/kW).

Further assumptions were —

•	 Installed cost is equal to 150% of materials cost. Thus break-even
materials cost for 1 kWhr of electric storage is about $34.60.

•	 Passive heat exchange designs have heat flux rates of 3152 W/m2
(1000 Btu/hr-ft2).

•	 The TES salt has a heat fusion of 2.326 X 10 5 J/kg (100 Btu/1b),
with a cost of $0.44/kg ($0.20/lb).

The result of this analysis shows that for passive heat exchangers having

a heat flAx of 3152 W/m2 (1000 Btu/hr-ft 2 ), the cost ceiling for containment

vessel/HX is about $86/m2 ($8/ft 2 ) of heat exchange area. Expressing these

break.-even costs in terms of heat flux, the ceiling cost is $0.26/100 W/m'

($0.817/100 Btu/hr-ft 2 ). Further analysis using different salt costs showed

that a $0.11/kg ($0.05/1b) change in salt cost results in $0.13/100 W/m2

($0.40/100 Btu/hr-ft2 ) change in the ceiling cost of the containment vessel/HX.

Table 6 shows containment vessel/HX ceiling costs for several salt costs.

Overall subsystem costs may be either salt-cost intensive or HX-cost intensive,

depending on the application's duty requirements, which dictate selection of

salt properties and HX configuration.

I,	 25
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Table 6. CONTAINMENT VESSEL/HX CEILING COSTS AS A FUNCTION OF SALT COST*
(Expressed in Terms of HX Heat Flux)

Salt Cost

$/kg $/lb)* J/Q (Btu/C)`r

0.22 (0.10) 10,551 (10)

0.33 (0.15) 7,037 (6.67)

0.44 (0.20) 5,275 (5)

0.55 (0.25) 4,220 (4)

Containment Vessel/HX Cost

$/100 W/m2	 ( $/100 Btu/hr-ft2)

	0.513	 (1.617)

	

0.386	 (1.217)

	

0.249	 (0.817)

	

0.132	 (0.017)

Based on a thermal-to-electric conversion efficiency of 29.8% and an.z	
allowed storage cost of $52/kWhr e installed ($34.6/kWhre not installed).

4

Assumes salt heat of fusion of 2.326 X 10 5 .J/kg (100 Btu/lb).

Expressing a salt's cost and heat of fusion in this manner permits any
combination of salt cost and '..eat of fusion to be used in this table
[e.g., $0.22/kg ($0.1/lb) with 2.326 X 10 5 J/kg (100 Btu/lb) = 10,573
J/^ (10 Btu/0); $0.33/kg ($0.15/lb) with 3.489 X 10 5 J/kg (150 Btu/lb)
10,573 J/G (10 Btu/^_)].

Summary

TES peaking systems for utility applications employing a separate power

conversion loop appear viable when interfaced with high-temperature, high-

pressure base-load steam-electric plants. Their impact on the primary plant's

operation is minimal, but storage efficiency is high. A 30% efficient TES

peaking system operating with a 38% efficient primary plant has an effective

efficiency equal to that of pumped hydro with an electricity-to-electricity

efficiency of about 70%. Nevertheless, with current passive HX costs

in the $215 to $269/m 2 ($20 to $25/ft 2) range, the economic viability of the

TES peaking system clearly rests in the development of reasonably priced

containment vessels/heat exchangers with high heat flux rates.

26
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Task 2. TES ModtA e Testing

2.1 Engineering-Scale Testing

Introduction

Under ICT's previous thermal energy storage development contract

(ERDA EY-76-C-02-2888, "Molten Salt Thermal Energy Storage Systems") three

8 kWhr th-capacity engineerins,--scale TES modules were successfully de--

signed, fabricated, a;_. operated with LiKCO 3 PCM with a mid-range

melting point of 505°C (941 0 F). 14 One of these units (Unit 2) was operated

for 1400 hours and 30 thermal cycles as part of that effort. The operation

of Unit 2 wits voluntarily suspended on June 3, 1977 and it was partially

disassembled to evaluate the condition of the system. The containment, HX,

and salt were found to be in excellent condition. Downtime was approximately

five months,, during which the solidified LiKCO 3 salt was in contact with

'

	

	 ambient air with no detrimental effects. Based on the promising thermal

performance results and short-term stability of this TLS system, the unit

was reassembled and operated to obtain long-term engineering and compatibility

data under the present program.

The specific objectives of this subtask were to —

•

	

	 Establish the endurance and performance of this engineering-scale
TES system during prolonged charge/discharge cycling

•

	

	 Determine the effc.:ts of long-term, intermediate temperature
exposure and cyclic temperature operation on the phase-change,
salt, containment, and HX materials.

The objectives were met after successfully operating Unit 2 for 5650 hours and

129 thermal cycles at 480 0 to 535 0 (896 0 to 995°F). Very good chemical compati-

bility was demonstrated between the LiKCO 3 salt and the austenitic Type 316

stainless-steel (SS) materials of construction, with the carbonate salt exhibiting

no hysteresis effects.

Cyclic Endurance Testing

The engineering-scale TES containment design, test-station module, and

overall system schematic are shown in Figures 11, 12, and 13. The unit

utilizes a single-pass, single-tube HX design and contains 68 kg (150 lb) of

reagent-grade LiKCO 3 salt material (35 wt % Li2 CO3 - 65 wt % K2 CO3 ). This

salt has a melting point of 505°C (941°F) and a heat of fusion of 3.44 X 10 5 J/kg

(148 Btu/lb). More detailed design and fabrication data were presented in a

27
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10-24 SOCKET HEAD
CAP SCREWS,S REGO
(EQUALLY SPACED)

3/8-in. PLATE WITH
1/8-in.-450 GROOVE

CLAMP ASSEMBLY

1/4-1n, PLATE WITH
1/8-in.-450 SEALING RING

12-1n, PIPE (3/6-in.WALL)

NOTES 
1.ALL TUBING ON THE SAME

CENTERLINE EXCEPT 17-in.-
long , 1/8-in. TUBING ON WALL
OF CENTER TUBE PLACED NEXT
TO 1-3/4-in.-long TUBE

2.ALL MATERIALS TYPE 316 SS
3.DRAINING NOT TO SCALE
4.ALL THERMO WELLS 25 go

/8-in. TUBING, 17-in. LONG,
15-3/4-in. INTO UNIT

A78030698

loin,

1/8-in. TUBING, 9-1/4 in. LONG,
6 in. INTO UNIT SPACED 1.604 3 .005 in.
APART STARTING FROM WALL

3/16-in. TUBING, 9-1/4 in, LONG, —
8 in. INTO UNIT

`-HEATING ELEMENT

Figure 11. ENGINEERING-SCALE THERMAL ENERGY STORAGE UNIT
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AIR
OUTLET

I

A78030701

Figure 12. ENGINEERING-SCALE UNIT MOUNTED IN TESTING STATION
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previous report. 14 The system was thermally charged by a resistance heater

located in the HX tube until the salt was molten and uniformly heated to

535°C (995°F). The system was discharged when a high-velocity stream of ambient

air at a mass flow rate of almost 159 kg/hr (350 lb/hr) was passed up

through the HX tube. The LiKCO3 PCM, which was at a temperature of

535°C (995°F) initially, was thus cooled through the 505°C (941°F) solidification

point to a temperature of approximately 480°C (896 0F). The unit was then

thermally recharged overnight in preparation for another run.

Following the 5 1/2-month shutdown from June to November 1977, the

endurance-testing phase for Unit No. 2 was continued on November 16, 1977.

Cyclic endurance testing was continued during the following 6 months, when

Unit No. 2 accumulated a total of 129 charge/discharge cycles and 5650 hours

of operation. The unit was terminated on May 12, 1978.

The discharge performance of Unit 2 was evaluated quantitatively

periodically to establish the long-term cycling stability of a molten carbonate

TES module. The heat flux, Q, from the solid/liquid interface in the salt to

the air working fluid, was determined as a function of discharge time by

monitoring the inlet and outlet air temperatures and calculating Q from the

expression —

mCpAT

Q =	 A	 (11)

where	 Q = heat flux, W/m2 (Btu/hr-ft2)

m = air mass flow rate, kg/hr (1b/hr)

C 
	 = heat capacity of air, J/kg-°C (Btu/lb-°F)

AT = air-temperature differential = Tout — Tin' 
0C ('F)

A = heat-transfer area, m 2 (ft2)14

Results of such analyses are presented in Figure 14, which shows the

variation of heat flux with discharge time for five cycles at different points

during the lifetime of this unit. Table 7 summarizes the time required to

discharge the system and the time-averaged heat flux determined for each of

these cycles. Discharge times ranged from 315 to 345 minutes, with time-averaged

heat fluxes ranging from 1.17 to 1.31 X 10 4 W/m2 (3715 to 4160 Btu/hr-ft2).
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These data define a rather narrow discharge performance band, indicating no

significant loss of thermal energy-storage capacity or heat-transfer capability

during more than 5000 hours of operation. This is a significant observation

because,it indicates dependable performance does occur after a prolonged

shutdown, which would occur in a utility application for equiment maintenance.

Table 7. EXPERIMENTAL RESULTS FOR DISCHARGING OF ENGINEERING-SCALE TES UNIT 2
(LiKCO3 Salt)

n .

Discharge Cumulative Time Required
Cycle Operating for Discharge, Average Heat Flux

Number -Time, hr min W/m2 (Btu/hr-ft2)

2-15 500 315 13,117 (4161)

2-65 2900 330 12,373 (3925)

2-81 3550 330 10,570 (3353)

2-102 4400 330 11,711 (3715)

2-127 5360 345 11,831 (3753)

Post-Test Examination

After termination, Unit 2 was dismantled to evaluate the stability of

the LiKCO3 salt and the nature and extent of corrosion of the stainless-steel

HX tube and containment vessel. A side-view photograph of the 0.3 m (12 in.)

in diameter X 0.46 m (18 in.) -high Unit 2 module after termination and removal

of the insulation is shown in Figure 15. The appearance of the upper surface

of solidified LiKCO 3 salt after removal of the top cover is shown in Figure 16.

The carbonate salt was very clean, free of any significant discoloration from

chemical interactions with the stainless-steel HX tube and containment vessel.

A very thin and weakly adherent film of corrosion product was observed

on the inner wall of the containment vessel at the salt/gas interface. The

film had become detached from some areas and formed a few small localized

reddish-brown deposits on the surface of the solid salt. Small samples of

the corrosion-product scale were scraped from the containment surface and

washed with an acetic acid/acetic anhydride solution to remove the soluble

salts. The residue was collected on a millipore filter paper and analyzed by

X-ray diffractometry (Cu-Ka radiation) in an attempt to identify the compound(s)

presen t_. As shown in Table 8, six distinct peaks were observed ha%7in " d-spacings

ranging from 4.23 to 2.05 angstroms. 15 Comparison of these peaks with

33
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f

P80010062

Figure 15. APPEARANCE OF ENGINEERING
UNIT 2 AFTER 5650 HOURS OF ELEVATED-

TEMPERATURE OPERATION
(Insulation and Cover Removed)

ORIGINAL PAGE IS
OF POOR OZ I V. .7y
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1,

P80010063

Figure 16. APPEARANCE OF LiKCO3 SALT IN ENGINEERING
UNIT 2 AFTER 129 CYCLES AND 5650 HOURS OF ELEVATED-

TEMPERATURE OPERATION
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available literature data for lithium-containing mixed oxide compounds indicates

that LiCrO2 or LiFeO2 may have formed on the Type 316 SS. This is a

plausible finding based on the nominal composition of this steel (17% Cr,

12% Ni, 2.5% Mo, 2% Mn, 1% Si, balance Fe, by weight) although the amount of

sample available was too small to abtain a high-precision X-ray diffraction

pattern or confirmatory chemical analyses.

Table 8.	 X-RAY DIFFRACTION ANALYSIS OF CORROSION-PRODUCT SCALE FROM
ENGINEERING UNIT 2

Corrosion-Product a-LiFe02 (17-938)' R-LiFe02 (17-936) * LiCrOZ(24-601 )*
0

d(A) I/I.
0

d(A)	 I/I,
0

d(A) Z/I,
o

d(A) I/I,

4.23 45 4.800 75x
3.81 13

r

.:.72 8

2.42 4 2.394	 50 2.392 30 2.473 45

2.09 13 2.136 70

2.05 100 2.073	 100 2.043 100 2.060 100

* Diffraction data for LiFeO2 and LiCrO2 compounds taken from Reference 15.

The aluminum foil gasket used to form a non-hermetic seal between the

interior of the vessel and the ambient atmosphere was in reasonably good

condition, having experienced some oxidation, embrittlement, and cracking.

(See Figure 16.) Visual examination of the module exterior after removal of

the insulation revealed a small deposit of carbonate that was apparently

transporated by the vapor phase from the melt through this aluminum gasket

seal area between the cover and vessel. Visual examination also revealed

that a small amount of carbonate was transported (most likely via the vapor

phase) from the melt into the upper portion of the HX pipe, resulting in some

minor corrosion on the inner surface of this pipe. A very slight leak was

observed at one of the thermocouple fittings on the bottom of the vessel.

But, in general, visual inspection indicated that the molten carbonate TES
I.

module was in very good condition after 5650 hours of elevated-temperature

service.
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Metallographic analysis of the 316 stainless-steel vessel revealed that

a stable oxide scale approximately 25pm (0.001 in.) thick was formed on the

inner surface during the 5650 hours of exposure to the carbonate environment.

An optical micrograph of the containment inner surface exposed to LiKCO 3 at

mid-salt level is shown in Figure 17. In addition to the outer oxide layer,

a sub-scale zone of intergranular penetration approximately 76pm (0.003 in.)

in e..z:ent was also observed. There was no visible evidence of spalling of the

outer oxide scale as a result of repeated thermal cycling; the scale appears to

have been providing protection against further oxidation of the stainless

steel. No significant thermal aging effects were observed in the bulk stainless-

steel material.

Samples of the LiKCO 3 salt were taken from various locations in the TES

unit for analysis. Differential scanning calorimetry (DSC) was utilized to

determine whether any changes in the thermal behavior of the LiKCO3 salt:

had occurred as a result of the prolonged operation and cycling at elevated

temperature. The melting point of the salt after 5650 hours of testing was

found by DSC to consistently be 502.5% (936.5°F) compared to 505°C (941°F)

for the unexposed material, indicating very good salt stability. The chemical

analysis of these samples, appearing in Table 9, revealed that there was no

change in the composition of the salt due to partial decomposition or chemical

reaction with the HX or containment materials.

Table 9. CHEMICAL, ANALYSIS OF LiKCO 3 SALT FROM ENGINEERING-SCALE UNIT 2

COMPOSITION, Wt

_Li K CO3 Fe Ni Cr

PRE-TEST 6.57 36.78 56.64 <0.01 <0.01 <0.01

POST-TEST

2.54cm
^c

(1 in.) 6.58 38.76 55.27 0.01 <0.02 <0.01

5.08cm (2	 in.) 6.43 37.43 57.01 0.01 <0.01 <0.01

6.35cm
^c

(2.5	 in.) 6.72 37.54 57.48 0.01 <0.01 <0.01

Average Post-Test 6.58 37.91 56.58 0.01 <0.01 <0.01

Samples taken at mid-salt level, 2.54, 5.08, and 6.35 cm
(1, 2, and 2.5 in.) away from containment OD.

n .
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The high degree of stability of this alkali carbonate TES module after

5650 hours of operation is very encouraging, especially since this performance

was achieved without a hermetic seal between the ambient and gas phase above

the PCM salt and after a 5-month exposure of the salt to ambient during

a mid-test shutdown.

