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CORVBRASIOR TACTORI

Bon-SI Canit Operation S1 Unit
Btu X 1055.06 J
Btu/l1b X 2326.00 J/xg
Btu/1b-°F X 4£186.80 J/xg-K
Btu/hr-ft-°F X 1.731 W/a-K
Btu/br-fe2-°F X 5.678 w/al-k
Btu/hr-ft? X 3.154 ¥/n?
°c + 273.15 1 4
cP X 0.001 Pa-s
°F (5/9) (°F + 439.67) K
ft X 0.3048
fe? X 0.0929 n?
ft?/nr X 0.0000258 a’/s
ic? X 0.0283 n’
in. X 0.0254 1Y
in.? X 0.0006451 n’
1t X 0.4536 kg
ib/fe? X 16.018 rg/e?
1bm/fti-s X 4.883 kg/n’-s
ail X 0.0000254 -
psi X 6894.8 Pa
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ARSTRACT

The fosgibilicy of stoving therwn] emergy ot temperstursa of .30° ta
535°C (850° to 1000°7) in the form of latant best of fusics has bess examised
for over 30 instgmmic salts and sait aixtezes. Alkaii carbomsts mixtures aze
attractive as phesc-change storage msterials in this temperature range becaus.
of their relstively high storage capecity sni thrrwml comductivity, moderats
cost, low vo.umetric expersiocs wpor meitisg, sw corrceivity, aad poed chemical
stability. An equimolar wixture of Li,C0); aad K;00;, which selts st 363°C
with & latent Mear of 148 Btu/1b, was chosen for experimsmtal stwiy. The
cyclic charge/discharge behavior of laborstery- and eagiseering-scale systems
wes deternined and compared with predictions besed on s mathesvatizal hest-
transfer sodel the. wes deveioped duriang this progras. 7Ti& thermal performence
of one r'gineeriag-scale wnit remsined very stable duriag 1400 hours of cyclic
operation. Several mesms of improviag hest conductica through the solid salt
were explored. Aress requiriag further iavestigation heve besa ideatified.
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SENUART

A research program directed toward evalusting amd demvustrating the
techmical fesuibility of a molten salt thermal energy storage system has been
completed. This fiwal report descrides the work performad wumder thess titles:
Task ! — Sait Selecticm, Task 2 - Neat-Transfer Aralysis and System Design,
Task 3 - Comstruction, Operstisn, sud Performsace Dveluwstion of Emgimeering-

Scale Systess, Task 4 — Comperisce of Experimsatal Systes Performsace to
Predicted Performance, sad Task 5 — Summary, Conclusions, sad Reccmmendations.

A total of .1 twmorgmmic salts sat seit miztwres, iscluodiag aine alkali
and alkalias earth carbcasts nixtwres, were evalusted for thedir suitahility
a8 heat-of-fusicn theraml enersy storage materials st teaperstures of 450°
to 5)5°C. Thermophysical properties, safety hezards, corrwsiom, amd coet of
these salts were compssed ca & commwa basis. Alkali carboastes were foumd o
be attractive as her:-of-fusion storage mstevisls in this tourpersture ramge
because of their relatively high storage capecity and theramsl coaductivity,
soderate cost, low volumetric expemsion upom meliing, low corroeivity, sad
good chemical stability. A 35 weight percemt Li;005 — 65 weight percest K200,
sixture vas seiected as a2 model system for experimsstal work. This mixture
forms an intermsdiaste compound LiKCO;, which melts coungrusesly at 505°C with
a hoat of fusion of 148 Bew/ld.

A mathesutical model was developad to evaluste the problem of hest
transfer from s moving solid/liquid interface to aa intermal comcentric heat-
exchanger tube. This model was used to design laboratory- and engineering-
scale storage uaits sad to evaluate their thermal performsnce during cycling.
The engineering-scale units wvere 1 foot in 0D and 1.5 feet high with a 2-in.-
diameter heat exchanger tube; the laboratory-scale umits were 3 in. fin OD and
S inches high with a 0.5-in.-diamster isteraal tube.

Thermal perforammce of the engineering-scale systems was deternined duriag

chargs,'¢ischargs cyclus; high-velocity ambient air was the discharge working
fluid. At *%e air flow rates investigated, the rate of discharge was limited

by heat conduction through the growing layer of solid salt on the hest exchamger
surface. Enhancement of hesat conduction was accomplishcs by randcaly dispersing

wetal wools in the carbonate salt phase and by adding metal finu o tChe heat
exchangsr. WNo significant losses of system performsnce, salt instabilities,

or metallic corrosion were chsarved sfter 1400 hours of operation. The thermal
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DETAILED DESCRIPTION OF TFCHNICAL PROGRESS

Task 1. Salt Selection

Introduction

Storage of thermal emergy at temperatures above 315°C (600°F) may be
desirablé for a number of applications, such as —
a. Conventional base-~load power plants
b. Solar Thermal Power Systems
c. Cyclic- or batch-~type industrial }ror:sses

d. Vehicular propulsion using heat engines. - N

Generally shaft power from a thermal engine and/or thermal enersy itself

can be produced by heat exchange with tbhe thermal-storage media (Figure 1).

THERMAL
INPUT —™
]
SHAFT
' K POWER
THERMAL HEAT
STORAGE ENGINE
A76030%96

Figure 1. THERMAL STORAGE SYSTEM FOR SHAFT POWER APPLICATION

Consideration of the temperature of the thermal input, thermal stability,
compatability of the storage media with their means of containment and heat
exchange, and of the desired end prbdu6t’(shaft power or thermal energy)
generally sets the choice of storage temperature. For example, in the case
in which the thermal input to the storage media. comes from either application
a or b above, a useful temperature range of;fﬁe storage media is expected‘ ‘
to be 450° to 535°C (850° to 1000°F), The production of shaft power is the
highest quality use of such stored thermal energy; therefore, maximizing

the storage capacity within a narrow temperature band in this range is thermo-
dynamically desirable hacause therméi engine efficiency is a funétion of the
temperature of the input energy (Figure 2). If the quality (temperature) of
the thermal input to the heat engine is allowed to vary, costly engine-

4
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generation control equipment would be required to maintain a constant power
output from the plant and the overall plant efficiency would sufrer. The
temperature of the thermal input to the heat engine should remain comstant

to maximize its efficiency.

Table 1 shows some choices for thermal storage media in the 450° to 535°C
(850° to 1000°F) temperature range. The higher storage capacity of a phase-
change material (PCM) for which the latent heat provides the major share of
the total capacity is readily seen. From the table we observe that large
storage volume will be required if sensible heat is stored in high-pressure
steam. A typical refractory material such as Mg0 will require 3 times the
volume and 4 times the weight of a typical PCM.

&0}

50l IDEAL

_—‘
o
40
- C g
-

4
'0

Cd
30l ,*° ACHIEVABLE

EFFICIENCY, %

< " i ' ) F]

O i e dve- - -
" 100 300 500 "':’CXJ.F 900 100
TEMPERATURE,

- ATEQ305%6

Figure 2. WOHX EFFICIENCY USING HEAT AVAILABLE AT TEMPERATURE T AND
REJECTING HEAT AT 100°F
(Adapted From Hausz and Meyer'?)

Compared with the other media, molten carbonate salt PCM have the
u”following potential advantages:
a. The melting points are in the desired temperature range (450° tn 535°C).
This means that the relatively high latent heats of melting >135 Btu/1lb
(>350 J/g) can be utilized, leading to compact system sizes, and that

the heat is available at a constant temperature (at the melting point),
thus providing good quality input into a thermal engine,
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3/78 8981

b. Their good thermal conductivities relative to other salts result in
efficient heat transfer and thermal management.

c. Their low vapor pressures result in low-pressure design and potentially
long usable lifetimes.

Table 1. WEIGHT AND VOLUMF. OF MEDIUM REQUIRED FOR STORAGE OF 106 Btu
THERMAL ENERGY [Storage Medium Operating Between
450° and 535°C (850° and 1000°F)]

Weight, Volume,
Pressure 1b/19° Btu ££3/10° Beu
Molten Salts Atmospheric 7500 53
(Carbonates)
Steam . 100 psia 850 7,000
MgO Atmospheric 22,000 100

T ‘High-temperature, molten salt TES systems have received limited attention,
iqﬂﬂ dita on- their heat transfer characteristics, cycle 1ife, corrosion, and
éélé stability are lacking. The program at the Institute cf Gas Technology
(iGT) is directed at obtaining some of this information for carbonate salt
mixtures suitable for use at temperatures ranging from 450° to 535°C (850°
to 1000°F). The purpose of the salt selection task (Task 1) was twofold:
1. To identify promising salt systems by comparing thermophysical and cost

characteristics of salt mixtures, -which have a melting point between
450° and 535°C (850° and 1000°F).