2.2 Laboratory-Scale Testing

Introduction

The results of the system studies performed under Task 1 indicated that the

PCM for application in a steam-Rankine cycle should have a transformation

temperature less than 350% (.662°F). This temperature is defined by the
9

saturation temperature of the steam working fluid at a pressure of 1.6 X 10 7 Pa
3

(2,400 psia)	 In the possible TES schemes indentified in Task 1, for example,

67 to 77% of the total heat transferred between the PCM and the working fluid

would be associated with a unit operating at an approximate temperature of

300 ` C (570°F). Because this temperature is lower than the lowest melting

carbonate eutectic known [43.5 mol % L1 2CO 3 /31.5 mol % Na 2CO 3 /25.0 mol

K2CO3 ternary; 397°C melting point (mp)], identification of a suitable PCM

for this application would require the investigation of ways to suppress

the ternary's mp, possibly by doping it with other carbonates (MgCO3,

SrCO 3s CaCO 3 , BaCOO . Consideration of non-carbonate salts in this temperature

regime was outside the scope of the present prog,':-:.

In view of the aforementioned considerations, the major experimental effort

was redirected from the TES application originally intended (steam-Rankine

peaking cycle) to solar-thermal systems applications in the temperature range

538 0 to 870°C (1000° to 1600°F). Carbonate salts are particularly attractive

for such high temperature applications because of their relatively high heats

of fusion, thermal stability and compatibility with materials of construction.

Emphasis was given to salt compositions based on L12CO 3 , Na2 CO 3 , and K2CO3,

from which congruently melting carbonate mixtures are available covering the

temperature range 397°C (747°F) for the (Li-Na-K)2CO3 ternary to 898°C (1648°F)

for pure K2CO3-
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Salt Selection

The most important salt properties to be considered when selecting a

thermal energy storage medium were identified and discussed in detail.

previc.asly. 1C) These factors include --

• Melting temperature

• Heat of fusion

• Heat capacity (solid and liquid)

e Thermal conductivity (solid and liquid)

• Density

• Volume change on fusion

• Volumetric thermal expansion

x	 e Cost and availability

• Chemical stability

Containment requirements

0 Safety

The most reliable thermophysical and thermochemical, carbonate property data

available are for the pure alkali carbonates, L12CO,3, Na 2 CO3, and K2CO3.

These data have been reviewed by Janz, 17 Stern and Weise," and most recently

by Janz et al. 19 Table 10 provides a summary of pertinent data for these

pure Carbonates.

The heats of fusion of L1 2 CO 3 (mp 723°C, 1333 0 F), NapCO3 (mp 858°C,

1576 0 F), and K2 CO 3 (mp 898°C, 1648°1?) were measured by Janz, Neuenschwander,

and Kel.ly20 to be 6.07 X 10 5 , 2.65 X 10 5 , and 2.00 X 10 5 J/k.g (261, 114,

and 86 Btu/lb), respectively, using a drop calorimetric technique. Based

upon these results and complementary calorimetry work by Rolin and Recapet,

Janz et al. 19 most recently recommended the following heat of fusion values:

I1i 2 CO 3 — 5.56 X 1.0 5 J/kg (239 Btu/lb); Na 2 CO 3 — 2.81 X 1.0' J/kg (121 Btu/lb) ;
K2CO3 - 2.00 X 1.0 5 J/kg (86 Btu/lb). However, the former values were used

during the course of this work.
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1.45 (2.51)
2.14 (3.70)

42.6
(4.2 X 10-4)

4.65 X 10-3
(4.65)

0.242

1.27 (2.19)
1.88 (3.26)

0.06
(5.9 X 10-7

-3
2.8 X 10
(2.80)

0.209

0.006
(6.4 X 10-t^)

2.22 X 10-3
(2.22)

0.166
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Table 10.	 SELECTED PROPERTIES OF ALKALI CARBONATES

U2CO3 Na2CO3 K2CO3

Molecular Weight 73.89 105.99 138.21

Melting Point, °C 723 858 898

Heat of Fusion, J/kg (Btu/lb) 6.07 X 10 5 2.65 X 10 5 2.00 X 105
(261) (114) (86)

Heat Capacity, J/mol-K 188.1 194.8 208.6
(50°C above mp)

Density, kg/m 3 (lb/ft3)
Solid at 25%

Iiquid at 50°C above mp

Volume Change on Melting,

Thermal Conductivity, W/m-K
(Btu/hr-ft-°P)
Solid at 50°C below mp
Liquid at 50°C above mp

Dissociation Constant, Pa (atm)
(50"C above mp)

Viscosity, Pa-s (cP)
(50°C above mp)

Surface Tension, N/m
(50°C above mp)

Technical-Grade Salt Cost,
$/kg ($/lb)

	

2114 (132)
	

2531 (158)
	

2434 (152)

	

1810 (113)
	

1954 (122)
	

1874 (117)

+6.9
	

+16.2
	

+16.4

2.05	 0.07
	

0.42
(0.93)	 (0.03)
	

(0.19)
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Expressions for the heat capacities of the molten salts have been

presented by Janz et al, 19 with C  units of J/mol-K.

-2
Li 2CO3 Cp = 129.0 + 5.66 X 10	 T(K)	 (12)

Na 2CO 3 C  = 142.1 + 4.47 X 10 
2.

T(K)	 (13)

K2CO3 C  = 154.5 + 4.45 X 10 -2 T(}.)	 (14)

The enthalpy curves shown in Figure 18 represent the sensible and latent heat

contents for the pure carbonates and estimates for several carbonate mixtures

of interest, based on molar additivity. The sensible heat content curve of

MgO is also shown for comparison.

Thermal conductivities of solid and liquid L1 2CO 3 and Na2 CO 3 have been

measured by Egorov and Revyakina l7 using the absolute steady-state radial

heat flux method. Conductivity equations have been presented by ,Janz et al, 19

with units of k in W/m-K.

L12CO3 k(s) = 7.59 -1.29 X 10 -2 T(K) + 6.81 X 10 -6 T(K) 2 (700-1000K) (15)

k(1) = 1.36 X 10-3 + 3.33 X 10 -3 T(K)	 (16)

Na 2CO 3 k(s) = 8.53 -1.40 X 10 -2 T(K) + 6.75 X 
10-6 

T(K 
)2 

(700-1135K) (17)

k(1) = 4.94 X 10-1 + 1.18 X 10-3 T(K)
	

(18)

No thermal conductivity data have been reported for K2CO3.

The densities of carbonate salts at 25% (77°F) are 2110 kg/m 3 for

L12 CO 3 , 2530 kg/m3 for Na2CO 3 , and 2430 kg/m 3 for K2CO 3 . 21 Densities of

the molten salts at a temperature 50% (90°F) above the melting point are:

1810 kg/m 3 for Li2CO 3 at 773°C (1423°F), 1950 kg/m 3 for Na2CO 3 at 908%

(1666°F), and 1870 kg/m 3 for K2 CO 3 at 948% (1738 0F). The volume changes on

melting have been estimated to be 6.9%, 16.2%, and 16.4% for L1 2CO 3 , Na2CO3,

and K2CO 3 , respectively.

* An English unit to SI unit conversion table is presented in Appendix A.
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The chemical stability of molten carbonates depends primarily on

temperature and the gaseous environment maintained over the melt. Decomposition

of the molten metal carbonate M 2,CO 3 (t) can be expressed as -

D1 2 CO 3 (C)	 M 20(R) + CO 2 (g).	 (1.9)

The thermodynamic equilibrium between the melt and the gas phase over it is

described in terms of the dissociation constant, K  -

PCO2 ar1 20 ( f )

K  =
	 (20)

1X0 3 (^)

The term 
PCO 

in the above equation is the equilibrium CO 2 dissociation pressure,
r	 ..

and aM200) and 
aM2CO3(^) 

are the thermodynamic activities of the metal oxide

and metal carbonate, respectively. For ideal solutions, the activity terms

may be replaced by the mole fraction (X) of each species. Dissociation constants

for Li CO3, Na2CO3, and Kn CO; at 50°C (90'F) above their melting points have

been estimated as 42.6 Pa, 0.06 Fa, and 0.006 Pa (4.2 X 10 -4 ataaa, 5.9 X 10-7

ataaa, and 6.4 X 10
- 6 atm), respectively. Thus, for Ka given oxide content and

constant degree of superheat above the melting point, the stability is in the

order --

K'I'CO3 > Na 2 CO3 > Li2CO,;.

Partial decomposition of molten carbonates with the formation of the oxide

ion species, which is more chevAcally s aoressive toward stainless steel than

carbonate ion, can be minimized by maintenance of a finite CO 2 partial pressure

over the melt. An M20 mole fraction of 10-3 would be established in molten

i,^ 2CO 3 , Na2CO 3 , and K ,,CO 3 under CO2 partial pressures of 4.3 X 10 4 Fa, 59.8 Pa,

and 6.48 Pa (0.42 atm, 5.9 X 10-4 atm, and 6.4 X 10 5 atm), respectivel y , at

50% (90°F) above the melting points. No systematic studies of vaporization

have been reported for Li2CO3, Na2CO3 or KnCO3 as carbonate -

M2 CO 3 (Q) A- M2 CO 3 (8)
	

(V11
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Expressions have also been presented by Janz et al" for the viscosity

(n, Pa-s) and surface tension (y, N/m) of the molten alkali carbonates --

L12CO3: n = 5.259 + 0.015 T(K) - 13.858 X 10 
6

T(K) 2 + 4.313 X 10	 T(K)3(22)

Y = 0.285 - 4.06 X 10-5 T(K) (23)

Na,CO 3 : n = 3.832 X 10
-8 

exp	 [26,260jR'1'(K)] (24)

Y = 0.269 - 5.02 X 10 
-5  

T(K) (25)

K2CO 3 :
n = 1.161 X 10

—e 

exp (29, 487/RT(K)) (26)

Y = 0.338 - 21.71 X 10-5 T(K) + 6.25 X 10 8 T(K) 2
	(27)

Selected values of these properties are summarized in Table 10.

t

The alkaline earth carbonates MgCO 3 , CaCO 3 , SrCO 3 , and BaCO 3 are of

interest as additives to alkali carbonate PCM mixtures because of their

ability to modify the melting and solidification behavior. The pure alkaline

earth carbonates are generally less stable: than the alkali carbonates against

thermal decomposition, as indicated by their dissociation constants given in

Table 11. As pure compounds they generally decompose to M20 and CO 2 rather

than melting. Nevertheless, their decomposition in molten mixtures with

alkali carbonates can be adequately controlled in certain cases by providing

a CO2 partial pressure over the melts.

Table 11. SELECTED PROPERTIES OF ALKALINE EARTH CARBONATES

MgCO 3 CaCO3 SrCO3 BaCO3

Molecular Weight 84.32 100.09 147.63 197.35

Density at 25°C, kg /n1 3 2963 2707 3700 4437
(:Lb/ft') (185) (169) (231) (277)

Dissociation Constant,
K , atm
d -2 -4 -6

7'27°C 539 6.4 X 10 3.1 X 10 
-2

4.6 X 10 -^

°C927 - 1.8 2.9 X 10 6.5 X 10

Technical-Grade
Salt Cost,	 $/kg ($/lb) 0.22 0.07 0.49 0.29

(0.3.0) (0.03) (0.22) (0.13)
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The alkali and alkaline earth carbonates of interest as phase-change

TES materials are readily available in bulk quantities as technical-grade

salts, costing from $0.07/kg to $2.05/kg ($0.03/lb to $0.93/lb), as

indicated in Tables 10 and 11.

Table 12 contains a complete listing of the carbonate-containing salts

initially considered as candidate salts, with the experimental or estimated

values of properties relevant to their applicability as heat of fusion TES

materials. These salts were selected for consideration because thier melting

points lie within the general 343° to 871"C (650° to 1600°F) range, yet they

possess reasonably high heats of fusion. Materials judged to have toxicity,

cost, or availability problems were excluded from consideration. The

materials considered include single salts and binary and ternary salt mixtures

of both eutectic and non-eutectic compositions.

The candidate carbonate compositions were screened at two levels. First,

differential scanning calorimetey (DSO) was employed (when possible) to

determine the melting and solidification temperatures and heat of fusion for

the mixtures. Since the DSC's maximum operating temperature is 650°C (1200°F),

DSC was used only for steam TES applications. Then, based on heat of fusion,

stability, and economic considerations, the most promising candidates were

tested in laboratory-scale TES modules to determine the cyclic charge/discharge

characteristics and short-term stabilities.

Table 13 lists the salt mixtures selected for lab-scale testing, with

their pertinent thermophysical properties. Primary emphasis for the salts

selected for lab-scale investigations was given to alkali carbonate-based

salt compositions with melting points in the solar-thermal range of 538° to

871°C (1000 0 to 1600°F), although for comparative purposes, fluorides and

chlorides, when subjected to identical handling and fabrication procedures,

were also considered.

Perkin-Elmer DSC-2 differential scanning calorimeter.
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'Fable 12. CANDIDATE CARBONATE-CON'T'AINING SALE'S ILWING MELTING POINTS IN THE
RANGE 398 0 TO 898°C (750 0 to 1650°F)

Conq,puttlan ---- Holt ilia Point Nuat_of Ftixiun__ Cudt
Stilt- 	Syateut -	 ..	 __ Dl)1	 t Wt	 1	 _ °t: °I J/k	 X 10 kwil, -	 -

$jk8. _l l+ _.

I 	 CU ! -Na N CO, -K t'O •5 1- 1" ­'o 17- It. Is 391 747 2, 77 319 (1.84 0.38
K2C0 1418('0 I 56-414 68- 12 4611 860 -- -- 0. 35 0, 16
Li2CO3-1,203 61-17 47-53 488 910 3,91 168 1,19 0,54
IA WOO-Nn-WO 1 51 -47 64- 4, 406 025 4.16 179 0195 0,43
L12CU	 K2t'03 4 t - ti7 28 - 7.1 ;t9N 928 3.14 115 0.88 0.40
1.1 W1	 ^ 2 CO 1 51-49 15-6, 505 1141 1.42 10 0.99 0145
KCI - Ntt,CU 1- 811 2 8(1 1 55,6 - 181.1 - 2n 4.'.o - Pt,9 - 17.1 544 11111 2,67 115 11,09 0,04
KCI -K2SOt,-Nn2CO t 41.1-14-111.1 14.11-an,0.11)11 54h 1015 ;.74 118 0.24 (I'll
L.,CO1-Nt12CO3-K,t'O1 k)-110-.'P 20-d0-20 5 11 10:7 3.20 118 0155 0.25
L1,C0 1-No,C0 1 -K 2 t'O 1 22-1n-n7 22-16-6.' 550 1072 1.00 12 9 U. 11 ,33
K!'1-K,00 ,1-Na^WO 1 42, 5_;, t, 1-18.1 .18,n-`,a,0-11 1.1 558 101/ 2, 5n 110 0.26 11112
X,CO_)- N4lF-Nn C0 I b:' - 17- 26 58.u•11,6 - 2113 562 1044 5,02 130 U, JS 0.10
IMCOI-Nat'l-Na ,,, CO 21-77-',« W.I-11.2-5.1,7 562 1044 _. .... 0,37 0,17
K2t10,1-Nal' 45.55 7.,9-.17,1 tiu8 1055 1,61 156 0.51 0.23
0,1001 t1 nF2-CIt(08) J9.7-;U,1-SA.: 1n.0-19.11-11'+,0 5;5 11167
NeWl-NaF-Nn,001 4.'.5-211,5-1 i4..-11,8-51,0 575 1061 4.04 174 0113 0.06
Cat:01-Li p ,9,7-1(1,1 6:,0_18.0 X80 Itl:6 _- ..- 2.14 0,97
KC1-Na2C0 1 50,2-49,8 4l.',-58,5 88 llwtt 1.0., 110 0,07 0.03
1.1F-1.111'1(1 4'2-51 .15,2-14.8 n08 112(, 7,16 308 2.93 1.33
NaCI-Nit 2 80e,-N&Wo 1 51,8-2:i.1-21.1 11.1,-121,0•,:8,4 alt 1114 1,1(11 129 0118 11.08
C,1CI,-0100} 70- 10 1:, 9°77,9 62: 11 Q -^ - 01 09 0.04

KCl -K2C0 1 t,I.1 - 18.4 41',a -51.6 1117 117p 117 0. 24 0.11
Nat'l-Na.1C01 /h,9..; L l 64, s'- 15. 1 o N' 1171 ON 114 0.04 0.02
WI_K2C01 U7-P, 511-50 n1n 1111 2,79 120 U.24 0.11
Ca CO .1- Ca( tt ll)2 15,8-611.2 41.;1-51,0 651 1.10, -- - 0.09 0,04
Ut,O3_Na,Cll1 45-55 4.11-46.0 n58 1.1n _ _

1.81 0.82
Ca CIO )-LI2C0 1 17-61 44.1-55.7 nn2 1.'24 -- -- 1.17 0.53
Srt(1,,-St'CO 3 74-."a 75.4-:'4.7 671 1.140
XF-K2t'0 I n0-421 18.7-61, 1 678 1252 3.1: 134 0.84 0.38
IIat:U 1-Na,CU I 17-n l 52, 2-41.8 ('at+ 1767 11118 0.08
XF-X,001 46-'ib :n, rr7 1. 6 n88 12721 ;', ; 119 0171 0.32
NnF-Na,t:U,1 311.7-n1, t 2111((-8U.(1 t")o 1274 3.72 160 0,20 0.09
Nil 2C0_I-Na 20 0l. t-18.1 71,0-!7,0 695 1;83 3.95 170
K2VOI-NaXoI 18.5-61.5 44,9-'15.1 691, 1.83 2.37 102 0.22 0.10

K;WOI-Na2t'0 -1 44 - 5n 5(1.6- 44.4 710 1.110 '.32 100 0.24 0.11

1,1 200 1 100 100 1.11 1333 1, .07 261 2,05 0.93

111101-,,.-11100 .1 53-47 54. 1-45, 7 714 1.153 -- -- 0.31 0.14
81101(1-NaC1 47-51 75,0-15,0 734 1153 -- -- 0,24 0,11

Cato) t-Na2C0 -Na 80t, 17.5-,ih. 5-l6 111..1-45.11-20. 7 710 1418 -- -- 0,11 0.05
CMIO I-Na2('01-Nar,SO4 38- 18-24 11.8- 1,. a- 10.4 795 1463 -- -- 0.15 0.07
Cr it) t -K2C0 1 2U-NU :1.1,-78.4 A01 1478 -- -- 1,04 0.47

N,l,,W,I-Na 2 804 G6.7-111,3 59.9-40.1 812 1494 2.26 97 0118 0.08
11t1C1;,	IIaCO3 711-24 86.8-13..1 814 1497 - -- 0.33 0,15
lMCOj-NaCI 24-76 15.I-64.4 814 1497 -- -- 0.13 0.06

W21tU .1-Na,SO l, 62-.18 54.9-45.3 82(' 1519 2.21 95 0.20 0104
Nn20 1 J 1110 lilt) 858 1564 2.58 111 0,07 0.03
BaCL2-811'101 82.5-17.5 8.3.3-t(l.7 86) 1580 -._ __ 0.31 0.14

K2001 100 1(10 8118 1648 2.01) 86 0.42 (1119

1180020281.
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System Components: Construction, Operating Procedures and Data
Collection

Construction

Thirteen lab-scale containers, 12.7 cm (5 in.) high, with a 7.62 cm

(3 in.) OD, and with a 1.27 cm (0.5 in.) OD single-pass internal HX tube,

,r were fabricated according to the drawing shown in Figure 19. 	 The outside wall

of the cannister was Type 304 SS; the HX tube was Type 316 SS. 	 The cannister's

top was originally designed as a l-in.-thick transite disk bored to fit

over the central HX tube; the thermocouple (T/C) sheaths were initially

installed when 3.18 mm (1/8 in.) holes were drilled in the top and

high-quality 4-mm OD, closed-one-end alumina tubes (Ventron Degussit)

were inserted slowly into the molten salt. 	 Later this method and design
4

were found unsatisfactory for high-temperature (above 650°C) testing because

transite deterioration, salt creepage, and alumina sheath thermal cracking

occured.	 Therefore the transite cover was replaced with a Type 316 SS

cover machined from 6.35 mm (1/4 in.) plate stock that had two holes for SS

316 T/C sLaaths and one vent hole.	 Swagelok fittings were butt-welded onto

the cover to seal the stainless-steel sheaths.	 This arrangement performed

well.	 After the salt mixture was loaded into each cannister, heli-arc

welding secured this top to the cannister lip and OD of the HX pipe. 	 A

photograph of the final design is shown in Figure 20. 	 Standard 1.27 cm

(0.5 in.) Swagelok fittings connected the HX pipe to the TES system's air

supply tubing.

System Operating Procedures and Data Collection

To facilitate lab-scale TES testing, a four-station test stand was

constructed, with cooling air supplied through 1.27 cm (0.5 in.) diameter

tubing manifolded to each station from a single source (Figure 21). All

lab-scale salt containers were inside two clam-shell resistance heaters

(Thermal Corp., 825 watts, 1204°C, 2200°F) used to charge the units. The

containers and heaters were wrapped with an 20.32 cm (8 in.) radial thick-

ness of Johns-Manville Cerablanket high-temperature insulation (128 kg/m391

8 lb/ft 3 density), rated at a nominal thermal conductivity of 0.12 W/m-K

(0.07 Btu/hr-ft-°F) at 540°C (1000°F). The thermal barrier beneath the

the unit consisted of 3.81 cm (1.5 in.) of firebricks, 12.7 cm (5 in.) of
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CLOSED-ONE-END ALUMINA
THERMOCOUPLE SHEATH

I	 (i	 i	 TRANSITE
LID

	

I I I I I^	 AIR

2.54cm(lin)

SALT

12.7cm( sin )

1.27 cm (0-5 in) OD,
HEAT EXCHANGER TUBE,
316 SS

A80010224

Figure 19. CROSS-SECTION OF TYPICAL LAB-SCALE CANNISTER
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P80010064

AG99C^

i

Figure 20. FINAL DESIGN OF TES CANNIS`i'ER
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Û
n
E

a

E^

r
0H
F^.y
I^

E
rx

v
sa

^o
Y

° 4, 1

72

O	 F G A	 5

a

I N S T I T U T E T E C H N O L O G Y



11/79
	

9100

insulation and 6.35 cm (2.5 in.) of firebrick as a base. A 17.8 em (7 in.)

thick layer of insulation was also used to minimize radiant heat losses from

the top of the unit. A schematic of a TES module, comprised of the TES

unit, heater, insulation, instrumentation and controls, is shown in Figure 22.

Prior to welding of the top cover and installation into the module setup,

each cannister was final filled with approximately 0.91 kg (2 1b) salt

powder of the desired composition. Filling was accomplished by the following

procedures. First, each container was filled with powdered salt, placed in

a HOTPACK resistance box oven, and heated to 50°C (90°F) above the salt melting

point. This step was repeated until approximately 80% of the container's

volume was filled with molten salt.

The units were operated under varying cycle periods (a cycle consisting

of charge, holding time, and discharge). All salts studied in these units
y,

were cycled from mp + 50°C (90°F) to mp - 50% (90°F) for a minimum of

20 cycles, and they were maintained at these operating temperatures from

228 to 1,032 hours.

The salts were discharged with ambient air regulated by a Dwyer flowmeter

[range 0 to 11.3 m 3 /hr (400 ft 3 /hr)]. The initial condition for a discharge

run was that all T/C's, which were located at mid-salt level, would attain

mp + 50% (90°F). At the end of the holding period, mower to the clam-shell

heatcrF was cut, and air was discharged at a constant flow rate, which

typically varied from 1.42 to 11.32 m3 /hr (50 to 400 ft 3 /hr). Mid-salt

and air temperatures were continuously recorded on an Esterline Angus 24-point

strip chart recorder throughout the cycle. A discharge run was ended when

the slowest cooling salt T/C reached the salt's mp — 50% (90°F) temperature.

At this point, air flow was shut off, and the system was re-charged for the

next run. The charging sub-cycle was controlled by a T/C at salt mid-level,

between the cannister's OD and the heater coils. The temperature controllers

were set to bring this location to the holding temperature (mp + 50°C) in

less than 2 hours, while initial heat-up rates were maintained between 3.5°

and 10°C (6° and 18°F) per minute.

After the end of each test, the containment and salt materials were

examined to evaluate their stabilities. The salt composition was chemically

analyzed and verified both before installation and after shutdown for CO2

content, cation composition (Li, K, Na, Ba, Ca, etc.), and relative levels
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NO. THERMOCOUPLE cm in

Q SALT 1.12 0.44
® SALT 2.06 0.81
Q SALT 3,02 1.19
( AIR OUTLET 0 0

AIR FLOW, OUTLET

178cm(71n) of
128 kg/m3 (Slbs/ft3 )	 INSULATION
( Stacked)

178cm(7in)
RESISTANCE HEATER	 M'D-SALT
( Half Shell)—^

F^(Holf
ESISTANCE HEATER

 Shell)

20.3cm(Sin) of	 (I	 20.3cm(Sin) of
128 kg/m3 (8lbs/ft 3 )	 ^)	 128 kg/m3(81bs/ft3)

INSULATION	 I (	 INSULATION
(RadiMPY)	 i	 ( Radially)

20.3cm	 I I	 20.3cm
(Sin)	 ! I	 (Sin)

3.18cm 0.25 in)

12.7cm(5in) of
128 kg/m3 (81bs/ft 3 )
(Stacked)	 INSULATION	 12.7cm(5in)

6,35cm (2,5in) High	 , I	 FIREBRICK	 16.35cm (2,5 in)

AIR FLOW, INLET
A 80010226

F i.6u1 v 22. SCHEMATIC OF LAB-SCALE MODULE
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of iron, nickel and chromilun (elements indicative of corrosive reaction

between salt and stainless-steal CoVi.ainment vessel). Finally, each unit

was sectioned at paid-salt level and visually examined to compare salt

crystal formation patterns and to note overall compatibility. Selected

HX tubes were sectioned in the miniscus region of the salt, mounted, and

metallurgically examined to determine the nature and extent of corrosion.

Salt THS Performance Evaluation

Criteria for Performance Evaluation

Numerous factors must be considered in any evaluation of THS system

performance. 'Thus, a particular evaluation should be:' based on those factors

most influential in TES system performance in a specific application (such

as solar-thermal power system integration). The following parameters were

used in comparatively evaluating the thermal performance of the salts in the

lab--scale systems:

0	 Average discharge heat flux during a discharge run

0	 Variation of the discharge heat flux with time during a discharge run

•	 Discharge salt solidification temperature range and characteristics

•	 Cycling stability - possible variations in discharge behavior
resulting from salt/materials instabilities during thermal cycling

•	 Operational stability -- post--test examination of salts' and
containment materials' conditions.

Although several other parameters could be added to this list, these

form the basis for an assessment of a salt's `HS feasibility and for a rela-

tive impact analysis of design modifications (such as thermal conductivity

enhancement or alternate IIX designs) .

As with the engineering-scale testing, he at- fluxes were calculated using

experimental data from Equation 11. The heat-traelsfer area used to calculate

this heat flux was defined as the portion of the central cooling tube in direct

contact with they salt. Also, the air outlet temperature was measured at the

center of the RX tube near the salt level to yield heat fluxes that are not

influenced si^nificantly by radiant he.it loss in the extended portions of the

HX tube.

n .

[4"

t
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Evaluation of Salts for Steam-Rankine Applications 343° to 399°C
650 0 to 750°F)

As discussed in Task 1, the use of a TES subsystem to provide steam

superheating can significantly increase the overall efficiency of a steam-Rankine

plant. For example, increasing the temperature of the steam entering the turbine

front 	 TES boiler from 316 0 to 455°C (600 0 to 850°F) was estimated to result

in an increase in system efficiency of front 20% to 30%.

The conceptual TES unit for providing 455°C steam utilized four

superheating stages, with salt melt temperatures in the range 349 0 to 479°C

(661° to 894 0 F). Melting points in this general temperature regime can be

attained with mixtures based on L1 2 CO 3 , Na2CO 3 , and K2 CO 3 . The lowest-melting

carbonate eutectic known is the ternary composition 43.5 mole percent (mol %)

Li2CO 3 , 31.5 mol % Na 2CO 3 , 25 mot % K2CO 3 . As shown in its phase diagram

in Appendix B 'which contains other available carbonate systems), this eutectic

has a melting point of 397°C (747°F) and thus is of interest for steam

superheating applications. Also experiments in the U.S.S.R. 22 have indicated

that additions of alkaline earth carbonates (5 mol % MgCO3, CaCO 3 , or BaCO3)

to the ternary eutectic result in quaternary mixtures with solidus temperatures

in the range 355° to 370°C (670° to 700°F). Workers at Battelle Memorial

Institute reported23 that a 19.1 mol % addition of CaCO 3 to the ternary eutectic

resulted in a mixture having a solidus of 335°C (635°F) and a liquidus

temperature of 481°C (898°F). Such a mixture would allow heat storage and

removal over a range of temperatures close to those identified earlier for

the 455°C steam case.

In an attempt to verify these reported melting point depressions,

the thermal analysis technique of DSC was used to determine whether a

lower melting ( ,: 397°C) carbonate will result from the addition of alkaline

earth carbonates to the (Li-Na-K) 2 CO 3 ternary. Separate additions of 5, 10

and 15 mot % of CaCO 3 and 5 mol % of SrCO3 were made to the ternary eutectic

for this study. Upon heating at a rate of 2.5°C (4.5°F) per minute, the

ternary eutectic began to melt at 397°C (747°F), in agreement with the

published mp value, and melting was completed at 403°C (757 0F). Upon

cooling at the same rate, a small degree of supercooling was observed;

solidification started at 387°C (729°F) and was completed at 384°C (723°F).
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No supercooling effects have been observed with this ternary eutectic in the
laboratory-scale TES unit. DSC determinations for the ternary and quaternary

samples with alkaline earth additions are summarized in Table 14. An addition

of 15 11101 % CaCO 3 to the (Li•-Na-K) 2CO 3 ternary lowered its mp from 397° to

383 0 C (747 0 to 721°F), and an addition of 5 lnol % SrCO3 brought the

ternary's mp down to 389C.

Table 14. DSC RESULTS FOR THE (Li-NI-K 2 CO 3 TERNARY AND TERNARY WITH
ALKALINE EARTH CARBONATE ADDI'T'IONS

Melting Point QHf
Salt System Wt %_ _ °C °F ,T/leg Btu/:,'.b

'	 1. (Li- Na-K) 2 CO 3 32-33-35 396.2 745.2 2.67 X 1.0 5 11.4.7
Ternary

2. (Ternary) + CaCO 3 95-5 392.8 739.0 1.95 X 10' 83.7
(5 mol % CaCO3)

3. (Ternary) + CaCO 3 90-10 389.4 732.9 2.51 x 10 5 108.1
(10 cool % CaCO3)

4. (Ternary) + CaCO 3 85-15 383.0 721.0 1.90 x 10' 81.8
(15 mol % CaCO3)

5. (Ternary) + SrC0 .3 92.8-7.2 389.4 732.9 2.52 X 10' 108.2
(5 mol is SrCoa)

These results demonstrate the same general trends as those reported by

the Soviets and Battelle Memorial Institute. While the 5, 10 and 15 mot

CaCO 3 additions exhibited distinct melting points, the Battelle results

indicated that a 19.1 mol % CaCO 3 addition resulted in a system having solidus

and liquidus temperature 146°C (263°F) apart. Further investigation of the

melting behavior of the (Li-Na-K)2CO 3 eutectic with alkaline earth carbonate

additions appears to be needed.

32 wt % Li 2CO 3 - 33 wt % Na2 CO 3 -- 35 wt % K2CO3 (Module L3-1).

To further investigate the ternary's applicability to steam utility TES

subsystems, the thermal behavior of the salt was studied in a lab-scale

cannister with the original transite top design, which was found to perform

well for this low-temperature salt mixture. In this initial design, salt
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temperatures at mid-depth were monitored during discharging with room-temperature

air, using Type K (chromel/alumel) T/C's situated at three different radial

locations of r = 1.1, 2.1 and 3.0 cm (0.44, 0.81, and 1.19 in.). These

radii correspond to reduced salt thickness values (r/ro-1) of 0.76, 2.24,

and 3.76, which are used in the Megerlin-type heat transfer analysis.24

Based on the fact that the volume of salt contained between the HX tube and

radius (r) in the container is proportional to r 2 - rot (where ro = 6.35 mm

or 0.25 in. HX radius, r = T/C radial distance), these T/C locations correspond

to solidifications of 7%, 33% and 74% of the total salt volu:ue when the

solid/liquid interface reaches each respective location.