2. To select a model salt system for initial experimental work. The
methodology and data generated for this model system can then be easily
extended to other systems.

Selection Criteria

Numerous salts and mixtures of salts can be considered for thermal energy
storage in the 450° to 535°C (850° to 1000°F) temperature range. If cost,
availability, stability, nontoxicity, and corrosiveness are the prime salt
selection ctiteria, then the available choices are limited to chlorides,
bromides, hydroxides, fluorides, and carbonates. In further comparing the
inorganic salts, numerous other factors must also be considered.’? These
include the following characteristics.

Thermal Properties

The important thermal properties of atorage materials include the heat

of fusion, thermal conductivity, and heat capacity. These factors determine

INSTITUTE o F G A S TECHNOLOGY
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the suitability of a material for heat-of-fusion thermal energy storage on

the basis of its storage capacity and heat-transfer characteristics. The

heat of fusion determines the étorage capacity of a material. The thermal
conductivity of its liquid and solid phases will determine the charging and
discharging rates ottairable, and will affect the complexity (and cost) of the
heat~exchanger design. Materials with high heats of fusion and thermal
conductivities will be desirable as they represent high-capacity systems that
can be charged and discharged rapidly without the need for complex and costly
heat-exchange systems. High heat capacities, although of secondary impurtance,
are also desirable because they are indicative of storage capacity above the

heat-of;fusion and reserve capabilities of the system.

Physical Properties

Storagu-material physical properties of interest are density, volume
change with temperature (volumetric expansion), volume change on fusion,
viscosity of the liquid phase, and vapor pressure. Density and heat of fusion
determine the energy storage density. Volumetric thermal expansion must be
considered when designing the container to compensate for the storage-material
volume change in heating from ambient to the operating temper:‘ ire range.

Most materials increase in volume upon fusion. If these volume changes are
large, difficulties in containment may arise or voids may form in the storage
material during solidification. This can have detrimental effects on the
conducting properties, causing losses in efficiency, charging rates, and
possibly capacity. Viscosity of the liquid phase ncar the melting temperature
is important because of its effect on convective currents. These currents,
brought about by temperature variations in the PCM, aid in heat transfer and
in the homogenization of the storage material. The vapor pressure reflects
the stability of the storage material and affects the design of the contain-
ment vessel as well as the losses that might result from a leak in the vessel.
Ideally, the heat-of-fusion storage material will have a high energy demsity,
little volumetric t .ermal expansion or volume change when fused, and low

viscosity and vapor pressure in the working temperature range.

Cost, Containment, Safety, and Stability

The storage material cost, although only a small part of the overall
system cost, must be considered because of its effect on the economic feasi-

bility of a system. The toxicity and compatibility of the storage material

7
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with the heat-transfer medium must also be considered because possible system
failures may release storage materials into surrounding areas or bring storage
and heat-transfer materials into contact. Toxic fumes or violent chemical
reactions resulting from such system failures can produce harmful effects on
life and the environment. Containment of storage materials becomes a problem
because of the possible corrosiveness of molten storage materials avd tn=
volume changes accompanying temperature changes and fusion. If any of these
characteristics occur to a great extent, complex containment designs may be
required. Storage materials that show little corrosive activity when used
with low-cost containment materials are desirable to maximize the life of a
storage system. Lifetimes of 20 to 30 years will be required if storage
systems are to function economically in commercial systems. This lifetime
requirement necessitates good stability of thermal and physical properties

in a storage material.

Eutectic Vs. Noneutectic Mixtures

Noneutectic compositions melt incongruently, i.e., the solid forms a
liquid and another solid of a different compositiun. This effect may be
advantageous in that the second solid phase formed in the liquid could act
as a nucleating agent during solidification of the liquid, preventing super-
cooling effects. However, because of different compositions, the solid and
liquid will also have different densities; this may result in separation by
settling of the soiid, producing a wide composition variation throughout the
storage medium. This problem could be alleviated by some type of agitatiom,
but that would only lead to increased system costs. Eutectic compositions
melt congruently, and consequently, this problem would not be encountered if

one were used.

Change in Melting Point as a Function of Composition

A change in the melting temperature of a salt mixture as a function of
its composition within the system is aiso of primary importance. Compositions
within a storage-material system may vary as a result of corrosion reactions
or selective vaporization losses. If the melting temperature increases
sufficiently, fusion may not be obtainable with the heat source for which the
storage system was designed to operate. In this case, storage capacity would
be decreased significantly, and the system would actually be converted to a
senaible-heat storage system,

I NS TITUTE O F G A S TECHNOLOGY
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Compatibility With Volume-Change Additives and Conductivity Promoters

Thermal conductivities and volume changes occurring during operation are
important considerations in determining the practicality of using a salt as
a PCM. Although these properties are characteristic of the salts, they may
be modified in the storage system by the addition of inert materials to the
salts. Because mecals have relatively high thermal conductivities, the addition
of metallic screens, wires. rods, or tubes to the salt could enhance its
overall heat-transfer properties, although some of its capacity would be lost.
The volume change that occurs when the total storage medium is fused may be

controlled by the addition of a volume-change control additive to the salt.
Compatibility of the PCM with such additives should also be considered when

selecting the heat-of-fusion stcrage materials.

Candidate Salts

Mixtures of 31 candidate salts are presented in Table 2 with the experi-
mental or estimated values of properties relevant to their applicability as
heat-of-fusion TES materials. These salts were selected for consideration
because their melting points fall in or near the 450° to 535°C (850° to 1000°F)
range and they do not display any particular difficulties in handling, contain-
ment, stability, or availability. Some salts that can be used for thermal
energy storage at temperatures either well below or abuve the range of primary
interest have also been included for comparative purposes. The materials
under consideration include single salts and binary and ternary salt mixtures
of both eutectic and noneutectic compositions. Quaternary systems were not
investigated due to the lack of pertinent thermal behavior data and suitable

procedures for estimating the properties needed for evaluation.

Coet ($/10‘ Btu) as a function of volume (ft%/10€ Btu) of the salts
presented in Table 2 is shown graphically in Figure 3. The practicality of
using very high-capacity, high-cost salts for large-acalé applications is
questionable because of the importance of salt cost in determining the degree
to wvhich a TES system can be economically competitive with alternative energy

hydroxides, or some chlorides (mixtures 1, 2, 15, 18, 21, and 25). The lowest
cost salts are composed entirely of mixtures of alkali and alkaline earth
chloride salts (mixtures 6 through 9, 19, 20, 22, and 23), whereas moderate-
to~high cost salts are composed of carbonate salt mixtures (nos. 1l through

14, 24, 28, 29, and 30), mixtures of carbonates, and some chloride and fluoride

9.
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salts (mixtures 5, 10, 26, and 27). Several of these low-to-moderate cost
salts emit highly toxic fumes when heated (mixtures 5, 6, 8, 19, 20, 22, 23,
26, and 27), presenting potential safety hazards that would restrict their

use and increase the cost of contaimment to prevent leakage.

The heat capacity of the solid phase, reflective of sensible-heat storage
capacity, and the thermal conductivity of the liquid phase, indicative of
heat transfer rates, are plotted in Figure 4 for chloride and carbonate salt
compositions. Carborate salt mixtures are superior to chlorides in both of

these properties by a factor of 2 in each case.

Mixtures of lithium, potassium, and sodium carbonates or of sodium,
calcium, and magnesium chlorides are the most practical salts fcr use as P(M.
However, the thermal properties of mixtures of carbonate salts, particularly
their superior thermal conductivities compared with those of other salts and
their smaller volume changes on fusion, make them best suited as model storage
materials in the 450° to 535°C (850° to 1000°F) range. Mixture 28, a 35 weight
percent Lizco3-65 weight percent K2C03 (50 mole percent L12003-50 mole percent
K2C03) mixture, was selected as a model system for experimental work. This
is a congruently melting mixture having a heat of fusion of 148 Rtu/1b
(345 J/g), that forms an intermediate cowmpound, LiKC03.

values of the thermophysical properties of the L12003-K2003 mixture are well-

Because experimental

characterized (compared with, for example, mixtures 12 and 29, which are less
expensive) and because the change in melting point as a function of composition
is very small, this mixture is ideally suited as a model system. This mixture
will, therefore, be used to define heat-transfer characteristice and potential
problems and also to provide the first-cut engineering data required for

large-scale system design.