Module L3-1 was loaded with 611 grams (1.35 lb) of the ternary eutectic

salt. Characteristic discharge curves were determined as a function of

discharge air flow rate over the range 1.42 to 11.32 m 3 /hr (50 to 400 ft3/hr).

Figure 23 contains a plot of the discharge time required for the salt to

x.	 solidify versus air flow rate. At air flow rates greater than 4.25 m3/hr

(150 ft 3 /hr), the rate of discharge appears to be controlled mainly by heat

transport through the solidified salt. A flow rate of about 5.1 m 3 /hr (180 ft3/hr.),

which corresponds to a linear flow velocity of 15.24 m/second (50 ft/second)

through the HX tube, was chosen as the standard, optimum flow condition. This

flow rate represents a Reynold's number of 2.1 X 10 4 , thereby satisfying

the turbulence criterion. A similar determination of the optimum discharge

flow rate was carried out for all salts studied in the lab-scale TES cannisters.

Results obtained during a typical run (No. L3-1-3) of the salt temperature

discharge profile for an air flow rate of 5.1 m 3 /hr (180 ft 3 /hr) are plotted

in Figure 24. From the time-temperature response of the salt T/C's, it appeared

that the salt was solidifying congruently over the temperature range 410° to

400°C (770 0 to 752°F) taking 75 minutes for 74% of the total salt volume to

solidify. Figure 25 shows the instantaneous heat flux curve calculated for

this salt as a function of discharge time for an air flow rate of 5.1 m3/hr

(180 ft 3 /hr). From this, the average discharge heat flux of 6.95 X 10 3 W/m2

(2,206 Btu/hr-ft 2 ) was graphically determined, as shown in Table 15 summarizing

the experimentally determined data.
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After 10 cycles and 504 hours at operational temperatures between 450°C

(842°F)(mp + 50°C) and 350°C (662°F)(mp -- 50°C), the unit was shut down and used

as the TES medium for an analysis of a porous aluminum WE material that will

be discussed in detail in Section 2.3 of this report. The data generated

during these 504 hours were utilized to establish a performance baseline for

further comparative testing. For this initial set of tests the unit operated

with excellent stability, no loss of salt due to creepage, and no equipment

failure.

Evaluation of Salts for Solar-Thermal Applications 538° to 871°C
(1000° to 1600°F)

Advanced concepts for the conversion of solar-thermal energy to electrical

power include large central receiver systems employing a closed Brayton

power cycle, as well as small dispersed power systems with Stirling heat engines.

TES subsystems are desirable in these applications to provide energy to the

turbine or heat engine during periods of low solar insolation - early morning,

late afternoon, and periods of cloud cover. Latent heat storage is particularly

attractive because of its potential for attaining high-energy storage densities

and its ability to receive and release heat over a narrow temperature range.

The salts investigated in this subtask for their applicability to latent

heat storage were in the temperature range 538° to 871°C (1000 0 to 1600 0F),

which represents the expected regime of storage temperature requirements for

storage-coupled advanced solar systems. 25,26,27 These high design temperatures

are being used to ultimately obtain higher thermal conversion efficiencies.

The following account details the operational life of the first three

high-temperature salts selected for lab-scale evaluation. It was during

these initial tests that some of the significant problems associated with

molten salt systems in this high-temperature regime were encountered and

solutions identified. The first salts tested were 49.4 wt % Na 2 CO 3 - 50.6

wt % K2CO3; 1.21 wt % L1 2 CO 3 - 49.95 wt % Na 2 CO 3 - 48.84 wt % K2CO3; and

pure Li2CO3.

49.4 wt % Na2CO 3 - 50.6 wt % K2CO3 (Module Ll-1). This

Na2CO 3-K2 CO 3 mixture was expected to correspond to a congruently melting

salt with a melting point of 710% (1310°F), the lowest-melting composition

in this binary system. The phase diagram for this, and other available

carbonate systems, are included in Appendix B.
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A cannister was loaded with 880 grams (1.94 lb) salt of composition
49.4 wt % Na2CU3 - 50.6 wt % K2CO 8 and assembled with the original cannister

design of transite cover and high quality alumina T/C sheaths as previously

described. The molten salt level in these lab-scale units was approximately

1.27 cm (0.5 in.) below the top of the vessel; the salt volume in a cannister

was approximately 426 cm3 (26 in.3).

As for the ternary, and for all salts studied in this subtask, characteristic

discharge curves were initially obtained as a function of discharge air flow

rate over the range 1.42 to 11.32 m 3 /hr (50 to 400 ft 3 /hr) to determ':e the

optimum flow condition for that unit, so that the rate of discharge (salt

solidification) is controlled mainly by the heat flux through the solidifying

salt. The plot of salt solidification time versus air flow rate appears in

Figure 26, from which 180 ft 3 /hr was chosen as the standard flow rate for

this system.

Discharge results obtained during a typical run (No. L1-1-2) for an air

flow rate of 5.1 m 3 /hr (180 ft 3 /hr) are plotted in Figure 27. This time-

temperature response of salt T/C's confirmed that the salt was indeed

solidifying congruently over the temperature range 708 * to 701% (1306° to

1294°F). No significant thermal gradients were observed through the still

molten salt regions during solidification, indicating strong convective mixing

effects consistent with previous TES results. Figure 28 shows the instantaneous

heat flux curve calculated for this salt as a function of discharge time for

an air flow rate of 5.1 m3 /hr (180 ft3/hr).

After 13 charge/discharge cycles and 336 hours of operation of Module L1-1

with the Na 2CO 3 -K2 CO 3 salt, the heaters became nonfunctional. Upon disassembly

of the unit, it was discovered that a significant amount of salt had crept up

the inner container wall and outer HX tube surfaces, reacting with the

insulation and corroding the metal furnace 1 ds. The transite cover initially

used over the container had also deteriorated as a result of the severe

temperatures and chemical environment. The color of the solidified salt had

changed from white to blue, possibly from corrosion of the stainless-steel

container. Because of these experimental difficulties, the following

cannister design modifications were made:
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1. Tile transite cover was replaced with a machined stainless-steel cover,
containing three holes for T/C sheaths and one vent hole. This cover
was welded onto the container wall and HX tube, greatly reducing the
area that allowed salt to creep out the container, yet still utilizing
the alumina T/C sheaths.

2. Lost Na2CO3-K2CO 3 salt was replenished, and 1 mol % L12CO3 was added
to this same cannister to reduce corrosion of stainless steel by
possibly forming a LiCrO2 protective layer on container and HX walls.
This +alit was then run as L1-2.

1.21 wt % Li2CO 3 49.95 wt % Na2CO 3 — 48.84 wt % K2CO3 (Module

L1-2. After the above modifications were completed, the cannister contained

888 grams (1.96 lb) of the salt mixture and was operated as Module L1-2. Tile

discharge and teat flux curves obtained at a flow rate of 5.1 In a /hr (180 ft3/hr)
t

are shown in Figures 29 and 30 respectively. From the time-temperature response

of the salt T/C's, it appeared that the doping of the Na-K system with L12CO3

slightly altered the melting behavior of the system by causing it to solidify

incongruently over the temperature range 710° to 695% (1310° to 1283°F).
9

Figure 31 shows the variation of heat flux with discharge time for four cycles

at different points during the lifetime of this unit. The general. shape of

the curves remained unchanged while defining a narrow lifetime discharge

performance band, indicating no significant loss of thermal storage capacity

or hear transfer capability during more than 500 hours of operation.

Problems were encountered with thermal cracking of the recrystallized

alumina T/C protection sheaths after 140 hours of operation. Failure of the

alumina sheaths allowed salt contact with the 0.51 mm (0.02 in.) thick-walled

Type 304 SS clad T/C's and led to eventual T/C failure. Because ceramic sheath

failure was a recurring problem, the T/C design was modified to incorporate

three 0.76 mm (0.03 in.) thick-walled Type 316 SS sheaths that were directly

welded to the stainless-steel cover.

This unit was restarted and finally terminated after 23 cycles and 528

hours in operation, with no loss of salt or change in chemical composition

of the mixture.
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L12CO 3 (Modules L2-1 and L4-2). Originally Module L2-1 contained

720 grams (1.6 lb) of Li 2CO 3 and operated with the transite top design during

the same period as the Li-doped (Na-K) 2CO 3 system.

Typical discharge and heat flux curves are shown in Figures 32 and 33,

respectively. Solidification o^ the L1 2CO 3 was observed to occur within

+ 3°C (5.4°F) of its quoted mp of 723°C (1333 0F). The salt at the

outer T/C location solidified before that at the middle T/C because of heat loss

through the cuter container wall.

This system encountered difficulties with alumina T/C sheath failures

simulata: ►eously with the Li-doped (Na-K) 2CO 3 system. After 1.3 cycles and

408 hours the unit was shut down for post-test examination. Visual examination

revealed salt leakage through a small pinhole in the bottom weld and a similar

defect in the container wall at about mid-salt level. Post-te 4.t analysis of

the salt revealed an increase in iron content from 0.03 to 0.36 wt % and an

increase in nickel from >0.01 to 0.03 wt %.

Based on the successful results obtained when the design of the Li-doped

(Na-K)2CO 3 system was modified, a new final can design was established. This

:final design incorporated two 10.22 mm (0.4 in.) thick-walled open-one-end

Type 316 SS sheaths and 3.18 mm (0.125 in.) OD T/C's with 1.02 mm (0.04 in.)

thick Type 304 SS cladding. It avoided direct welding of the T/C sheaths by

using butt-weld tube fittings (Swagelok), with a welded vent tube that could

also serve to provide an environment of CO 2 above the salt (as in Figure 2C).

This design proved generally satisfactory for subsequent laboratory-scale

testing.

In Module L4-2, 754 grams (1.7 lb) of LigCO 3 was retested in the modified

cannister described above with a cover-gas environment Of CO2 over the melt,.

From the salt discharge plot of Figure 34 one can see that this system

solidified between 734° and 730% (1353 0 to 1346 0 F). Also, from the instantaneous

heat flux proflie of Figure 35, the average heat flux to the air was calculated

to be 76,574 W/m2 (24,290 Btu/hr-ft 2 ). This was the largest heat transfer

exhibz.ted by any salt, regardless of temperature regime. The consistency of

this unit's performance becomes evident on inspection of Figure 36, which plots

the discharge heat flux from four different cycles in the unit's lifetime.
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These profiles not only define a narrow discharge performance band but also

seem to exhibit a performance stabilization period during the first seven

cycles.

This unit was maintained at operating temperatures for 672 hours and

22 charge/discharge cycles, at which time it was shut down and sectioned for

post-test evaluations. The solidified mid-salt cross section is shown in

Figure 37. The size and morphology of solid salt crystals in this and other

sectioned modules could be correlated with the manner in which the final

cooldown was performed. In this particular instance, the salt's last discharge

run was a free-cool run, in which the salt was allowed to cool from 50°C (90°F)

above its mp to ambient with no zir-cooling discharge. From this

photograph, one may observe the somewhat fine radially-oriented columnar

crystals that formed near the outer edge. This growth pattern is the result

of fairly rapid outward cooling through radiant heat loss to the ambient.

From this outer edge inward, the crystals become larger and randomly oriented,

a result of slower cooling.

The new cannister design was successful in that no salt creepage was

observed throughout the cannister's operational life. From Table 16 one can

see that this unit's post-test analysis revealed no increase in iron or nickel.

Also, the CO2 cover gas aided in reducing the corrosion rate compared with an

air cover gas, most likely by minimizing L1 2CO 3 decomposition to Li20 and CO2.

Table 16. PRE- AND POST-TEST CHEMICAL ANALYS7a OF Li 2 CO 3 SYSTEM

Chemical Analysis, Wt % Li CO3 Fe Ni Cr

Pre-Test 19.08 79.26 0.03 <0.01 <0.01

Post-Test (Air) 18.89 80.23 0.36 0.03 0.01

Post-Test (CO2) 19.39 80.53 0.02 <0.01 <0.01

The following synoposes highlight the most important experimental results

of the remaining six salts selected for possible solar-thermal applications.

All utilized the final welded containment design.
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Na 2CO 3 (I,2-2). Although Na2CO3 possesses a lower heat of fusion

(2.6 X 10' J/kg, 113 Btu/lb) than Li2CO 3 (6.1 X 10' J/kg, 261 Btu/lb), this

salt is attractive because its mp of 858°C (1576 ° F) approaches the upper

end of the solar temperature range being studied, and it may become

cost effective ($0.07/kg, $0.03/lb) in a large-scale solar-power system for

which the mass of TES medium is not restricted,

	

'':;	 With this in. mind, a 1.ob -scale unit containing 827 grams (1.82 lb) of

	

$	 Na,CO3 was tested in a welded container. Thi g discharge profile of :figure 38

shows that the salt nominally solidified at 865°C (2.589°F), while maintaining

an average discharge heat flux of 45,648 W/i, 2 (14,480 Btu/hr-ft 2 ), as calculated

from the heat flux graph of Figure 39. This curve shows the instantaneous

heat flux for Na2CO3 to be decreasing at a rate of 788 W/m2 (250 Btu/hr-ft2)

per minute, as compared to Li 2 CO 3 's decrease of 451 W/m2 (143 Btu/hr-ft 2 ) per

minute. The lifetime performance of the unit exhibited relative stability

throughout Run 1.7, with a decrease by Run 22, Post-test examination revealed

slight leakcs around the T/C fittings, which resulted in a loss of approximately

15 grams (0.03 lb) of salt.

The free-cool shut down occurred after 21 cycles and 288 hours of operation.

Chemical analysis of the terminated salt indicated no change in nominal composition

and a slight increase in iron (from 0.03 to 0.06 wt %), a result of hot corrosion,

as summarized in Table 17. When the cannister was sectioned and photographed

(Figure 40), micro-cracks and voids ranging from 0.025 to 6.35 mm (0.001 to

0.25 in.) were found in the salts along very evident radially-oriented salt

solidification patterns. These patterns are very different from the typical

free-cool crystallization patterns found in the Li 2 CO 3 unit, If these voids

and cracks were also formed in the solid phase under the "forced-cooling" of

the standard operating procedures, they would act as thermal resistances and

reduce the effective heat flux. If such defects were filled with air or CO2

during discharge, they would have a thermal conducitivity of 0.07 W/m-K

(ti0.04 Btu/hr-ft 2-°F) , compared to 1.73 ?a!m••,K ( n,1 Btu/hr-ft-°F) for solid Na2CO3.

These apparent factors could ultimately lower Na2 CO 3 's effective thermal

conductivity through the solid salt and partially explain the :Much lower heat

fluxes observed for Na2CO 3 , compafed to Li2CO3.
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Figure 40. TRANSVERSE CROSS SECTION THROUGH MODULE L2-2
Na 2 CO 3 SYSTEM AFTER 288 HOURS AND 21 CYCLES
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Figure 40. TRANSVERSE CROSS SECTION THROUGH MODULE L2-2
Na2CO 3 SYSTEM AFTER 288 HOURS AND 21 CYCLES
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'fable	 17. PRE- AND POST-TEST CHEMICAL ANALYSIS OF Na2 C0 .3 SYSTEM

Chemical. Analysis, Wt % 1`a Cb^;}- Fe Ni. Cr

Pro-Test
	

44.29	 56.40	 0.03	 <0.01	 <0.01

Post-Tost	 43.07	 57.39	 0.06	 <0.01	 0.01

Metallurgical analysis of the Type 316 SS 1TX tube at the meniscus of the

salt-silo surface revealed the formation of an outer, porous, hot corrosion

layer and sub-scale carburization of both the bulk grains and grain boundaries

as a result of salt intora.erlons. Air-side oxidation of the HX was also observed.

Additionally, precipitated particles of what appeared to be brittle inter-

metallic sigma phase were observed throughout the bulk stainless-steel matrix.