Task 2. Heat-Transfer Analysis and System Design

Introduction

Heat-transfer analysis of TES systems using PCM is necessary to determine
the interrelationships among the various factors affecting energy storage,
to estimate the relative magnitudes of various heat-transfer resistances and
the overall heat-transfer flux, and to develop the mathematics and methodology
required to aid in the design of phase-change TES systems. After such an
analysis is developed and is proven workable in the laboratory, accurate
design and cost estimates can be made to determine the feasibility of storing

thermal erergy in PCM. 12
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A heat-transfer analvsis of a PCM storage svstem presents two major
complexities. First, heat is stored in a PCM in both its latent and sensible
forms, and the solid-liquid interface moves during the transfer of heat.
Secondly, because of the regenerative nature of the storage svstem, a cyclic
solution has to be considered. Due tu these complexities, only a limited
aumber of approximate sclutions have been obtained in the past. We have used
these solutions, with suitable modifications, to develop a heat-transfer
model. 1In the following sections, we wiil discuss a} the backzround and a
brief review of past work, b) observed interrvlationships amons variables
of interest, c¢) experimental verification of scme approximations, and d) the
design of an experimental unit using the approximate solutions and the heat-

transfer model developed from them.

Background and Past Work

Basic Equations in Phase-Change Heat Transfer

A regenerative heat-storage and retrieval system is comprised of a finite
mass of storage material and possibly two working fluids. One of these fluids
supplies some of its heat content to storage, and the cther fluid transfers
the stored thermal energy from the TES system. Ia our rase, the storage
material undergoes a phase change, so that both the liquid and solid phases
are present in the unit and the solid-liquid interface moves during heat
transfer. Because the heat capacitier and conductivities of the two phases
are different and the boundarv between the two phases is not fixed in space,
the mathematical analysis of hect transfer requires simultaneous consideration
of both phases with an appropriate boundary conditiop. Thus, heat flow in the
solid phase follows Fourier's law of heat conduction -

1 ats
T a7 = div grad ¢ ORIGINAL PAGE Ib (1)
s OF POOR QUALITY

In the absence of convective currents, heat flow in the liquid phase can be

described by -

1 3 t,
—— ——- = div grad t (2)
.lf o T ?

At the moving intertace, the heat is absorbed or released in the form of latent

heat of fustion, so that —

L < - kal - ‘.\x ~r
s grad ta k, grad ¢t H v (3)

i i f
14
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, . 4
L st -t (4)

The heat transferred to the working fluid is given by —
bt

A _
(cpde P¢ Br TP (¢ -t %)
wvhich is coupled by the relation —
kgrad t = U (¢, —t) (6)

at the wall of the heat-transfer conduit. Soclutions of the system of
Equations 1, 2, and 6 exist only for a few selected geometries, with additional
simplifications introduced to make the soluzion process tractable.

Additional complexities are involved because of the periodic nature of
the storage-retrieval cycle. If the same fluid is used in the heating and
cooling half-cycles, the inlet temperature, tf’ sn® A8 be represented by a
periodic function, such as —

- - Y 1
tf’ g 1/2 [t‘ ¢ + tcold + (:l ¢ tcold' cos T} (D
wvhere —

t = paximum temperature of the lot stream

hot

t = pinimom temperature of the cold stream

cold
™ = frequency.

For a wmore general case, a Pourier series sumaing the individusl harmomics of

Equation 7 can be used to construct the actual temperature variation in € 4a°
L 4

The availabie analytical solutione cam be classified in two categories:
1) transient (momcyclic) solutions that sssume as initially vaiforms tesper-
sture profile and 2) cyclic solutions that rccommt for the reguserative nature
of the storage system.

The transient solutions are useful for experimental studies because
a) the beat-transfer coefficients can he determined or verified by recording
the time-dependent temperature behavior of the working fluids and b) heating
the energy-storage materials past the phase change into the liquid phase
resuits in starting the sclidification half-cycles at approximately uniform
temperatures. Ve have found experimentally, and the hydrodynamic stability

theory also suggests, that a emperature gradient ia the liquid phase of the
15
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reference salt canaot be maintained in & layer that is more than a fraction
of an inch thick. This means that the solidification hall-cycle can bde
atndied analweically using transfent sviutions for several geometrical

configurations.

Periodic solutions are important for storage system design, but sclutions
involving phase changes are unknown in the literature. Useful information can
be obtained, however, using the available sclutions for regenerative heat

transfer ir sensible-heat storage materisls.

Transient Solutions

An approximate solution to two-phase heat transfer can be obtained if
sensible heat 1is assumed to be negligible cormpared with latenc heat and 1if
serfect contact is assumed between the ccolant and the solid storage material.

For a flat-plate geometry (Figure 5), approximating grad ¢ by (t‘ —ty) /a, we have —

lef vdT = adﬂf da = k(t. - ta) 8t/a (8)
and, upon integrating —
kt(e ~t )
Y | ] 4
0-3a"* —%am - 9
or in dimensionless form —
Rt’o = 0.5 ‘Sph (10)
wvhere —
K 1
“Fo Fourier mumber cp al
P oM,

a

oh = phase~ckange number =

c 'D.

x=0

x20+8a X

A
Figure 5. ADVANCE OF THE FREEZING
FRONT AT x = a
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In a hollow cyiioder with R = r/ro, vhere £, is the radius of the cooling
tube, a similar analysis leads to —

-0.5m. (& 10 R+1=E (11)
'Po °~ “ph 2

R € 1 in cooling from outside; R 2 1 in cooling from inside. Bramlette Pt___a_l_.z
used these approximate solutions to compare heat fluxes among dif:erent
containment configurations and inferred that an amnular arrangement (working
fluid inside) would provide the best heat fluxes. The assumptions involved

in the heat balance, namely cp + 0 and U + « are not general. A check

against a solution (to be discussed belcw) that does not resort to thesec

b1 = Urc,lks =1,
We do not recommend using these approximations in designing t storage unit.

sssumpt fons showed that 'Fo’ as calculated from Equation 11, was off by a
factor of 2 to 3 for values of 'ph between 9.5 and 10, using N

An analytical solution for finite heat capacity, Cps and AH with a
flat-plate geometry was presented by Neumann,” who assumed that a) the PCM
was initially at the melting point, t,, b) there was no temperature gradient
in the 1liquid phase; and c) the surface at x = 0 was subsequently held at
ta <t,. A more realistic model must include a finite heat-transfer coeffi-
cient, h, at the boundary amd corductance, k, across the wall; that is,

U= (-'1;4- %) “! Mo assumptions should be made on the nature of the temperature
prefile in the solid phase; i.e., a finite sensible heat of the solid phase
should be included. Such an analysis was performed by Megerlin.?’? 1In his

so. -ion, the time-dependent trial functions appear as coefficients in a

pow. seriesexpansion of the depth coordinate.

Equation 12 gives the dimensionless time needed to solidify the molten

material from r* = 1 to r* = R: ORIGINAL PAGE I

R TY
r*ln r*()lniln h + 2) dr* OF POOR QUALE
: v Inr*+ 1)? + zf:i 1o r* (N ln 1 + 2) - ‘f‘ul“ r+1)  (12)

Solved for the solidified layer thickness R, wnich is measured in terms of the
internal radius r,, Equation 12 yields the thickness of the solid-phace layer
as a function of time. 7Two illustrative results obtained by numerical evalu-
ation of the integral in Equation 12 a: . shown in Figure 6. The family of
curves vith phase number u,,, = 0.57 describes the solid-layer thickness of

17
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the reference material cooled with room-—temperature air.t Phase-change number
Nph = 10 refers to the same material, except that the coolant runs about

25°C rolder than the melting temperature of the salt.

These curves can be used to calculate various parzmeters, such as time
required to solidify a given core of PCM, effect of heat-transfer coefficient,
coolant temperature, and conductivity promoters. For example, if the coolant
air is only approximately 25°C cooler than the melting point of the PCM )
(Nph = 10), the time required fo; solidifying a given layer of salt would be
approximately 10 times longer than that required if room-temperature air were
used (Npp = 0.57). On the other hand if time is kept fixed at Np, = 10 for

-example, the thickness of the layer r*-shdhld be relduced b&‘half. Similarly,

the effect of the relative resistance of heat transfer on the heat-transfer-
fluid side aﬁd the storage-medium side can be determined by observing the
effect of the Biot number (Ng, = Urg/kg) on the thickness of the solidified
layer. As can be observed from Figure 6 for “ph = 10 ;qd a fixed thickness of
a given PCM, an increase in Npi from 0.5 to 5 results in a twofold decrease
in the time required, T. This suggests that the he@t—transfer resistance in
the solid storage material is limiting for Ngy > 5, For Ngg = 0.5 (the value
expected in our engineering-scale unit), the heat-transfer resistance in the
PCM still appears to be the major factor, although the contribution of heat
transfer on the heat-transfer-medium side is also significant. If the con-
ductivity, k, of the PCM is doubled, that is, if Ny = 0.25, the value of T
required to solidify a layer of R = 6 decreases to 757 of the original value.

Periodic Solutions

As mentioned earlier, no periodic solutions are available for phase-

change heat transfer. Therefore, we can consider a simple periodic solution

tFor illustrative purposes, we used properties of the salt system LiKCO,
selected for our experimental work. Relevant thermophysical properties of
this system are ®_

Melting point: 505°C
Heat of Fusion (A Hf): 148 Btu/lb

Heat capacity at melting point: (cp
(c
P

)g = 0.32 Btu/1b~°F
)g = 0.42 Btu/1b~°F

Thermal conductivity at melting point: kg = 1.30 Btu/hr-°F-it

kg = 1.09 Btu/hr-°F-ft

- Viscosity st melting point plus 25°C: y = 15 cP ORIGINAL PAGE Ib

Density at 298°K: p = 141.5 1b/ft? OF POOR QU

Density at melting point: py = 125.5 1b/fe?

19
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for a flat-plate, sensible-heat system, and then introduce a concept of
"apparent seunsible heat" to account for latent heat and semnsible heat

simultaneously.

For flat-plate geometry, Equation 1 can be written as —

2
%% = q %;% (13)

For a cyclic variation in the working-fluid temperature, the temperature in

the PCM is given as —

t(x, 7) = A, exp [-x(1 + i) K] exp (1wr) (14)

The thermal diffusivity a = k/cpp can be modified by assuming the apparent
p of a fictitious solid, which can be obtained as follows:
Heat released per unit mass, Q, by a PCM between temperatures ty and

ta, having 2 heat capacity (Cp)s’ and latent heat AHg, is given as —

Q= (cp)s (tm - t,) + AHg (15)
and for the fictitious solid with heat capacity (CP)app’ Q is given as —
Q = (Cp)app (tm - ta) (16)
From these two equations —
Aﬂf
= +
(cplapp = €p)s [ 1+ Gy— =51 an
or, in terms of Nph -

app is dependent on At = ty, - t, and is not purely 3

a property of the PCM. Also, because during cooldown the entire mass of PCM

Note that the value of (cp)

does no. attain temperature t,, either an average temperature or the temperature

of the working fluid can be used. When Ny, >> 1 —

AR

(eplapp = (¢p)s * Nph =

tp - ta

Temperature Response of a Storage Unit

To estimate the temperature response of a storage unit undergoing cyclic
operation, we used the periodic solution of Equation 14. The following values

are calculated for our storage system:

(c )a = (0,60 Btu/1b-°F (assumed; based on comparison with Neumann's
P app solution)
20 -
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To = total period = 24 hours for a daily cycle
- 2

aapp 0.0153 ft“/hr

K =3 fe-!

A = 2.1 ft

Phase velocity = Av = 0.0875 ft/hr = 1 in./hr

This means that, in terms of order of magnitude only, the designer of a
periodic energy storage system (daily cycle) utilizing LiKCO; as a storage
material and operating between the melting poiant (505°C) and ambient temperature
(22°C) should think in terms of 2-foot-long temperature waves penetrating the
material with the speed of about 1 in./hr. Note, however, that for any
harmonic oscillation (for example, a sine-wave input), the amplitude of the
incoming wave will be damped by exp (—2m) = 0.0019 over a single wavelength.
With such daxnping, choosing the thickness of the material as great as a whole
wavelength would appear to represent underutilization and therefore waste.
Thus, we would like to determine an optimum thickness or distance between the

heat-exchange surfaces.

In working with a slab of finite thickness 2a, it is convenient to define
a dimensionless frequency M —

=/ T2 (20)

a‘tb
M can also be expressed in terms of a Fourier number based on the slab half-

thickness, a, and the total period T, -~

Ng - at
Fo " rp ORIGINAL PAGE&

POOR QU
Therefore, M = ‘ZNE—- . ' oF (22)
Fo

(21)

The temperature response of a slab to a cyclic heat input is usually
expressed in terms of the parameter M. The relevant solutions are available

4,16

in literature, but their numerical evaluation is laborious . Relevant

solutions for the temperature response of a storage medium under periodic

7® but an interest-

variation in a heat-transfer fluid are presented elsewhere,
ing observation can be made regarding the optimum thickness for maximum
storage. Althoﬁgh very little heat can be stored in a thin slab ("a" or M
small for a fixed period, T,), a semi-infinite body with its surface temper-

ature varying harmonically can store, at most, 2/m (or 0.798) of the maximum.

Groeber” observed that the heat stored during a half-cycle goes through a

21
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maximum of 0.911 at M = 1.2 and decreazes for ¥ ~ 1.2 until the limit of
0.798 is reached for practically all values of & > 3. This suggests that,
in the absence of other overriding corsiderations, the designer of a storage
device with a flat-plate matrix might start at M = 1.2, However, tradeoffs

betweer, various competing parameters and economics should be considered.

Experiwental Verification of Simplifying Assumptionge

A 5-in.-tall, 3-in.~diam laboratory model with a 1/2-in.-0OD interior well
was used to study solidification half-cycles with the model salt. For exact
dimensions, constructions details, and thermocouple placemernt. see Figures 7
and 8. This study confirmed two assumptions developed and used in the analy-
tical treatwent of the heat storage problem with a phase change: 1) Assume
that there is no thermal gradient in the liquid phase, so that in a cvclic oper-
ation the solidification half-cycle always begins with a uniform temperature
distribution, permitting the use of transient ("single blow") selurions, and
2) use an "apparent" ° for system design. Both assumptions appear to be
confirmed by the test results shewn in Figure 9.

The No-Thermal-Gradient Assumption: First Part of the Cooling
Half-Cycle (Cooling the Liquid)

The model syster (LiKCO3;) was heated to about 50°C above the melting point.
Cooling begins with the liquid phasc¢ uniformly at 550°C. The cooling was
provided by 22°C air passing through the 0.43-in.-ID internal well at 50 ft/s.
Use of the Dittus-Boelter equation!? for turbulent forced convection inside

tubes in the form

h o= 0.20 (125) ¢*° (0.43712)" **? (23)

where G is the mass velocity, G = pv = 0.0742 (50) = 3.71 lbm/ftz-s, and
constant 125 is a temperature-~dependent factor involving air concuctivity and
viscosity (k/u.'a), gives a value for the heat-transfer coefficient of 13.9
Btu/hr-ft?-°F. Several trial-and-error calculations of the exit air tempera-
tures based on the relationship between the increase of the enthalpy of air

and the heat transferred from the hot charge along the interior well length z,

. dt -
Col hp (f, - t) (24)
or, integrated,
Lexit ~ v hp 2
'—'—""'-"—“"exp[-_z-—-] (25)
22
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1/2-in.-0D (0-43-in.-10) TUBE
(STAINLESS STEEL)

3-in.-00 (2-7/8-in.-1D) TUBE
(STAINLESS STEEL)

THERMOCOUPLE

[ ] [ ] [ ]
8 20 22 24
]
° ° ° i
3in 0 ® 1. " 5.'"

2in. 2 o« Nilie o
[ ] [ ] [ ]

! l n !

t |

1/2in
-
- 3/4in COOLING AIR

Figure 8. DIMENSIONS AND THERMOCOUPL. LOCATIONS IN LABORATORY TES UNIT
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550

5235

TEMPERATURE,°C
475

450

A, B EXPERIMENTAL
A, B CALCULATED

425 [— 4.8, CALCULATED BASED ON
cat' NO CONVECTIVE MIXING

A 83 CALCULATED BASED ON ¢y, opp
A;  CALCULATED BASED ON ¢y,

00 | 1 |
0 0 20 30 40 50
TIME,, min

AT70203502

AHf
- 1+
Cp, app cps cps (t= - ta)

Figure 9. COOLING RATES IN A LABORATORY TES UNIT
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lead to corrected values of h = 13 for the heat-transfer coefficient and

65.6°C (150°F) = t,4, for the bulk air temperature. The knowledge of T,4, and
of the surface coefficient, h, allows us to calculate the temperature in the
liquid phase using standard solutions for conduction heat transfer with boundary
conditions of the third kind. A solution’ of these equations for hollow
cylinders assuming a finite conductivity of the material (i.e., no mixing)
yields curves (A; and Bj, Figure 9) that fail to reproduce the experimental

results (curves A, B).

The assumption of perfect internal mixing and nc temperature gradient

leads to a cooling rate of

dt _ _hpz (t - 150) . ., s <o
- & 0 p® 8°F/min (= 5°C/min) (26)

vhich reproduces the experimental coo'ing rate of about 5°C/min, and, on in-
tegration to t = 150 + 872 exp (0.0116 1), where T is in minutes, matches
the experimental time-temperature curves A and B quite accurately. This
suggests vigorous convective (buoyancy driven) mixing in the liquid phase in

a cell of the size used here.