Sigma phase formation, a result of the prolonged high-temperature exposure and

not of salt corrosion, is deleterious to the strength and related mechanical.

properties of stainless steel. Figure 41 shows a micrograph of this Type 316 SS

which was exposed to Na 2 CO 3 for 288 hours at 807° to 907°C (1485 0 to 16650F).

Of particular note are the 150 to 200 Um ( 6 to 8 mil) thick porous, hot corrosion

zone at the surface and the precipitated sigma phase particles within grains and

grain boundaries. These clearly indicate that selection and testing of alternate

containment materials are required for these high-temperature solar-thermal

applications, not only on the basis of salt compatibility, but also on {:'ie basis

of possible interactions with actual working fluids (air, He, molten sodium).

K2CO 3 (L2-3). Potassium carbonate, with a melting point of 898°C

(1648°F), is the highest melting carbonate of interest in the upper temperature

range for the solar-thermal applications. Therefore, to completely and thoroughly

span this entire temperature range, thi n salt was selected for testing.

This unit also utilized a CO 2 cover gas environment at the salt surface.

Its discharge profile and its rapidly decreasing heat flux curve (Figures 42 and

43, respective:y) are highly suspect, though, because they represent only two

cycle runs prior to system failure. A high discharge solidification temperature

of 912°C (1674°F), and calculated average heat flux of 72,507 W/m 2 (23,000

Btu/hr-ft 2 ) were observed, but additional confirmatory data would be desirable.
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Figure 41. TYPE 316 SS CONTAINMENT AFTER 288 HOURS EXPOSURE TO Na 2 CO 3 AND
21 CYCLES AT 807 0 TO 907°C (1485 ` to 1 065°F) UNDER CO 2 COVER GAS

(FeC:1 3-HCl-H 20 Etrhant)
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It appears that this salt defined the maximum useful operating temperature

of A.ISI 304 and 316 for TES applications. After two cycles and 96 hours at

948°C (1738°F), the HN tube failed, allowing no air to flow through it on

discharg;,^. As a result of this, the unit was terminated prematurely and

sectioned longthwisci along; the .00ling; tuba. The salt surfaces and embedded

fragments of 1IX tubing; arcs shown in Figure 44. Examination of this section

revealed that the tubes had become extremely oxidized and embrittled from

the continous high-temperature exposure,. This eventually led to a complete loss

of structural integrity, resulting in a HX breach that a.l.lowod salt to enter

and fill. tho RX tube..

Post-test chemical analyses revealed that the dete?.cV..able amount of hot

corrosion products containing iron, nickel, and chromium were deposited in the

bottom on the cannister. Dower concentrations of these elements were found at

they top (Table 18).

'.Cable 18. PRE- AND POST-NEST CHEMICAL ANALYSIS OF K2CO3 SYSTEM

Chemical Analysis, Wt % K
CO 3

. Fe Ni Cr

Fro-Test 56.15 43.05 0.02 X0.01 <0.01

Post-Test	 (Bottom) 54.91 42.76 2.27 0.03 0.24

Post-Test	 (Top) 55.73 44.28 0.03 <0.01 <0.01

47.8 wt % Na 2 CO3 - 52.2 wt % BaCO3 (L3-3). Very little thermo-

physical property data were available for this system, other than that showin.v

there was a congruently melting eutectic (reportedly at 686%, 1267°F) 21 at

this composition. As a prospective TES medium, this, and the next Li.2CO3-CaCO3

system (mp %662°C, 1.224°F), represent the only carbonates with melting

points in the 650% (1202°F) region.

A

	

	 Since this system was attractive from an economic standpoint ($0.18/kg',

$0.08/lb), and little past work was conducted with it, 966 grams (2.1 lb)

of this Na 2CO 3 -BaCO3 mixture was cycle-tested for extended operations. It is

important to note from Figure 45 that the thermal arrest in the salt's temperature

versus time curve occurred at 717° to 712°C (1323° to 1314°F) instead of the

published value of 686°C. The consistency with which this solidification occurred
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Figure 44. LONGITUDINAL CROSS SUCTION 111ROUGH
MODULE L2-3 K L CO 3 SYSTLM THAT FAILED AFTER 96

HOURS AT 841 0 TO 941°C (1.546 0 to 1726°F) AND 2 CYCLES
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indicates that this Na 2CO 3 --BaCO 3 eutectic may be used for phase change TES

applications in the higher 700 0 to 735°C (1290° to 1340°F) range. An experimental

heat flux of 41,676 W/m2 (13,220 Btu/hr-ft 2,	f;mphically calculated from

Run 21 (Figure 46). This plot also outlines flit, relatively stable discharge

performance exhibited by this salt throughtout 27 cycles of its operating life.

After 36 cycles and 984 hours of operation, this unit was shut down by

forced cooling with air at a typical working flow rate (5.1 m 3 /hr, 180 ft3/hr)

down to ambient. The sectioned photograph of Figi^xe 47 illustrat s the crystal

size formation patterns characteristic of this type of discharge. As is expected,

near the cooling tube the crystals are fine, with columnar shapes, exhibiting

a distinct radial orientation with respect to the cooling tube. This type of

a
growth pattern is the result of very rapid cooling. Midway between the cooling

tube and outer wall, the crystals are larger and randomly oriented because of

slower cooling. Near the outer edge, the crystals are somewhat :finer again but

have no preferred orientation, indicating a higher cooling rate than that in

the middle, but much slower than that near the HX tube. These observations are

consistent with the temper40ure profile through the salt as a funeticn of cooling

time, as shown in Figure 45.

Post-test analysis revealed no salt decomposition or significant containment

corrosion.

55.7 wt % Li 2CO 3 - 44.3 wt % CaCO , (1,4-1). With its reported

mp of 662% (1224 °F), 21 this was the lowest melting carbonate mixture tested

for solar-thermal applications} A quantity of 814 grams (1.79 lb) of this

mixture was loaded and run in a welded container, with extremely stable results.

From Figure 48, it was observed that no super-cooling occurred and that the

Li 2CO 3-CaCO 3 salt consistently solidified within t5'C (9°F) of its reported

mp of 662% (1224°F).

Although the module contained 56 wt % Li 2CO 3 , its average heat flux to

the air of 40,415 W/m2 (12,820 Btu/hr-ft2 ) is one of the lowest tested. This

value was calculated from Run 25 (Figure 49, which also displays a very narrow

'ifetime performance band for Runs 2, 12, 22, and 25.)
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CUTTING BLADE VOID, NOT
SOL IDIFICATION VOID
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Figure 47. TRANSVERSE CROSS SECTION THROUGH MODULE L3-3 47.8 wt % Na
2 CO 3 —52.2 wt % BaCO 3 AFTER 984 HOURS AND 36 CYCLES

OPR^o^Np^
A

R Q q4 /s
ry

93

I N S T I T U T E	 O F	 G A S	 T E C H N O L O G Y



11/71)	 9100

00 ` 3NniV83MIL 13 -l ino Bid
Uh

to M
—

OtV N N M — O c~v
N

T-
r

h
Ql

z

2 It
It

Q
O	 I`; v

cq
O N d
W Q'
J
CL O

v

O

0r

I

0 ~ M
'

v
I 0	

N

O

k aw5
H-

C\j

U ^_^«~-1 J M 0
Q DU) (anO

w
^x

O a C7 CON U) KC

0,
C

w_ E
W w w `"

M > o
3 W O Lv
M

`
ir

N H ^+

Lam- W F- A '^

OD

aW — cp H
N

K
a

W u1
N M F

W ! J fV
J

w O ~ Q O 0
<N

J Q — CD

O O
2 „

1—

J
k

1

im

J Q

O

'
O

'00000 (D
ti O	 OD

c^00
I

^ c00D

Oo 
4 38nla83dw31 DVS

94

I N	 S T	 I	 T	 U T	 E O	 F	 G	 A	 S T E	 C H	 N	 O L O G	 Y

7.,



11/79	 9100

(z w/m)xm-AIV3HsnO3NVINVISNI '0
v	 0	 w	 cQ	 w	 d'0rn

	

a0. ro	 (V	 cli0	 r--	 — OD	 (V

w C5	 v	 r-:

	

io	 U')	 It	 K)

0 N

Li TZ

OW

to

0 E Z
N C%j C\l io

7 0 —, z C-i	 C%jV_j a0 jo.. D
a:

w

0 OQ cl
02

0
1

U-
CD cr

i (

w

ui

X

U-

w
x

0	 0	 0	 0	 0	 0	 0	 0	 00	 0	 0	 0	 0	 0	 0	 00	 0	 0	 0	 0	 0	 0
0c	 cli

(zlJ- J4/n48) xn13 IV3Hsno3NVINVISNI '0

0

si

0
k)

(ID	 CO
ti	 a)

UJ

C14

8
w
U

co
W) rV

r4
to

0
to

co	 U)

c,j	 E
chi	 PIA

OD

cn

o
fF

cD

C*4

0

() 9

N S T I T U T E	 0 F	 G A S	 T E C H N 0 L 0 G Y



1 1/1 1) 	 ():1.00

Spice no heat 01 fusion values wore avall.ablo Ill it.orature i'01' elthel tilt,

Na. , ('0,1--13at)t) 1 ( 1 1' t lit' l.1 ^(;t) 1-t^i1G { hiyate111, C'St illl411,Od Vx1,1.nt' l yJ('1.0 Ol)ti1111ed by

eolllporing t ho ilitograted (IUi111tl,ty 0I' 110ilt: 1'0i110VOd l'rUlll HWHO 8,11AS W-ILl1 that

1'0t11oVed t1'0Ill	 1.11d Na,`t,t)1, 1J110Ne Ileat:s oh 11lsloll ille known.	 'Pile 1-ohII11a

.11) 1) 	 previously ill ToI)Io I) (pa roll theLIonI Iv).

More ref Iah I e lion  01' t lls 1011 Mid tllel'lllal CO1ld11CI, I'VI LV 1110a8lil'e1i1011tS ill e

I'e(1uII'Od 1.0 aCCllr,1t01v' 1111,1IN"ZV LI10 1=IWV III, II pel"101"Illallce and att='.ractl.Velloss of'

t he No,^C ) , 1-°B;Wo 11 and 1,1 , W 1-"COGO 1 S'03 1. 	 ilbl PGN's "or 11117 t110r TES deVe1oplllellt

work.

,l'lliS LI X01-- BM',0 1 S IVHl0111 Wah IOVIIIlllaLod Ill I l'roo-Cool II'tOr :312 hours ,illd

'	 2'i eyv l es .	 Pos( --t t I o\mil I lla t l ons r('Vea I od 110 S I I I. (1000I111)ofi I L I Oil Mid 110 1 ]IC I.OiIHO

III 001.1C011t:1'at !oil 01 11Yet;i I 1 10 CO III il 1111110111 010111011t y from c'OI' -08'1011.

83:3.1 wt	 N'I"c:c) 1 -	 183.7 wt l K. ,,C()y (blodid	 1,1	 3j	 'I'll !s sn I t

se rvod I duo t purpose (ltlr Iltl; i t 8 .lab-;Ica Le tcs,C In1,. 	 Al thouc;l) 10vesL ll;ated as

a Ca11d1(1,110 '1'1?S medium in the so  Iv-tIternmL 5383" to 8371."C (1000" to :1.000'1-')

tompor"Mlre 1'allt0, it,'; 111010 Impol'La11L. raI111110,IHMIS Were 'is ,1 TCH l'101.10opL.

A Li010iIOd i'lCV111111 01' 11115 till II'S eltp011 Ilion ca] results IS I)r(sontod In 5ectioil

2,1	 IOStillt, 01 11101-1i1F11. C011d UL' I:Ivv lty e1111i111CO111011L 0011Cel)t.8.

Noll-t'a"r'hollat e 5a LLS

IL IS a lecos,1117,e(1 1"110( HMA 110 81118'JO 811.11, or I'amil_y cal' sa s, iossosst"s

sullerlol' propert it's 111 1111 important: eat.0gories (;lush as law cost, 11:11,11 heat-of

1'1.181on, case 01' 111Illd ' I filp" Iokq (,.orlOSiv1L)r, and ll 1;'h-temperature St<lbi:l-lty). 1t

1S 0hViCtis I 110L t,l'il(ic'^(1l 1 ± ti 111 these I),ll"tllllOLL1rs are llecossary when select.Ing I

salt for 1 f,lven app.LlcaLion and its part.i_rula.r duty ledltal°ment:s. 	 T11L1s t_t 1s

probah -La that: enrbonate saI.cs illay sollleday he .111 opt llllulll sol.ecI I oil I'or one

app 1. icaLtoll, with a i' -Luorldo, ell Iol'ide, or other sa1.t. be hip, a bet [or eholc.e

1'ol . allotAlor app.1 10.at1011 1MVIIII (if 1'L'OI^0nt. system 1 otlol"i aiwo and Cost 1.1mit»at1.olls.

l I  kar.p 1111, w1 I II tII s I x; I e, llil(l I:o (ISt'11)1 511 11 basc?1:L.no 01 eOlu{xllat:[.ve

I llo1'0111,11110SS, LWO 11011-C.,l1 .1)o Ill L0 ill .IXt.ures weVo tested 111 the lab-sc:,al.e c Iail.Ltitors

ThOSO 8,11.1:; WO 1'0 LI-ellted wI" th Cho saint, hand.Lal11,,, Load 118;, i111d Opel°a.t Ilg I)1"0Cet1u1'OS

Hint proved successf, tl.l. 1'or the cm-bon11t:os. A closed c-on iste'r SySt,O.11l UMS VO he

used, wlt'll till 1llelt, environmont.. abovo Lhe s11.1t, as ro(Itil.red.

O (i

I N S T I T U T E	 0 F	 G A S	 T E C H N O L O G Y



n .

.11/79
	

9100

l;^ Olo (W--1a) . This chloride system was chosen because Its 772°C

(.1.422°F) mp was c:ompatibLe. to the temperature requirements of the study,

and its medium heat of fusion (2.56 X 10 6 J/lcg, 110 situ/1b) and low unit cost

($0.09/leg, $0.04/11)) made it an attractive TES candidate.

Because of	 hygroscopicity, the mixture was handled in an air dry--

room and dehydrated overnight in a IIotpacic oven purged with dry CO 2 . Gravimetric

analyses Indicated nearly complete removal of the water of hydration. In keeping

with the standard procedures, 727 grams (1.6 lb) of the salt were then loaded

Into a cannister and mo.1-tod in the 1lotpacic oven In two fillings. in less than

6 hours (at 822°C, 1512'V) in this oven, a large amount of salt crept out of the

canister. Upon immodi.ato removal and visual inspection of the cannistor, it was

found that excessive hot corrosion had scaled off a 180 I.im ( ,,,7 mils) layer

from the 01) of the SS Type 304 cannister.

The unit was finally filled to 2.54 cm (1 in.) from the top of the can

with molten salt and maintained at 725'C (1337'F) for 20 hours (overnight), prior

to welding of the top and closing of the system. Although this was often done with

carbonates, the chloride cannister was found to have lost its operational integrity

entirely, with a corrosion scaling loss of 635 1_m (25 mils) from the cannister

OD, and an eroded hole in the SS 316 lIX tuba, as pictured in Figure 50.

Unlike carbonates, the failure of this salt during loading demonstrated

that chlorides require a dry, monitored 0 2 -free, inert environment throughout

the entire handling, loading, and operating procedures to prevent extensive

corrosion of metallic containment.

32.5 wt %„ NaF - 67.5 wt % kF	 (1,4-3). _ This NaF-ICI! system is an
attractive TES candidate because of its high treat of fusion (5.86 X 10 5 J/kg,

252 Btu/1b) and its malting point (721°C, 1330°F). Also, it was selected as

the most cost-effective fluoride for TES applications in the 700° to 725°C

(1292° to 1337°F) temperature range in a Pennwalt Corporation report by

J. D. Eichelberger.28

As with the chloride salt, this salt was to be operated eventually in a

closed system under a high-purity argon environment. After, two fillings and

4 hours at \,770 °C (1418'F), significant amounts of salt crept out of the containers

and corrosively scaled off a 254 tan (til0 mil) Layer of stainless steel from

the outer surface of the cannister (Figure 51.).
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Figure 50. MODULE L3-4 AFTER FILLING WITH CaC12
AND HOLDING AT 725°C (1337°F) FOR 20 HOURS
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Figure 51. MODULE 14-3 AF'T'ER FILLING WITH NaF-KF

AND HOLDIidG AT 770°C (1.41$°F) FOR 6 HOURS

99

1	 N S T I	 T U T E 0 F G A S	 T E C H N 0 L 0 G	 Y



I

11/79	 9100

Aluminum powder was to be a "getter" at this point, but too much of the

cannist.er had corroded after this first 4 hours at operational temperatures

to consider it functional. Once again, the necessity for a dry, 02-free

environment above fluorides and chlorides to load and weld the containers became

visibly apparent.