3
In fact, the Rayleigh number Np = BBATL measures the ratio of

av
buoyant to thermal forces in a fluid. With the kinematic viscosity of the
liquid estimated at v = 0.17 ft?/hr and the thermal diffusivity a, = 0.0183
ftzlht, the Prandtl number v/a = 9 (comparable to that of water at room

temperature). Taking At ~ 50°C (=90°F), the coefficient of volume expausion,

P = P

SEt s 1.4 X 107"°r"! 27)

f =

Since the significant dimension L = 1/12, the Rayleigh number is then of the
order of 10°. This is several orders of magnitude higher than the stability

criterion (Np, - 10%). ¢

To approach the condition of stability, the width of the liquid-filled gap
would have to be reduced by a factor of 10, to about 1/10 inch. Subsequent
experiments on solidifying the model storage system (LiKCO3) in a honeycomb
matrix of about 1/4-in. mesh showed some temperature gradient between thermo-

couples A and B but not to the extent predicted by the nonconvection solution

curves A; and B;.

("tngng‘ub ?‘ﬂ)‘:‘.
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Use of an "Apparent” cp:_ Second Part of the Cooling Half-Cycle
(The Phase Change)

Figure 9 shows a brief (about 2.5-min) isothermal time lag at 500°C for
thermocouple A and a 22-min time lag for thermocouple B. Megerlin's solution

(Equation 12, Figure 5) for N, = 0.57 and Ngy = 0.2 predicts longer solidi-

h
fication times, 4.7 and 28 miz, respectively. This solution, however, is
written for an infinitely long cylinder with the heat sink at the interior
well only. When heat losses from the outer lateral surface and from the top
and bottom are added to the central well loss and the cooling cates are re-
calculated on that basis, the isothermal lag times become 2.7 min for thermo-

couple A and 20 min for thermocouple B.

Third Part of the Cooling Half-Cycle (C.oling the Solid Phase)

Thermocouple A begins to indicate solid phase at its location after 12.5
minutes of cooling (Figure 9). The apparent Cp Over a temperature range of
505° to 445°C (941° to B33°F) is 0.32 + 148/108 = 1.69. Used in the analytical
solution for the hollow cylinder, it results in the curve A-, which closely
follows the experimental curve A over this range. The use of ¢p = 0.32, i.e.,
of the sensible heat alone, results in Curve A'., which does not agree with the

experimental data.

Thermocouple B is so close to the outer wall that by the time its position
has changed from the liquid to the solid phase, the whole mass is solid; there
is no evolution of the lareii heat, and Cps = 0.32 used in the analytical
solution adequately describes the behavior of thermecouple B (curve branch Bg,

Figure 9).

Design of the Engineering-Scale (s'k“h'th) Experimenital Storage Unit

The engineering-scale units were designed with the overall goals of the
work in mind: 1) to verify the PCM cooling behavior predicted by the analytical
solutions, particularly the movement of the solid-liquid interface as a function
of discharge time, because of the commercial TES design parameters that can be
determined from it (such as heat exchanger spacing), and 2) to accurately
determine energy discharge rates, their improvement, and system efficiencies,
all of which play a significant role in determining the feasibility of storing
thermal energy in PCM.
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Based on the considerations discussed in the previous sections, particular-
1y the results of Bramlette et al.,’ and the experimental results from the
laboratory unit, we have selected an annula! arrangement for the experimental
storage unit. This arrangement can be scaled up. A commercial sized unit with
a multihexagonal cell arrangement can be visualized. 1In addition, this arrange-
ment is the simplest experimentally. The final unit design is shown in Figure 10.
The iaternal radius of the central well used for charging and discharging was
chosen to be 1 inch so that the well could accommodate an electric heating
element large enough to sustain the power levels and temperatures required to
charge the unit in a reasonable time period (10-14 hours at -~ 1 kWe) while main-
taining an annular area large enough to gen.rate a fully developed turbulent
flow of the coolant air without requiring high pressures. This radius is aleo
convenient for comparing observed performance to predicted performance (ro = 1).
Electric heating was selected because it allows easy recording of the charging
energy and, therefore, accurate determination of the storage efficiency.

The diameter of the heating rod used is 0.75 in., leaving an annular
cross-sectional area in the well of 2.7 in.? (0.0187 ft?). Fans were selected
to move the coolant air at the rate of 4600 ft’/hr, representing a velocity of
(4600 ft’/hr) (0.0187 fr?)~' (3600 s/hr)~! = 70 ft/s. The corresponding
Reynolds number is —

v ___(03a.25)
NRe = v " (i2)(16.36 X 10°%) = 44:570 (28)

indicating fully turbulent flow. The heat-transfer coefficient under these
conditions can be determined by calculating the Nusselt number:

hd 0.8

Therefore —
h = (Ny,)(k)/d
= (120.5)(0.015)/(1.83/12) (30)
= 11.9 Btu/hr-ft?-°r

The corresponding Biot number is —

hr (11.9)
Myt @Gy - G

pAGE B
2 9:‘9,‘5‘&“@@

INSTITUTE 0 F G A S TECHNOL OGY

“B B8 s e

P

. |

“,. 4 . —— ) " . , r.» N” ) - -



8981

3/18

LINA HOVIOLS AOWINZ IVIRMAHL TIVOS-ONINAANIONG 0% aandiy

9690C0 Y
LNINDD DMLY IR
pebiny L 1 Sl Lm0 040 wE
(00 w-§48 2) nﬂ.t "1 e ‘GO % 9716 SNORL W-B/E
AINN OLN W=y §-G) I »- n/. v B

'ONOT W= 41t o f TR MOM4 DNLLYVAS LMWV
m : w800 39001 GZNWS LINN OLNI W
NV - ‘SN0 W o/i-8 ‘ONIBNL W-8/1

n

]

!!.Jl

o052 S1NIAMOMNINL TTY ¥
2778 O1 LON DMINWN0 §
$S 9 JeAL STV TV 2
001 Suoy- wegyg-10)
LXIN GBIV 3004 WBANDS 40
TIWM NO ONIBNL W-9/1 ' Susy
- 0=l LI P NILNDD
FNVS 211 NO OWNONL TV |
' B2LON

(TR w-0/¢) Bdid w-3 -

OIS DNITYIS o8~ M-§/1
HLIM DAYV B9/t~

a0 o - ——

'
H

L]
|
H
Al
'
3 AN i
] « m Les B
.. i !
. e | - 7o'm 2.
'

— L (a30ws sTIWMO2)
| QU 0 SM IS @)
QVIH LDOOS ¥2-04

e

g — —

AVIRNSY VD ~

g Yo A

29

TECHNOL OG Y

A S

IN ST I TULUTE



3/78 8981

The analytical solution for a phase-change number = 0.,7 (calculated

from the properties of the model szlt); and an Npg = 0.75 (Figure 6) was _
used to determine the container outer radius, allowing complete solidification
in a 6 to 8-hour period. A 6-hour discharge period represents a Fourier
number of —

o e SO oo
From Figure 6 for Npo ® 25, Ngg = 0.75, and nph = 0.57, a layer of salt
approximately 4.2 in. thick (R-1) can be solidified in a 6~-hour period. This
t;eptemts an outer container vadius of 4.2 + 1 = 5.2 in. Similarly, an 8-hour
discharge time represents a Fourier number of 33, a salt thickness of 4.7 in.,
and a container outer radius of 5.7 in. (11.5-in. diam). On the basis of
these values ani the availability of construction materiais, a 12-in. container ”
diameter was selected (Schedule 40 12-in.-diam pipe). It was desired to have B
1 fr? of salt in the container at room temperature, which wouid then fill the
container to a hefight of 15.9 in. Allowing a 107 salt volume in.rease with l
temperature rise tc 241°F (discussed in the next section), the molten salt |
wvould fill the container to a height of 17.5 in. (disregarding the expansion
of the contafiner). Therefore, a container heigit of 18 in. (at room temper-
ature) was selected. '_,

Ten thermucouples were located in the salt by inserting 1/8-in. stain-
less steel tuding (closed at one emi) throcgh the container bottom. Eight
of the thermocouples were located in the same yvadial plane, five of these
thermocouples at half deptin (38 in. frcm the container bottom), oune located
at the heat-transfer surface, and one each at radial positions (R-1) of
1.6, 2.4, 3.2, and 4.8 in. These thermocouples vere used to determine the
msovement of the solid-liquid interface with time for comparison with the
interface movement predicted by the analytical solutions. The three other
thermocouples were used to study axial temperature response and. edge effects
not considered in the analytical sclutions. Two other thermocouples located
in a perpendicular radial plane at (R-1) positions of 2.4 in. {one on each
side of the heat exchanger) and at virying levels throughout the entire salt
depth vere used to study the axial temperature response in detail. The
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temperature information generated by the thermocouples was used to approximat
the shape of the interface as the salt solidified. The containers were also

equipped to measure Lhe height of che molten salt while in nperation.

The insulation was selected from the following consic rations. linder

steady-state conditions the temperature distrihution in a cylinder is given by —
= (r —) = (0 (33)

Integrating twice and using the corndition at the insulaticn boundary

dt
—k ‘d—;‘ = hp(ts — ta) (34)
leads o
t1 —tz _hpre , Tz (35)
tz —ty  kypg T

where the subscripts denote —

1 = outside radius, storage unit

. li )

outside radius, insulation
a = ambient
ins = insulation

it is Zesired, for safety reasons, and to keep heat los<es low, to ‘=ep the out-
side insulation face at 54°C (130°F) or below; then t; = 505°C (941°F),

t2 = 54°C (130°F), t, = 22°C (72°F), h = 1.5 Btu/hr-ft2-°F (combined radiation
and free convection), and ki, = 0.08 Btu/hr-ft-°F (mineral wool) leads to an

rz; of about 12.5 in., or an i:sulation thickness (r - r;) of 6.5 in.

Verification of Thermophysical Properties of LiKCOj

The purpose of this task was to determine or verify certain thermophysical
properties of LiKCO3 critical to the performance of this salt as a PCM for
thermal energy storage. Values for the melting point and heat of fusion have
been reported in the literature and verified by DTA, DSC, and electrical
conductivity measurements as a function of temperature. The melting point was
found to be 505°C (reported value'' of 504.5 * 1°C), with a heat of fusion of
152.5 Btu/lb (reported value' ' of 148 Bru/lb). The volume change on fusion was

determined from measured thermal expansion coefficients between room temperature

31
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and 475°C (887°F). A volumetric expansion of 4.5% was calculated from the
expansion coefficients, representing a solid density of 2.13 g/ecm® at 565°C.
The density of liquid LiKCO; at 505°C was estimated from data of Spedding25
to be 2.01 g/cm®, and a volume change on fusion wae determined from these
densi., differences to be 6%. Therefore, a 10.5% volume change should be

allowed for in containment design.

Supercooling (common in low~temperature systems) was not observed at
cooling rates above 5°C/min, and thermal cycling (in the laboratory unit) and
corrosica products contained in the salt did not alter the fusion-solidification
characteristics. It was also found that thermal cycling had a stabilizing
effect on the LiKCO3. When the initial salt was examined by DTA, two endo-
thermic peaks were observed that represent the 485°C eutectic temperature and
the melting point of LiKCO; (Figure 11), indicating a composition slightly
rich in Li,C0;. After thermal cycling (12 cycles), DTA studies could only
detect the‘fusion of LiKCO; at T 505°C (Figqre 12), indicating that the excess
Li,C03 was selectively lost by vaporization; corrosive reactions with the

container, or some other mechanism.

investigation of Conductivity Enhancement and Volume-Change Control Additives

Alkali metal carbonates have relatively higher thermal conductivities
(~1 Btu/hr-ft-°F) than the various inorganic salts considered. However, noting
that the heat-transfer area required for a given quantity of heat depends
strongly on thermal conductivity (particularly in the solid region of the salt),
the heat-transfer area and the resulting cost of the storage system can be min-
imized if the conductivity of the salt medium can be improved. We therefore
investigated the use of high-conductivity materials as conductivity promoters.

Considerations for the seleccion of suitable conductivity promoters include —
1. Thermal conductivity and heat capacity
2., Compatibility with carbonates

3. Availability . ot b
4, Suitability of fabrication in desirable forms Dﬂ‘;‘g‘o% ESAX:\T\

5. Cost.

After the initial considerations, different materials in various shapes

were experimentally tested in our laboratory TES (3-in.-diam cnntainer) unit.

32
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Figure 11. DTA TRACES OF MECHANICAL AND FUSED MIXTURES OF LiKCO;
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Figure 12. DTA TRACES OF THERMALLY CYCLED LiKCO3
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The feasibility of using LiAl0; as a volume-control material to randomly
distribute voids resulting from volume changes as the LiKCO3; solidifiics was
assessed by examining the storage capacity sacrificed by the addition of
L1A102, determining the rate at which the L!Al10, particles settle from the
carbonate~aluminate paste, and examining the influence of LiAl02 on the dis-
cha.ge heat flux and system efficiency. The results of these studies are
discussed below.

Investigation of Conductivity-Promoter Additives

" the heat-transfer

As previously discussed under "Transient Solutions,
resistance in the PCM appears to be the major TES performance-limiting factor.
This effect, which results because the low thermal conductivity in the solid
phase damps the heat flux through the solid PCM formed on the salt-side heat-
transfer surface, is the primary drawback in using a passive heat exchanger in
such a system. If the thermal conductivity of the solid PCM can be cost-

effectively increased, performance improvements will result.

The most attractive method of conductivity enhancement appears to be by
the addition of higher conductivity materials to the salt in the form of
screens, wool, foams, honeycomb matrix, or particles. Several materials were
considered for this application. Their relevant properties are summarized
in Table 3. Some corrosion tests that were conducted with graphite showed
that this material may not be stable in the molten carbonate environment.
Dispersed particles do not provide significant heat-transfer enhancement,

according to Siegel,25 80 they were not tested.

‘1o obtain relative improvement in heat-transfer rates with the addition
of conductivity promoter, we tested some available materials in our laboratory
TES system. Figures 7 and 8 show the constructional details, and the locations
of thermocouples in the system. A 3-in.-diam, 5-in.-long stainless steel tube
with the bottom end sealed, containing 800 g LiKCO;, was heated in an electric
furnace with a heat input of 9 A at 115 V (heating rate of approximately
5°C/min). After the carbonate reached the equilibrium temperature, the cooling
air (50 ft/s) was fed fiom the bottom of the 1/2-in.-0OD center tube. Testing
was conducted with LiKCOsalone and for LiKCO; with a) 3% by volume stainless
steel screen attached to the center cooling tube, b) 3% by volume aluminum
honeycomb matrix immersed in the salt, and c) 3% by volume stainless steel
wool immersed in the salt. The results of these tests, summarized in Table 4,
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Table 4. COMPARISON OF HEAT-TRANSFER RATES TO
COOLING AIR IROM LiKCO3 WITH OR WITHOUT ADDITIVES
(Conductivity Promoters and Volume Control Additives)

Air Temp, ‘C Air Mass Operating b c d
T T @ Flow Rate, Temp Range, Q., Q" q, Btu/ a/a x
Description in out 1b/min *C Btu Btu hr+4t? t' g
LIKCO, 24 97 0. 224 545 -450 413 281 9281 68
LiKCO, with 3 vol % :
of SS Screen 20 106 0,222 547-450 420 313 10,340 15
LIKCO, with 3 vol %
of Aluminum Honeycomb 27 116 0,222 542-450 412 335 11,060 81
LIKCO, with 3 vol %
of SS Wool 25 119 0. 224 548450 420 365 12,085 87
LiKCO; with 3 vol 7%
LiA10; 24 97 0,224 550-450 424 279 -- 66
i t =40

. Tout = K{'j‘ o T(t) dt, where Tout = integrated temperature of exit air

t = time

At = period of time.
5 Q 2moc () AT+8H ' m

s s p s
+m_ c_(m) A¢, where Q wtheoretical heat that can be extracted from pilot TES unit in the
m P ’ operating temperature range, 450° to 550°C,

™, smass of salt, 1,76 1b of LiKCO,

cp( 8) = specific heat of salt ( solid or liquid)

AT euperating temperature range ,°C

&H  sheat of fusion, 148 Btu/1b for LiKCO,

m_ . =mass of conductivity promoter

cp(m)- specific heat of conductivity promoter. -
¢ Q' = actual heat transferred to cooling air from pilot T'1 5 unit i 40 minutes after cooling started.
d q = heat flux (gouling tube surface area o, 64 1, ¢

NTTOCOY 48
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show that although stainless steel has a low thermal conductivity its
conductiivty-enhancing effect is good if used as a wool. We then obtained
a relatively fine aluminum wool and tested it at concentrations of 3, 10,

and 14 volume percent.

The results of these tests are shown in Figure 13. The LiKCO; alone shows
a uniform heat flux with cycling, whereas the units containing the aluminum
wool show an initially higher heat flux, which increases further with continued
cycling. As a result of this behavior, a quantitative dependence of the output
heat flux on the conductivity-promoter concentration could not be established.
Further cycling of the units that contain 102 and 142 aluminum wool is expected
to result in steady-state performance (no further change of the heat flux with
cycling), as seen in the unit containing only 32 aluminum wool. When all of
the containers are operating under this equilibrated condition, the appropriate
relationship can be derived. The additional cycling, however, has not ! een

performable because of mechanical problems.