If one considers these facts, it becomes clear that the application of either

of these two non-carbonate TITS mixtures on a large industrial scale would entail

the use of sophisticated atmosphere control during loading, operation, and

maintenance. The added expense for salt handling alone could significantly

decrease the cost effectiveness of either the energy-dense fluorides or inexpensive

chloride salts. These points, together with the uncertainty of personnel safety

in the event of a system leak, become important institutional considerations of

these salts' ultimate TITS applicability.

Experimental Verification of Megerlin Analysis

An accurate heat transfer model describing the melting and solidification

of PCM salts is necessary if one is to adequately interpret the results from

experimental TES modules and to meaningfully extrapolate these results to large-

scale systems that use actual fluids at elevated temperature and pressure. The

analytical model developed at the Institute of Gas Technology (IGT) during trl•.

original contract was based on Megerlin's analysis of the solidifcation of a

cylindrical melt via an internal HX. 16 The general mathematical approach

adopted was obtained by modifying some existing solutions for phase-change

thermal behavior. One of the more appropriate solutions was that originally

developed by Megerlin. 24 Using a cylindrical geometry, a finite heat-transfer

coefficient, and the liquid (salt) at its melting point, the time required to

solidify a given thickness of salt can be expressed in a relationship containing

a number of dimensionless parameters;

R
r*lnr*(N lnr* + 2)dr*

Bi

1 r(N.lnr* + 1) 2 + 2 
NBi 

lnr* (N Bilnr* + 2) — (NBilnr* + 1)

Ph

NO
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whe oe --

%, ,0 (the Fourier number) gives the dimensionless time required to solidify

a given thickness of salt,

N F o = kT/c p pa2	(29)

NBi (Biot number) gives the ratio of the surface conductance to interior

solid conductivity,

NBi = ha/ks or Ua/ks	(30)

Nph (phase change number) gives the ratio of the heat of fusion to the

sensible Heat between the melting point and a reference temperature

(temperature of cooling/heating media),

n r

QH	 pf 
Nph -	

cp (tm _ t a ) 
1P

(31)

w

s

The term R is a reduced thickness:	 the ratio of the thickness of the annular

layer of solid salt to the radius of the HX pipe.

a =	 characteristic thickness, m (ft),	 (half thickness of a

f
slab, radius of a cylinder or a sphere)

C =	 heat capacity, J/kg-K. (Btu/lb nl °F)

h =	 surface heat-transfer. coefficient, W/m 2-K (Btu/hr-ft2-°F)

OHf =	 heat of fusion, J/kg (Btu/lbM)

k  =	 thermal conductivity of solid, W/m-K (Btu/hr-ft-°F)

r* =	 radial integration variable, r 
i	

/r
interface	 o

to =	 ambient temperature,	 °C (°F)

t  =	 melting point,	 °C (°F)

U =	 overall heat-transfe>	 coefficient, W/m2 -K (Btu/hr-ft2-°F)

p Q =	 density liquid, kg/m 3	(lb /ft3)
P

in
I

ps =	 density solid, kg/m 3	(1bnl/ft3)

T -	 time, hr

1.01.
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Two salts were used to compares their lab-scale experimental performance

with that predicted by the Megerlin solution. The average discharge performances

of the pure salts Li 2 CO 3 (mp = 723°C, 1333°F; O f = 6.07 X 10 5 J/kg, 261 Btu/lb)

and Na2CO3 (mp = 858%, 1576°F; All 	 2.65 X 10 5 J/kg, 114 'Btu/lb) were

selected for this analysis.

Solidificat ion of Pure L12 CO 3 and N 2COj; Movement of the
Solid-Li, uid Interface During System Discharge

As previously mentLoned, T/C's were located at mid-depth in the salt

at two radial locations [1.8 and 2.3 cm (0.69 and 1.10 in.)] from the HX, and

their response with time was recorded during discharging. The time required

for the solidifying front to reach the location of a T/C was determined from

the traces at the point where the T/C began to indicate a temperature below

the mp and subsequently yielded a descending cooling curve (characteristic

of a solid being cooled). The average times required for the solid front

to reach the T/C's isolated from edge effects (such as heat loss) for LJ 2 CO 3 and

Na 2CO 3 are summarized in Table 19, which shows the radial locations of the T/C's

and the calculated Fourier numbers. The theoretical solidification profiles

determined by numerical evaluation of the Megerlin solution for Li2CO3

(N ph = 0.33, NBi = 0.3) and Na 2 CO 3 (N 
ph

= 0.14, NBi = 0.3) are shown in

Figures 52 and 53, respectively, with the experimental profile. The observed

behavior shows the solidification proceeding slower than expected during the

early stages of discharge and proceeding faster than predicted during the later

stages, which may be partially attributable to the convective mixing currents

present in the molten salt. Considering the small size of the unit being

examined., these numbers agree surprising well with the theoretical model.

Table 19.	 COMPARISON OF THEORETICAL AND OBSERVED SOLIDIFICATION
BEHAVIOR (L12CO 3 and Na2CO3)

Salt Radial Average NFo NFo
System Location (R-1) Time, min Observed Theoretical

L12 CO 3 1.76 17.0 6.68 5.8

L12CO 3 3.40 35.0 14.00 19.0

Na2CO 3 1.76 10.0 4.07 3.6

Na 2 CO 3 3.40 21.4 8.72 10.8

102
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The primary source of error for the early-discharge discrepancies is in

the excess enthalpy of superheat stored as sensible heat in the molten salt at

the operattag temperatures (nip + 50°C). The differences in the later stages of

discharge are probably a result of the continual radiant heat losses to the ambient.

It .follows from these considerations that tine model efficiently predicts

small as well as larger-scale (engineering units) TES salt performance, as

found in previous work.16

Assessment of Salt TES Applicability

Becauss, of the complex and diverse trade-offs involved in selecting a

salt for a given application and duty cycle, simple comparisons can be

uncertain, and numbers can often serve only as guidelines when one assesses

a salt's experimental data for TES applicability. With this in mind, the

following summaries of salts for solar-thermal applications were prepared,

based on thermophysical and experimentally determined data.

• Li2 CO 3 -CaCO 3 55.7-44.3 wt %

This salt exhibited excellent compatibility with the AISI 304 SS
cannister and AISI 316 HX tube. Accurate determinations of its heat of
fusion, thermal conductivity and other thermophysical properties are
essential, though, for an accurate analysis of its experimental performance.
It appears to be an attractive PCM for THS applications in the 650° to 700%
(1202° to 1292°F) temperature range.

	

•	 Na2CO3-BaCO3 41.8-52.2 wt %

Reliable thermophysical and transport data are lacking for this
system also. Excellent long-term (484 hours) compatibility with SS 304
and 316 containment and stable thermal performance were demonstrated. With
its higher experimental solidification point of %715°C (1320°F) (instead
of its reported mp of 656°C), this salt may be utilized in 700° to 750°C
(1292 0 xD 1382°F) applications.

	

•	 (Li-Na-K)2CO3 1.21-49.95-48.84 wt % and (Na-K) 2 CO 3 50-50 wt %

The (Na-I:)2CO3 binary system exhibited (even during loading) strong
surface tension creepage properties and was relatively corrosive. Upon
doping this sysL-em with Li 2CO 3 to lower its corrosivity, its heat flux
increased, though melting somewhat incongruently. Accurate thermal conductivity
determinations through both solid salts would greatly aid in assessing this
apparent improvement.

M5
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•	 Li; (;0,3

Tho I1i , ) CO 3 unit. with the CO, blanket exhibited the highest. heat flux
of any salts and operated stably for more than 650 hours with no hystersis.
Good c.ompability with the stainless-steel containment was demonstrated,
although investigations should be conducted into other alloys for long-term
(30 years) applications, Its high heat of fusion (6.07 X 10' J/kg, 261 Btu/lk)),
stable experimental performance, and melting, point of 723°C (1339°17 ) make this
salt a prime versatile candidate for both large central receiver and small
dispc?rsed power systc,ns applications in the 700 0 to 750°C (1292 0 to 13820F)
temperature regime.

•	 (Na-K),ICO3 81..3-18.7 wt 2

This interesLing composition requires more? in-depth study for one to
completely understand Its discharge solidification characteristics. Only
the?n can the total impact of its apparent slush behavior on the thermal
performance? and 1.ts subsequent applicability be clearly eva.luatc?d. As one
will find 

in 
Section 2. 1 , though operating 50°C (90 0 F) higher, generally,

than the (Na-K),,!CO3 50-.,0 wt % system, this salt delivered 31% more heat
(Btu/hr-ft 2 ) over the same operating cycle. Its long-term (1032 Hours)
"r kpatibility with stainless-steel containment and $0.13/kg ($0.06/lb) unit cost

Lndicato a strong potential for cost-effective commercial TLS applicability
hi the broad range of 700° to 800°C: (1292° to 14720F).

!	 Na,)CO3

With its high mp of 858% (1576'F), medium heat of fusion of
2.65 X 1.0' J/leg; (114 Btu/1b), and extremely low cost of $0.07/kg ($0.03/lb),
this salt seems capable of immediately lending itself to high-temperature
solar applications in the 800° to 900°C (1472 to 1652'F) range, in which
the mass of T S medium is not restricted. Our initial experimental results
revealed nothing to negate this. They did, nevertheless, clearly illustrate
the present need to select and test alternate TES containment materials.
This selection should be performed not only on the basis of salt compatibility,
but also on the basis oA" possible interactions with actual working fluids
(high-temperature air, helium, and molten sodium) or their impurities and on
the basis of the physical and microstructural stabilities of theso alternate
materials (super alloys) at high temperatures for extended periods (anticipated
25 to 30-year plant goal lifetimes).

K2CO3

Although it exhibited a high average heat flux of 72,507 W/m L (23,000
Btu/hr-ft 2 ) through two cycles, these numbers are questionable because the
time at which the HX tube was breached i. unknown. K 2 CO 3 's lower heat of
fusion (2.0 X 10' J/leg, 86 Btu/lb) and stec, 1 v decreasing heat flux profile
result in an uncertain outlook for this salt 	 ultimate? utilization as a TES
medium in the 850° to 925°C (1562° to 1697°l+) range. Once again, the need
for investigating new containment materials for these high-temperature
applications was illustrated. Potassium carbonate should be reinvestigated
when adequate high-temperature containment materials are identified.

1.06
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•	 CaCl2 100 wt % and NaF-KF 32.5 -67.5 wt

It was found that chlorides and fluorides could not be handled, loaded,
and operated as c lily and safely as carbonates. As previously mentioned, the
use of either of these salt types on a large scale would require the maintenance
of a dry, 02-free inert environment over them to prevent extensive corrosion
of metallic materials. For the purpose of this investigation, testing of
chlorides and fluorides, using much the same procedure as that used for
carbonates, resulted in the loss of containment integrity and total system
failure.

2.3 Evaluation of TCE Materials

Introduction

An extremely important aspect of TES module performance is the development

of a means of increasing the average rate of heat transfer between the salt

3
	 and HX, particularly during discharge. Inspection of any salt thermal

discharge curve reveals a trend of decreasing instantaneous heat flux as th'a

thickness of solidified salt between the liquid/solid interface and HX

increases. Therefore, the limiting factor for the thermal performance of any

TES system during discharge is controlled largely by the rate at which the

latent heat of fusion released at the solid/liquid interface is transported

to the HX surface, through the growing; layer of solid salt. Incorporation

of a TCE medium within the PCM can significantly influence the performance,

design, and ultimate cost of the TES system. It allows achievement of relatively

high average discharge heat fluxes and possibly more uniform thermal input

to subsequent generators.

Considerations for the selection of suitable conductivity promoters

include —

•	 Thermal conductivity and heat capacity

•	 Compatibility with carbonates

•	 Cost

Y	 •	 Availability
f

•	 Fabrication to desired configuration.

Experimental Testing

Table 20 contains a list of potential TCE materials. This table spans

the range of thermal conductivities of available TCE materials, from

107
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21 W/m-K (.12 lieu /hr-ft-'F) for '310 SS to 308 Whii-K (:1.713 Btu/br-ft-°1 0 ) for

copper.

Of particular note are alumi.num (mp 660°C, 1220'F; tlaermal conductivity

220 W/m--K, 127 litu/hr--ft- * F) in(] copper (mi) 1061:3°C, 1981''; thermal.

conductivity 308 W/m-K, 1.78	 bath of Which possess thormal,

conductiv.it.ies .10 times Larger than austenitic stal.uless steels, and 2 to 6

times greater than the major constituents of these stools.

Corrosion Tosts

Aluminum Uuoeel . Based can tho attrzietivc thermal conductivity

of atuminum, a congaaatlbil.l.ty test of a 95 volume percent por011s, c011tiauaocas

aiuminum matrix (brand named Duocel.)* was performed :in a (1,i-Nar-K)2CO:j

tomary eutectic for over 4000 hours at 450% (840'F). (The mean pore size.
x

and volumee fraction of porosity can be varied over 'broad ranges during the

manufacturing of this paartfeular matrix.)

The carbonate mvi is were contaiaaed In alumina crucibles, and a flaw of dry

GO,, gas was ma int.ained over them during testing in 11otpack ovens. Table 21

summarl,vos the results of this corrosion test. Shawn in Figure 54 are an

unexposed aluminum Duoce.l cube and one tested for 528 hours. Although oan

may read i.l.y observe the slight discol.ora iJon, only aaogl.igible weight clva ages

occurred after 4180 hours of testing. 1~C1 t l.1J0Pruplay of a polished

cross-section aft or testing rovontod a vary thin, passive corrosion-product

layer, very a.i el,y I,iA1 O ,a .

Table 21. RESULTS OF CORROSION TESTING OF ALUMINUM DUOCKI, IN
TERNARY BUTLCTIC 43.5 an01 % I,1,,CO 3 , 31.5 mol. % Naa,)COQ,

25.0 anal % l(,,CO,i , 450%

Sample	 rx1)0sure	 We ht_z_ 	 WeiglatClKapke
N0.	 1'iane 	 11r,_	 Iaai ti.al	 F:InaI	 1^.

1	 168 2.9693 2.9663 0.0030 -° 0.1

2	 528 3.1034 3.101.4 -- 0.0020 0.06

3	 1522 2.9903 2.9777 --0.0126 0.4

4	 4180 3.0159 3.0138 ..	 0.002 -- 0.07

:e
Produced by Energy Research and Generation T.nc., Oakland, California.
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Although 'it has been depionstrated in lGT's fuel cell research".9 that

aaumi.num is stable in molten carbonates cat temperatures remarkably near

its mp (600°C, 1112°F), aluminum can only be considered as a TCE, material.

for low-tomperaiture TES applications because of its 6(10°C (1.220') mp.

Reticulated Vitreous Carbon. Samples of another candidate

enhancement material, porous ret iculated vitreous carbon (RVC) , WeI.0 also

cho gen for testing;. Corrosion Costs Were conducted in platinum crucibles

with thr. RVC :inuncrsod In the 50- 50 wt % (Ncl-lC)^_CO,I salt at 750°C (1382'F).

The initial. results indicated imcompati.bil-i.ty of the RVC and the salt. This

was then conclusively determined 
in a second 400 hour test in which the RVC

was continuously and totally submerged in the molten salt. The RVC sample

completely disintegrated, settling into a carbonaceous deposit Lit tho bottom

of the platinum crucibles. This salt/material incompatibility also eiintinated

RVC from '.CCTV applicability in the high solar-thermal. (538° to 871%) temperature

range.