The primary observation to be made, therefore, is that at each concentration
of aluminum wool, an increase in the output heat flux was immediately attained

and it continued to improve with cycling.

Two possible expanations for the dependence of the output heat flux on
cycling are —
1. More intimate contact between the frozen salt and the aluminum wool re-

sulting from slight corrosive reactions on the aluminum (possibly the
formation of a thin LiA10, surface layer), and

2. A radial movement of the aluminum wool toward the heat exchange surface,
resulting from the contraction of the salt as it solidifies.

It is difficult at this time to ascertain which of these mechanisms may be

controlling and what contribution each makes toward the observed behavior.

However, there is evidence for each, and the lesser depend '‘nce of heat flux on

cycling observed in the salt containing the least amount of aluminum wool would

support either.

One of the primary difficulties in using a wool-type conductivity promoter
is obtaining good contact with the heat exchange surface. Therefore, an alter-
native means of improving the salt conductivity by ensuring good contact between
the conductivity promoter and the heat-transfer surface was also tested. A
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finned-tube heat exchanger was tabricated and tested on the laboratory-scale
unit. The eight fins, which were welded to the heat-transfer surface to ensure
good contact, displaced ~2.5% of the salt volume and extended midway into the
salt. The results obtained from this unit are also shown In Figure 13, The
maximum heat flux obtained is about the same as that with 3 volume percent
aluminum wool. This results shows that a high-conductivity material distributed
evenly through the salt in random orientation is as effective as a lower-
conductivity material with a more intimate contact. However, the fabrication
costs are a great deal higher for a finned-tube heat exchanger. The aluminum
wool is, therefore, as effective in enhancing conductivity, but is more cost

effective, and appears to be the most promising conductivity-enhancement concept.

Investigation of Volume~Change Control Additives

The containment of a PCM used as a TES medium is complicated by the
differences in thermal expansion between the containment material and the
PCM and by the volume change accompanying fusion of the PCM. Differences in
thermophysical behavior between sturage and containment materials can lead to
more complex containment design, increased containment cost, and lower volumetric
storage capacity (based on container size). Each of these effects can decrease
both the practicality and efficiency of TES that utilizes the heat of fusion of
a PCM. The thermophysical properties of a PCM alone cannot be modified or
controlled. However, they can be substantially reduced by creating a composite
storage material containing both the PCM and an inert volume-control material,
This latter material is characterized by its stability, thermal expansion, and
particle size and morphology. The material is selected so that its thermal
expansion is considerably lower than that of the PCM, thereby producing a

composite thermal expansion lower than that of the PCM alone.

Furthermore, the particle size distribution and morphology must be such
that loosely packed particles form a tight, continuous capillary network.
When the PCM is molten, all of the void space within the volume-control wmatrix
is filled with the liquid. As the PCM solidifies and undergoes the accompanying
volumetric contraction, the capillary network serves to localize the resulting
voids on a microscopic scale, within the capillaries. The net eff ot i{s to
distribute the void space (resulting from the PCM volume change on solidifica-
tion) throughout the composite storage medium. Therefore, on a macroscopic

scale, the volume change accompanylng a phase change and the void space
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required to accommodate it are barely detectable. As a result, any void form-
ation or breakaway from the heat-transfer surfaces can be minimized. A closed
containment vessel filled with a composite storage medium would novt be subjected
to the stresses induced by volumetric expansions and contractions accompanying
fusion and solidification of the PCM. Therefore, associated complications in
containment design and structure 2re eliminated. On the other hand, the
incorporation of a volume-control material into a storage medium is disadvan-

tageous in that the storage capacity lost by the displacement of the PCM is

only partially recovered as sensible heat storage in tbe volume-control material.

We have selected L:Al10, as a volume-control material because —

° The PCM being studied (EiKCO3) is in the lithium carbonate-potassium

carbonate system; the chemical inertness of LiA102 to components in this

system has already been proven;3s!®

) The coefficient of thermal expansion of LiAl0; is approximately one-third
that of LiKCO3; and

. The ability of this material to develop the required capillary network
has been displayed in past work at ICGT.?!

The effects on storage capacity (Btu/lb) and specific capacity (Btu/ft?)
of lithium aluminate additions to LiKCO3; are shown in Figure 14. Capacity
values for the composite Ltorage medium were calculated for a 100°C cycling
(505° * 50°C). Under these conditions, the storage capacity of pure LiKCOj3
i3 224 Btu/1b (148 Btu/lb as the heat of fusion and 76 Ltu/lb as sensible
heat). It is estimated that LiAl0; must be added in excess of 30 by weight
to effectively control the volume change of LiKCOy on fusion. The storage
capacity of the composite is reduced to 170 Btu/lb with L1iA10, added in this
amount. This composite represents a 24X decrease in stirage capacity and a

17.5% decrease in specific capacity from that of LiKCOs; alone.

More important is the effect of LiAl02 additions on capacity cost. The
capacity cost of LiKCOs operating under 100°C cycling is $1790/million Btu.
A composite storage medium containing 30 weight percent LiAlO; and 70 weight
percen LiKCOs operating under the same 100°C cycling would have a capacity
cost of $6150/million Btu, a 244X increase.

Another anticipated difficulty is maintaining a uniform distribution of
the volume-control material throughout thc composite. If the volume-control
material settles out of the composite, the capillary network needed to control
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the volume change accompanying fusion of the PCM i8 destroyed. As the additive
material settles, the volumetric changes of the comporite increase with cycling.
This may cause undesirable voids and a safety hazard if the design for storage
container expansion assumes that the composite contains aa even distribution

of the additive material. The particle size and density of the additive mater-
ial and the viscosity and density of the liquid in which the particles are sus~-
pended determine the rate at which the particles will settle through the liquid.
LiAl02 has a density of 2.6 glcn3 (primarily 8 aud Y crystalline phases);

molten LiKCO3 has a density of 2.0 g/cm® and a viscosity of 10 to 15 cP near

the melting point.

An analysis was made of this sedimentation effect. The settling rate of
LiA102 through molten LiKCO3; as a function of LiAl102 particle size was
estimated by Stokes' law and is shown in Figure 15. Sedimentation tests were
conducted on a composite mixture containing 83 weight percent LiKCO3; and 17
weight percent LiA10; and having a particle size distribution between 0.01
and 0.2y diameter. The powder was packed into Type 304 stainless steel
columns 1-1/4 in. in diameter and 12 in. deep. The columns were then heated
to 530°C and air quenched after 300, 700, and 1250 hr at these temperatures.
Samples were then taken from the uppermost and lowest centimeter depths, and
the L{A10, concentration was determined. The results of this test are shown
in Figure 16. The settling rate calculated from Stokes' law for the average
particle size of the LiAl0; used in this test was 3 sm/1000 hr. The settling
rate determined from this test was Sam/1000 hr, indicating that sedimentation
would be a minor problem in long-term operation.

Besides the problems of high cost and reducing the storage capacity,
addition of L1iAl0; to LiKCOs can also hinder the heat-transfer characteristics.
A composite storage medium containing 3 percent by volume LiAl0O; in LiKCO,
vas tested in the pilot TES system to sctudy this effect. The results are
included in Table 4 for comparison with pure LiRCOy, and LiKCO; with conducti-
vity promoters added. Taking pure LiKi'0Os as a standard for comparison shows
the heat recovery (Q./Qg) reduced from 08% to 66X by the addition of LiAl02
at this level, and the hcat flux reduced from 9280 to 9215 Btu/hr~ft?. Al-
though these changes are small, they indicate the decrease in overall system
efficiency resulting from the addition of LiAlO; to the 11KCO,.
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Figure 15. CALCULATED SETTLING RATE OF
LiA10; IN MOLTEN LiKCOs AT 525°C
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The decrease in storage capacity and system efficiency and the increase
in capacity cost resulting from LjAl0; additions represent disadvantages of
the use of LiAl0O; as a volume-control additive. Because the volume change of
LiKCO; in our system is < 10%, the benefits to pe derived from -solume-change
contrcl additive may be less important than the accompanying disadvantages.
However, if a high-volume-change system such as chlorides is used, the volume-

control additive may become important.

Construction Materials

The heat exchanger conduits, the construction materials for ~ontainment
of the salt, and the conductivity promoters must withstand the corrosive attack
of the salt. As we briefly described in our Task I Report on Salt Selection,18
carbonates are relativ:ly less corrosive than chlcorides, fluorides, sulfates,
and phosphates. Molten carbonates are used in fuel cells,19 gasification of
coal,l cleanup of sulfur-containing gases,7 and other applications. A
reas~uable amount of corrosion data on molten carbonates ir, therefore, avail-
able. Although sp2cific data Ior our PCM, LiKCO3, is scarce, data on other A
alkali-metal carbonate mixtures have been reported; and we believe that the
corrosion behavior of LiKCO3; would be similar to that of the other alkali-

metal carbonates.