Based on the promising Duocel compatibility results and on its high

thermal conductivity, this highly porous body of aluminul» was then evaluated

in z lab-scale THS unit. The results of this tryst and the evaluation of one

other 'I'CE concept are presented here,

Lab-Scale TC1^, Evaluation

Aluminum Duocel in (Li-Na -K)1CO 3 32-33-35 wt % (L3-2). As

mentioned in Section 2.2, 611 grams (1.3 lb) of the (Li-Na-K)PCO3 eutectic were

initially tested .gin the absence of enhancement material to provide a pe.r.formance

baseline to use when comparing the results obtained with Duocel.. This unit

utilized the original lab-scale design for low temperature, which included

a slip-fit transi.te top and three salt T/C's shrouded in high-quality alumina

sheaths. From this initial test, a baseline average heat :flux of 6,954 W/m2

(2,206 Btu/hr-ft") was determined.

After 10 cycles and 504 hours of operation, a cylindrically :fabricated

block of Duocel was installed into the molten salt, farce-fit onto the HX

tube. Figure 55 shows the Duocel after installation. The. unit was re-installed

and the test proceeded in this same cannister an additional 312 hours and

22 cycles.
^e

RVC Products Co., Ann Arbor, Michigan.

1.1.:1
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I

P8001007"1

Figure 55. FORCE-FIT INSTALLATION OF DUOCEL
ENHANCEMENT MATERIAL INTO CANNISTER CONTAINING

(Li-Na-K) 2 CO 3 EUTECTIC

ORIGINAL !F°AGE IS
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Discharge profiles with and without Duocel are compared in Figure 56.

Although the discharge solidification point remained unchanged (ti409°C,

768°F), the graphs are nonetheless significantly different. The time required

to solidify the ternary out to the T/C at r = 3.02 cm (1.19 in.) decreased

from 70 minutes to 40 minutes with the porous aluminum Duocel material, a

43% decrease in solidification time. Also, the unit with Duocel took 33%

less time to discharge from 450° to 350"C (842° to 662°F) than the baseline

module, and it reduced the time period of apparent salt temperature thermal

arrest by 57%. Effective TCE is also illustrated by the fact that Duocel

caused a 55% decrease in salt radial thermal gradient at the end of discharge

from 13°C/cm to 29°C/cm (61°F/in to 133°F/in). This fact is significant

when one considers that such a ocrease occurred acrot;s the relatively small

radius of 1.5 inches.

The change in the discharge heat flux profiles from no enchancement to

95 percent porous Duocel is also marked, as shown in Figure 57. The average

heat flux of 10,135 W/m 2 (3,215 Btu/hr-ft 2 ) with Duocel represents a 45%

increase in heat conduction through the solid salt to the air working fluid

over the same operating temperatures.

After 32 cycles and 816 hours of combined operation, this unit was then

shut down for post-test evaluation. As shown in Figure 58, the unit was

sectioned lengthwise, revealing a goad salt/TCE-material filling pattern on

solidification, with little inter-matrix void formation. Visual inspection

also revealed varying degrees of contact between the Duocel and HX tube,

varying from direct contact to as much as 2,388 pm (94 mils) separation at

one point. Despite the force fit achieved during initial installation, the

Duocel appeared to have relaxed away from the HX during operation.

One of the primary difficulties in using any reticulated conductivity

promoter is obtaining a good contact with the HX surface. An alternative

to force-fitting is to braze the aluminum block to the HX tube. But this

alternative proved too costly and time-consuming, because further work must

still be done to develop a braze for use with aluminum and stainless steel

that is also compatible with carbonate salts.

113
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Figure 56. (Li-Na-K)2CO3 (32-33-35 wt %) DISCHARGE PROFILE
WITHOUT AND WITH DUOCEL TCE MATERIAL

114

I
	

I N S T I T U T E	 O F	 G A S	 T E C H N O L O G Y



11/79
	

9100

r

(,w/M)xmxi 1d3H St103Nb1NVISN1'0

ti	 N	 (ND	 In	 9	 Ln

0

M O

toM
NM
M ME

O
V

J Y f Q U
J Z cc F-	 0,0

10 0

^ rQ Q ^
J	 (n Q O d

W

H

X
O
U-

Q
W
S

O	 co
O	 `r'N

0
0
O
OD
Q

O	 W01	
U

^sO^{

OO	 W
^

i
P

O E-

0tD
UUi H

d A H

.E- O
0 E U

N

lid	
O

O
d'

w
O H

r^

^ ^HH

r
U

O
N	 ^

Ln

N

^p
bD

O	 ri
W

O	 O
m	 aD

O
O	 O	 O	 O	 O	 O	 O	 O
O^	

(D	 to	 1"	 M	 N

(.1J- a4/n18) X8'13 LV3H snO3NV.LNV.LSNI 40

115

ly.

I	 N S T	 I T U T	 E O F G A S T E C H N O L O G Y

MA



1 ̂ ^ t̂%̂ r+ny _

r ^

r 0

w

n

P80010073

11/79
9100

I ;	 SECTIONED HX TUBE
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-' OF 	•^	 DUOCEL MATRIX
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Figure 58. LONCITUD MAL CROSS SECTION THROUGH MODULE L3-1 AND L3-2
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81.3 wt % Na2CO 3 - 18.7 wt % K2CO 3 (Module U-3). It has been

determined from previous TES work performed at IGT 16 that heat transfer

resistance in the PCM is the major TES performance-limiting factor. This
effect, which results from the low thermal conductivity in the solid phase,

reduces the heat flux through the solid PCM that forms on the salt-side

heat-transfer surface. It is the primary limitation to using a passive

HX in the TES system. With these problems in mind, this particular (Na-K)2CO3
system was chosen as the third TCE concept to evaluate. From Lnis system's phase

diagram, a mixture of 85-15 mol o Na 2 CO3-K2CO3 appeared to represent a system

that would solidify incongruently over the range 790 0 to 740°C (1454 0 to

1364°F) upon discharging.

It was considered that such incongruent solidification could result

in a "slush-type" salt behavior, perhaps eliminating the formation of a

s	 continuous crust of solid salt on the HX surface. In this way, heat,transfer

could be enhanced by convection in the remaining dispersed liquid phase.

To this end, 821 grams (1.8 lb) of this salt mixture was loaded and run

as both a prospective high-temperature solar-thermal TES medium and T.CE

material. Examination of the salt temperature profile as a function of

time (Figure 59) reveals that no actual thermal arrest occurs in the temperature

range 790 to 740'C (1454° to 1364°F); instead, two slight inflection points are

exhib •A ted in this area. This apparent behavior is consistent with the incongruent

character of the published phase diagram.

Also, from Run 21 (Figure 60), the average heat flux of 48,375 W /m2

(15,345 Btu/hr-ft 2 ) was calculated. This represents a 31% incraase in heat

flux to the air working fluid by this mixture over that of Module U-1,

containing 50-50 wt % Na 2 CO 3 -K3 CO 3 over the same "working cycle." Also,

throughout its experimental life, this system's performance was consistent

and stable.

This salt system was subjected to prolonged cycling of 38 charge/discharge

runs and 1032 hours at operating temperatures of 813 to 713% (1495° to 1315°F),

with no system failures or Galt leakages. After a forced cooldown at 5.1 m3/hr

(180 ft 3 /hr), the cannister was sectioned at mid-salt.
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Some interesting observations come to light when this salt's crystal

patterns (Figure 61) are compared to the solidified surface of the similarly

cooled Na2CO 3-BaCO 3 congruently melting eutectic of Module L3-3. Rather than
the pattern of crystals indicative of rapid cooling (Figure 47), one encounters

unoriented crystals of similar size and geometry occurring from the HX tube

to the can inside-diameter.

In view of these facts, the thermal conductivity enhancing "slush"

behavior of the (Na-K) 2CO 3 mixture is notably confirmed by the --

0	 Absence of thermal arrest in its salt temperature discharge profile

0	 Incongruent solidification patterns

•	 31% increase in average heat flux over the 50-50 wt % congruently
melting (Na-K) 2COg eutectic.

The post-test chemical analysis of this salt, which revealed no decomposi-

tion after 1032 hours and little corrosion, is summarized in Table 22.

Table 22. (Na-K) 2COg 81.3-18.7 wt % "SLUSH" PRE- AND POST-TEST CHEMICAL
ANALYSIS

Chemical Analysis, Wt % 	 Na	 K	 CO3	 Fe	 Cr	 Ni

Pre-Test	 35.27	 10.58 54.16	 <0.01 <0.01	 <0.01

	

Post-Test (r = 0.23 in.)	 35.16	 10.02 54.59	 0.05 <0.01	 <0.01

	

(r = 0.68 in.)	 35.00	 11.65 55.35	 0.02 <0.01	 <0.01

	

(r = 0.95 in.)	 35.07	 11.99 55.15	 0.01 <0.01	 <0.01

Techno-Economic Considerations-.ref TC'F, Matt-rrzals

When considering the feasibility of TUB concepts,, one must evaluate both
the technical and economic aspects of the problem, that is, the cost/performance
trade-offs. In costing an actual TES stzbsytite.,ly ".h;E?: major component costs to

be considered include -

•	 Salt PCM

a	 Containment and HX materials

•	 Fabrication and assembly
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•	 Insulation

•	 Instrumentation and controls

•	 TCE materials or active HX system.

Economic analyses indicate that TES subsystem costs are dominated by

salt and containment/HX Gusts. Yet the overall subsystem cost may be either

salt-cost intensive or HX-cost intensive, depending on the application's duty

requiremOjits, which dictate selection of salt properties and HX configuration.

Although TCE materials do indeed add an incremental cost, such an approach

may reduce the required heat transfer area in HX-cost-intensive cases enough

to result in a net decrease in total TES subsystem cost by reducing HX

materials and fabrication costs. Other items to consider when one is selecting

TCE materials and designing subsystems are the sensible heat storage capability

added to the subsystem and the nominal increase in required TES volume caused

by displacement of salt and its latent heat.

Conductivity Enchancement Factor

The most practical porous aluminum densities for TES application are in

the range of 5% to 20% of theoretical density (i.e., 0.95 to 0.80 volume

fraction porosity). In this range, the porosity is essentially completely

interconnected, so that both the salt and aluminum enhancement form continuous

phases throughout each segment of the TES. To a first approximation, then,

the effective thermal conducitivity of the two-phase mixture can be expressed

as —

keff	
f 

s 
k 
s + fAlkAl = (1 — f

Al )ks 
+ fAlkA].

where —

fAl = volume fraction of aluminum enhancement material

f = volume fraction of salt
s

kAl = thermal conductivity of aluminum enhancement material
at theoretical density

k  = thermal conductivity of solid salt.
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Additional posts are undeniably associated with any enhancement material.

It must be realized that certain counterbalancing trade-offs do exist: the

increased keff will also lead to a need for less 13X area. This may significantly

offset the cost of enhancement when the net TCE cost is viewed as being

approximately equal to the cost of enhancement material minus the cost, of

 savings of reduced HX area, considering the salt storage voluipe displaced

by TCE is negligible.

As a first-cut estimate of the performance-cost trade-offs involved in

the use of conductivity enhancement materials, it is useful to consider the

relationship between the enhancement factor, F (F = keff/ks), and the

capital cost of the materials. F factors based upon the curves of Figure 63

have been calculated and are plotted in Figure 64 as the ratio of enhancement

x	 factor to unit price, F:$/m 3 (F:$/ft 3 ), as a function of percent

}	 theoretical density of aluminum for a range of assumed k values. These
5

curves are based on a theoretical density of aluminum of 2,712 kg/m 3 (169.3

lb/ft 3 ) and an estimated bulk-quantity cost for the fabricated porous

aluminum struture of twice the raw material cost [i.e., 2 X $1.1/kg ($0.50/lb);

see Figure 65 for assumed cost versus density]. As expected, the enhancement

factor-to-cost ratio decreases with increasing k  values. It also decreases

somewhat with increasing aluminum density, although this trend mostly reflects

the assumed shape of the cost versus density curve, shown iu Figure 65.

The effect of an enhancement material on performance is best shown

through use of the heat transfer model. based on Megerlin's solution to the

moving boundary problem.24

Parametric curves previously derived for the engineering-scale units,

which contain LiKCO 3 and are cooled by high-velocity ambient air, are shown

in Figure 66. These curves show dimensionless time (NFo ) required to solidify

the LiKCO3 salt of Engineering Unit 2 to a dimensionless thickness (R-1).

For these units, N ph = 0.57 and NBi = 0.76, in the absence of any conductivity

enhancement. Approximately 5 hours are required to discharge these units;

this time corresponds to N Fo = 20.7 before correcting for removal of superheat

prior to the start of solidification. Such a discharge results in a solid

salt layer of reduced thickness, R-1 = 3.7, and appears as Case Iv in Figure

66 for k  = 2.25 W/m-K (1.3 Btu/hr-ft-°F). But if porous aluminum

126
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enhancement of 8% density were introducted into the system, keff would

be expected (by Equation 33) to increase from 2.25 W/m-K (1.3 Btu/hr-ft-°F)

(ks for solid LiKCO^ without enhancement) to 11.2 W/m-K (6.5 Btu/hr-ft-°F),

and an F-factor of 5 (Case VI). Figure 66 also shows that the parameters NBi

and NFo have different dependences on keff:

N B i	 it- 1 _'_
off

and

NFo keff

so that now NBi = 0.15 and NFo = 103. As indicated, this 5-hour discharge

with an enhancement factor of 5 would allow solidification of a layer of

r	 thickness R-1 = 5.3. With the relative solidified volume being proportional

to r2 (from R = r/ro , ro = 1 in.), the enhancement material could increase

the average heat flux so that approximately twice (1.8 X) the salt volume

could be solidified in the same time. In a large TES unit with multiple

HX's, this is equivalent to reducing the required HX surface area by a factor

of two, and it results in corresponding cost reductions.

Because of this potential for increasing the thermal performance and/or

decreasing the cost of TES subst-yems by incorporating TCE materials, it becomes

apparent that an extensive search for and evaluation of such materials for

use in molten carbonate environments should be extended to the 700° to 870°C

(1300° to 1600°F) solar-thermal regime.

2.4 Conceptual Design of TES Module for Solar-Thermal Power System

Use of the Heat Transfer Model in Large-Scale TES Solar-Thermal
Power System

Introduction

The phase-change heat-transfer model developed by Megerlin and modified

during our previous TES program at IGT can also be used in large-scale system

design. 16 The existing model can be used to determine the thickness of

solidified salt around a cylindrical internal HX tube that carries a working

fluid as a function of the time it has cooled from its mp. This

solidification is measured in terms of the radius of the internal well.
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For a conceptual system design that has a large molten salt bath with

a number of pipes parallel to each other in a well-,formed matrix, carrying

the working fluid through the salt bath, the model will determine the pipe

spacing, the number of pipes required, and the length needed (given the

pipe radius) for a particular storage requirement. Thus, the energy discharged

from a unit is related to the physical design of the system, allowing a

balance between the energy required by the working fluid and the energy that

M,
	 is discharged as a result of the system design.

TES Sub-System for Large-Seale Solar-Thermal Power PI nt (Air Fluid)

The heat transfer model has been applied to the scale-up design of a

storage sub-system of a central-receiver solar-thermal power-plant that

utilizes a high-temperature Brayton cycle with high-temperature, high-pressure

air as the heat transport fluid.

Such a central-receiver solar power-plant concept has been proposed by

Boeing, 26 utilizing a high-temperature, closed, Brayton-cycle thermal engine,

with helium or air as the heat transport fluid. Figure 67 is an overall view

of the central receiver and heliostat field, with the power plant and storage

subsystem at the base of the receiver tower.

Figure 68 illustrates a solar-thermal power plant schematic incorporating

the TES unit. The primary flow circuit from the receiver is through the

turbine(s), the recuperator (low-pressure side), the precooler, the compressor(s),

the recuperator (high-pressure side), and back to the receiver. The alternative

thermal-energy stroage loop extends solar-plant electrical-power production

into non-insolation hours. The resultant phase-change TES conceptual design

is summarized in Figure 69. The phase-change medium is contained in an

insulated underground vessel. The working fluid is channeled through the

specified design number of straight superalloy tubes and collected by manifolds

at the top and bottom of the vertical vessel. The carbonate salt can then be

contained as a bath immersing the HX tubes. The vertical flow arrangement, with

the hot working fluid entering the top manifold during charging and the cold

fluid entering the bottom manifold during discharging, will maintain the solidifed

salt below the liquified portion. This arrangement will provide for unrestrained

volume expansion during salt melting, reducing stresses on the system

containment and HX tubes.
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The system is designed to deliver 50 MWth over a 6-hour period, thus

requiring a system capacity of 1.08 X 10 12 J (1.02 X 10 9 Btu).

Conceptual design of the TES subsystem is based on use of pure U2COS

(mp of 723°C, 1333°F) as the PCM for the purpose of heating the 3.45 MPa
(500 psia) air from 538°C (1000°F) at the inlet to 704°C (1300°F) at the

outlet.

For a 50 MWth TES delivery, the air flow rate then must be —

mf = 50 MW X (1.08 X 10 19 J/MSS`) (1 ) ( 1,11.87 X 10 5 J/kg)

= 9.66 X 10 5 kg/hr = 2.13 X 10 6 lbm/hr
	

(35)

Also, from the thermal capacity —

nos = (1.08 X 10 12 J) (1/6.07 X 10 5 J/kg)

= 1.78 X 10 6 kg = 3.93 X 10 6 lbm	(36)

of salt (heat of fusion only) are required for storage. The volume of salt

that must then be solidified ','using the room temperature density for a first

approximation) is —

Vs = (1.78 X 10 6 kg)/(2108 kg/m 3 ) = 843.8 m3 = 2.98 X 10 4 ft 3	(37)

This now determines the "fixed volume" requirement that the heat transfer

model will be applied to solve. The phase-change number determined for a

mean air temperature of 621°C (1150°F) is —

(AHf ) ( Pk)
Nph = C
	 (t -t ) p	 = 1

.94 c- 2	 (38)P(S)
	 m as

M.

i
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where

AHf 	= 6.07 X 10 5 .1/kg (261 Btu/1bm

I) Q 	= 1834.1 kg/m 3 (114.5 lb/ft3)

p s	 = 2108 kg/m 3 (131.6 lb/ft3)

Cp(S) = 2625.1 J/kg-K (0.627 Btu/lb-°F)

tin	 = melting point temperature = 723°C (133301')

to	 = mean air temperature = 621.1°C (1150°F)

The Megerlin plots for Nph = 2 and a range of Biot- numbers appear in

Figure: 70.

In this example, pipes 3.81 cm (1.5 in.) in diameter were chosen; the

4	 number of pipes required, their: spacing, and their length had to be determined.

The Fourier, number corresponding to a 1.9 cm (0.75 in.) radius and 6-hour

discharge time (T) is —

N;Eo = r 
T = 15.67	 (39)

02

where a _ 
lc

-
cpps

Given the pipe diameter, (d = 3.81 cm, 1.5 in.) 2r0
, the Biot number NBi is

specified for using the Megerlin plots in Figure 70 to determine r l , which

will yield the thickness of solidified salt (r, - r o ) and the pipe spacing

(2r i, ). The pipe length is determined irom the fixed volume requirement —

V
L1	 (r.^2 _sro2) nrr = 43 .8 in 3 /(r1 2- ro Z ) n'rr

_ [2.98 X 104 ft3 /(r],2 - ro t ) nir]

With the Biot number being given by —

h fro

NBi 
v 

k
s

(40)

(41)
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an expression for the air-side heat transfer coefficient, hf ) must be derived.

In general, one may assume fully turbulent flow in the air tubes. This

assumption thus permits use of the Nusselt equation —

	

0.8	 0.2	 11fd
NNu = 0.023 Nhe-.	 NPr - k	 (42)

to derive the expression for h f . Solving Equation 42 for hf yields —

	

I

	
1 0.8

li _ 0.02 N0.2 lr	
mf	 (r -1.8 ) (11-0.8 )	 (43)

f	 Pr	 C,	 7ru f ;	 o
-

where n = number of pipes with radius r o . Substituting into Equation 43 the

appropriate properties for air at 621°C (.1150°F) and 3.45 MPA (500 psia), while

setting ro = 1.9 cm (0.75 in.) and riff = 9.66 X 10' kg/hr (2.13 X 10 6 lb III
yields -

lt f = 47,363/n0 ^ 8 (W/m-K)	 [27,366/n0.8 (Btu/hr-ft -°F)]	 (44)

It can be seen from Equation 44 that L  and r  are both dependent on

the number of pipes to be used. The pipe length, L l , can be determined for

any number of pipes by selecting n and calculating h f from Equation 44,

determining NBi and using it to find r 1 from the Megerlin plots, then

substituting r 1 and n into Equation 40, and solving for Ll.

When one has calculated a pipe length consistent with a given number of

tubes, n, that are sufficient to remove the heat from the salt volume, he

must consider if sufficient heat-transfer surface is present to heat the air

to the required outlet temperature.

Assuming that the PCM remains at its melting point, the enthalpy change

in the air working fluid as it progresses through the pipe is described by —

dt^Ifc p f
 d	 dL = hf (tm - t) = hf (726°C - t) [hf (1338.8°F - t)]	 (45)
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Rearranging Equation 45, integrating, and evaluating (given that at L = 0,

t = 538°C (1000°F), and at L = L 2 , t = 704°C (1300°F)], leads to --

L2 = 1.838 
nlf CPf
n'Rhfd

The total heat transfer requirement will be satisfied when n is chosen so

that L 7 = L2, thus meeting both the fixed--volume and air-temperature requirements.

The solution is obtained graphically by using Equations 40, 44, and

46, and the Megerlin plots of Figure 70 to derive Table 23.

The values of L1 and L 2 are shown as a function of n in Figure 71. The

intersection of the two curves, representing the design solution, occurs at

n = 52,000 and L 1 = L2 = 3.38 m (11.1 ft). This design operates with [if =

7.96 W/m-K (4.6 Btu/hr-ft 2-°F) and r i = 4.34 cm (1.71 in.). Therefore, the

design conditions for the TES operation can be met by solidifying 1.8 X 10 6 kg

(3.9 million 1b) of Li 2CO 3 cylindrically around 52,000 pipes, 3.81 cm (1.5 in.)

in diameter and 3.38 m (11.1 ft) long, spaced 8.7 em (3.42 in.) apart,

over a 6-hour period. A top view of this TES subsystem, with hexagonally

arrayed tubes, appears in Figure 72. As a final check, the total area open

to air flow is ---

2
A = n7r ro t = (52,000) (7r) (^00) = 59.3 m2

(52,000) (7r) ( 012 5 , = 638.1 ft 2 	(47)

The linear air velocity is

(9.66 X 10 5 kg/hr) (hr/3600 sec) (0.0699 m3/kg)
V -	 5	 rir^	

= 0.32 m/sec
9.3 

(2.13 X 10 6 lb/hr) (hr/3600 sec) (1.12 ft 3
/lb) = 1.04 ft/sec (48)

638.1 ft

Where the specific volume of air at 3.45 MPa (500 psia), 621°C (1150 0 F) is

0.0699 m3 /kg (1.12 ft 3 /lb), the Reynolds number is -

(1.5/12 ft)(1.04 ft/sec)(0.891 lb/ft 3 )(3600 sec/hr
NRe = dvpf/ufn _
	

0.0466 lb/ft-hr

= 4.65 X 108 /n = 8,945 (n = 52,000)
	

(49)

7.39

(46)
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which confirms the turbulent flow assumption and verifies the use of the

Nusselt equation to derive the air--side heat transfer coefficient.

It is to be kept in mind that while the above design does indeed satisfy

the performance requirements, it is not necessarily the optimum design. An

optimization analysis must include studies of the effects of pipe sizing and

of the use of conduction enhancement and determination of the cost-effectiveness

of each design, which is beyond the scope of this project. Nevertheless this

example does show the importance of the heat-transfer model and does identify

the key parameters involved in designing a latent-heat TES subsystem for

solar-thermal applications.

r
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CONCLUSIONS

Steani-Bl.ec tric Power System Definition

In this project, we ­

•	 Defined a 'TES utilization concept of an electrical generation subsystem,
composed of a multistage condensing steam turbine and a TES subsystem
with a separate power conversion loop. [The primary plant: provides
steam at 538% (1000°F) and 16.5 MPa (2400 psia).]

•

	

	 Evaluated conceptual designs for a 100 MW( L,) TES peaking system providing
steam at 316% (600 0 iF), 427°C (800°1,'), and 454% (350°F) at 3.79 MPa
(550 Asia).

31.6% case: Threo stages; charge-to-discharge mass ratio of
1.12 with a 20% system off icioncy. Average break-even storage
cost, with electrical generauion subsystem cost of $200/kW
and desired energy costs of 60 hills /kWllr (0) is $43.5/kWhr (e)'

427°C case: Six :isothermal sections; charge-to-discharge
mass V ratio of 1.2 with a 28% system: officir ncy.

454°C case: Seven isothermal stages; charge-to-discharge
mass r4tt .a of 1.3 with a system efficiency of 30%. Average
break-even storage cost is $52/kWhr ( e).

0

	

	 Concluded TES-peaking-system utility applications that employ a separate
power-conversion loop appear technically viable when interfaced with
high-temperature, high-pressure base-load steam-electric plants.

0

	

	 Concluded the economic feasibility of the TES peaking system depends on
the development of reasonably priced containment vessels/HX's with
high heat flux rates.

Salts

•

	

	 Carbonate salts are attractive candidates for thermal energy storage
applications.

-° They have excellent thermal, chemical and physical. properties
and stabilities.

— ,Safe, simple handling procedures can be used.

•

	

	 The feasibility of using alkali./alkaline earth carbonates as latent-heat
thermal-storage materials over the temperature range 397° to 898°C
(747° to 1648°F) was demonstrated.

•

	

	 Li.KCO3 (nip 505 0 C, 941°F) exhibited excellent chemical, physical
and thermal. stability for over 5600 hours and 1.30 cycles and was
compatible with Type 316 SS. No change in salt chemistry occurred.
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•

	

	 Pure L1 2CO^ [6.07 X 10 5 J/kg (261 Btu/1b), $2.05/Kg ($0.93/lb)] and Na2CO3
[2.63 X 10 J/kg (113 Btu/1b), $0.07/Kg ($0.03/1b)] appear attractive
as PCM's in approximate temperature regimes of 700°C (1300°F) and 815°C
(1500'F), respectively.

•

	

	 The Na2CO 3-BaCO 3 mixture is an attractive, low-cost ($.18/Kg, $0.08/1b)
mixture for ,u700°C (N1300°F) applications.

•	 Salt of 85 mol % Na 2CO3 - 15 mol % K2CO3 solidified incongruently over
^`.	 the temperature range 785° to 740% (1445° to 1364°F).

•

	

	 Salts of CaCO 3 and BaCO3 were chemically stable as mixtures with alkali
carbonates over the 650 0 to 700% (1200° to 1300'F) range.

•

	

	 Addition of 15 mol % CaCO 3 to (Li-Na-K)2CO 3 ternary eutectic lowered
the melting point from 397° to 383°C (747 0 to 7210F).

•

	

	 Carbonates can be melted and loaded in air environment safely and
acceptably.

•

	

	 Chlorides and fluorides require more sophisticated handling fabrication
and operation procedures.

- Vapors are toxic in air.

-- They must be handled and cycled in dry, inert environments to avoid
accelerated containment corrosion by oxygen/moisture contamination.

Containment and HX Materials

•	 Types 304 and 316 SS demonstrated good compatibility over a range of
370 0 to 650°C (700 0 to 1200 0 F). Salt-side oxidation of ".type 316 SS 25 Um
(1 mil) after 5650 hours in contact with LiKCO3 at 482 0 to 524°C
(900° to 975°F) occurred.

• Prolonged operation above 650°C (1202°F) results in greater salt creepage
and increased oxidation, carburization, grain boundary, carbide precipi-
tation and brittle sigma-phase formation in austenitic stainless steels.
Use of superalloys sould be investigated.

•

	

	 Use of CO 2 blanket over molten carbonates above 650°C reduces the
rate of oxidation and carburization of stainless-steel materials.

TCE Materials

•

	

	 Porous aluminum material is attractive in carbonates to near its mD of
ti650°C. It demonstrated long term stability at 450°C (840°F).

•

	

	 Addition of 5 vol % aluminum Duocel increased the average discharge heat
flux in ternary (Li-Na-K)2CO3 eutectic (mp 397"C, 747°F) by ti45%.
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0	 Reticulated carbon matrix is not compatibile with carbonates under air
at 750°C (1382 °F).

•	 An incongr-Lient slush concept of 85 mot % Na;)CO 3 - 15 mol % K2 CO 3 salt
exhibited a beat flux 31% higher than the 45•-56 mot % (Na-K) 2 C0:3 system.

•	 Cost/benefit trade-off of TCE materials for solar-thermal systems depends
on system design 4ind duty cycle, and salt and TCE material characteristics.
Further work is required for applications above 650% (1202'F).

TES Module Thermal Perforiiiance

a	 Over :1.000 hours of stable laboratory-scale and 5000 hours of stable
engineering-scale performance have been demonstrated with carbonates.

•	 Repeated thermal cycling (20-130 cycles) did not affect physiochemical
properties or cyclic thermal performance of any carbonate salts studied.

•	 Baseline thorma:l discharge characteristics and heat fluxes for salts
considered for solar-thermal applications [37,830 - 75,660 W/m 2 (12,000 -
24,000 Btu/hr.-ft^) in 0.1 Wir th units] were established.

0	 The beat-transfer model based on Megerlin's solution shows agreement
between predicted and observed interfacial location during heat
removal from PCM.

•	 The beat-transfer model for scale-up to multi-tube 50 MW th HX
configuration at 704°C (1300°F) was utilized.

•	 The thermal enhancement concept provides more efficent util-lzation
of beat-transfer area.
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RECOMMENDATIONS FOR FUTURE RESEARCH

•

	

	 Screen and evaluate high-temperature alloys as carbonate containment
materials for 650 0 to 870°C (1200 0 to 1600°F) applications.

•

	

	 Pursue development of cost-effective salt, containment, and insulation
materials.

• Scale up to 10 Mirth modules and conduct endurance testing of the
most promising salts identified in lab-scale (0.1 kWhr th) studies,
utilizing working fluids considered for commerical applications.

•	 Continue cost/benefit trade-off analyses and compatibility/performance

	

n .
	 studies on TCE materials in a 650° to 870°C (1200° to 1600°F) temperature

range.

	

3
	 •	 Further develop and experimentally verify the heat-transfer model to

account for TCE materials, high-temperature working fluids, alternate
HX configuration, and superheating and convective mixing effects on
solidification and melting behavior.

•

	

	 Maintain cognizance of and active interaction with ongoing TES
systems design and analysis studies to provide effective feedback
to salt/HX RFD efforts.
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Table A-1. CONVERSION FACTORS

Non-SI Unit Operation SI Unit

atm X 1.013 X 10 5 Pa

Btu X 1055.06 J

Btu/lb X 2326.00 J/kg

Btu,/lb-°F X 4186.80 J/kg-K

Btu/hr-ft-°F X 1.731 W/m-K

Btu/hr-£t 2-°F X 5.678 W/m2-K

Btu/hr-f t 2 X 3.154 W/m2

Cal X 4.18 J

°C + 273.15 K

cP X 0.001 Pa-s

O F (5/9)	 (°F-32) °C

ft X 0.3048 m

ft 2 X 0.0929 m2

ft 2 /hr X 0.0000258 m2/s

ft 3 X 0.0283 m3

in. X 0.0254 m

in. 2 X 0.00064516 m2

lb X 0.4536 kg

lb/ft 3 X 16.018 kg /m3

lbm/ft2 -s X 4.882 kg/m2-s

1	 mil X 0.0000254 m

psia X 6894.8 Pa
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APPENDIX B. Carbonate Phase Diagrams
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