Corrosion Data

14,15 gtudied corrosion of Types 304 and 347 stainless

Janz and coworkers
steels in the Li,CC3-Na,C03-K2C03 ternary eutectic under submerged conditions.
From their experiments, the authors concluded that both Types 304 and 347
are passivated under submerged conditions in an oxidizing environment. A
corrosion of 10 mils/yr was reported for Type 347 stainless steel in static

tests at 730°C. (See Table 5.)

Davis and Kinnihrugh® studied corrosion by the Li,C03-Na,CO; eutectic
mixture under fully and partially submerged conditions, and reported a greater
corrosion attack under partially submerged conditions. This observation is 4
important for. our TES system because a partially submerged condition is likely
to occur at the liquid-éés interface at the top of the liquid LiKCOj.
Jifferences in the activity of the oxidizing species in the meniscus area
and in the bulk liquid are responsible for the higher degree of ccrrosion.

Experimental verification of the expected greater corrosion will be discussed
46
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in the following section. Davis and Kinnibrugh also noted that ferro-
aluminum alloys, such as Kanthal A, Kanthal Al, and Hoskins 815 were more
resistant than the 300-series stainless steels.® (See Table 5.)

Atomics International! has employed molten carbonates for sulfur removal
and as reaction media for in situ combustion. They have carried out detailed
studies of corrosion by carbonates under static and dynamic conditions; their
melts consisted of the teraary cutectic by itself as well as with additions
of 20% sulfide or 20278u1£1te melts. Some results of their 50-hour static
tests and 1500-hour dynamic corrosion tests at 500°C are summarized in
Table 5. The Atomics Intermationai report contains additional data for various

alloys and ceramic materials. Their results suggest that —

1. Up to 600°C, Type 347 stainless steel appears to be satisfactory for
containing ternary carbonates in the presence or absence of sulfur
compounds. A l-year dynamic test at 500°C showed a corrosion of only
0.2 mils/yr for :his stainless steel.

2. At higher temperatures, containment of these melts requires high-
chromium alloys, ceramics, cermets, or a frozen skull of the salt.

i
p
!

Corrosion data on various grades of graphites has also been reported
by Atomics International (Table 5). The corrosion rate obtained from 50-
hour exposure tests varied from 20 to 150 mils/yr. Graphite is attractive
as a conductivity promoter because of its high conductivity, but its

corrosion behavior for different grades of interest needs to be investigated.

Aluminﬁm is also a pcssible candidate for a conductivity promoter be-
cause it possesses a high conductivity and can also be considered as a
construction material. Aluminum is resistant to carbonates at temperatureslz
up to 600°C; at the Institute of Gas Technology, we have operated molten
carbonate fuel cells at 500° to 600°C using aluminum hardware.'? Noting
that the melting point of aluminum is 660°C, the corrosion resistance of

aluminum appears remarkable. This is possible because of the formation of

a protective alumina layer on the surface, which in turn reacts with carbon-

ates to form a highly protective layer of lithium aluminate. ®

The TES unit should be designed for periodic (daily) cycles, so data
on corrosion of materials under thermal-cycling conditions will be required.

Atomics International also studied the effect of thermal cycles on corrosion

rates. If the passivated films separare from the substrate during thermal

48
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cycles, the corrosion rate is expected to be greater than that found in
constant-temperature tests. For Haynes 25 and Hastelloy G and X, the corrosion

rate was found to be 5 to 20 times greater under thermal cycling.

Stress-corrosion cracking and the effect of chlorides, sulfides, sulfites,
and sulfates under various conditions have also been studied.” Sulfur compounds
enhanced corrosion, but chloride compounds did not alter the corrosion rate
markedly. Therefore, it i. desirable to avoid sulfur-bearing impurities in
commercial LiKCO; powder. Higher corrosion rates can be expected if stresses

exist in the components.

Corrosion Mechanisms and Thermodynamics

Examination of the outer film of the stainless steels showed’ that a
dense layer of LiCr0O, was formed, which is protective up to 700°C. This con-
clusion, based on X-ray diffraction and fluorescence studies, is in disagree-
ment with that of Janz and Conte,H who reported a LiFeO; layer as the corrosion
product. It is possible that, because the X-ray diffraction patterns of LiFeO:
and LiCr0; are similar,lJanz and Conte could not distinguish between LiFeO;
and LiCr0,. The results of Atomics International in using X-ray fluorescence
are therefore more reliable. Note that, in either case, some loss of Li;CO;
can be expected from the initial Li,C03;-K,CO3 mixture. Because of the re-
latively large quantities of salt mixture compared with the amount of corrosion

products formed, the loss of Li;CO; will be insignificant.

Experimental Observations

ORIGINAL PAGE 15
The corrosion of two materials was measured: OF POOR QUALITY

1. Type 304 stainless steel tube used for LiAlO; settling studies
2. Aluminum honeycomb in the laboratory TES unit.

Type 304 stainless steel tube was used for determining settling rates
in a LiKCO3 + LiAl02 mixture at 530°C (Figure 16). Two metallographic sections
were obtained from the tube heated for 1250 hours: 1) in the meniscus area at
the top of the tube, and 2) in the middle of the tube, where the interior
wall of the tube is completely surrounded by the molten salt. Figure 17
show a metallograph of the material exposed in the meniscus area, which shows
a corrosion of 2 mils in 1250 hours. This is equivalent to 14 mils/yr if a

linear corrosion behavior is assumed. However, corrosion behavior is generally
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P780G51615
Figure 17. METALLOGRAPH OF TYPE 304 SS IN THE
MENISCUS REGION EXPOSED AT 530°C FOR 1250 HOURS (180 X)
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parabolic [corrosion « (time)“&]; thus a long-term corrosion rate much lower
than 14 mils/yr can be expected. Compared with the observed corrosion in the
meniscus area, the corrosion in the interior region was negligible. The
observations confirm the differences in corrosion rates reported by Davis and

Kinnibrugh® for submerged and partially submerged cconditions.

Corrosion of aluminum honeycomb used as a conductivity promoter was
observed in a terminated laboratory TES test that underwent 5 cycles between
550°C and room temperature. Because the total exposure time was less than
100 hours, the results are only tentative and cannot be extrapolated to predict
long-term corrosion. However, an average corrosion of approximately 0.1 mil

was measured.

In summary, 300-series stainless steels (e.g., Types 304 and 347) appear
satisfactory under submergci conditions. A somewhat greater amount of
corrosion was observed on Type 304 stainless steel in the meniscus region,
but additional tests are necessary to obtain long-term corrosion rates in this
r~gion. Aluminum is an acceptable material, provided it is used in temperature

ranges compatible with the desired mechanical properties.
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Task 3. Construct, Operate, and Evaluate the Performance of the Engineering-
Scale (8-kWhr.) System

System Construction

Based on the design considerations discussed in conjunction with Figure 10,
3 engineering-scale units were constructed of 316 stainless steel. A cross
section of one of the units is shown in Figure 18. The container is a
Schedule 40 12-in.-diam pipe 18 in. long. The annular central tube, used for
heating and cooling purposes, is a Schedule 40 2-in.-diam pipe approximately
24 in. long with welded flanges on both ends. The bottom of the container is
a 1/4-in.-thick circular plate. Heli-arc welding was used to secure and seal
the bottom plate to both pipes. The thermocouple wells were initially install.d
by drilling 1/8-in. holes in the container bottom at the appropriate locations,
inserting the 1/8-in. tubes to the proper height, and welding around their
base. However, this method was later found unsatisfactory due to leaks
developing around the welds, and the method was modified. Direct welding of
the thermocouple wells was avoided by using butt-weld tube fittings (GYROLOK),
which were found to perform satisfactorily. The container 1id and outer
sealing ring were machined from 3/8-in. plate stock. Sealing of the center
tube was accomplish~d with a flange tightened by eight machine screws. The
outer tube was sealed with a two-bolt compression-type flange. Aluminum gaskets
were used on both flange arrangements. Standard 2-im. MSS siip-on flhnges
were used to connect the unit to the TES system. A schematic of the TES
system, comprised of the TES unit, an air blower, the heating element, the

instrumentation, and the controls, is shown in Figure 19.

A three-station test stand was constructed, with cooling air supplied
through 2-in.-diam piping manifolded to each station from a single source.
Air flow was adjusted and regulated by a limiting orifice control valve placed
in each of the coolant lines. The units were insulated with 7 in. of J-M
Cerafelt mineral fiber. The insulation was applied in 1/2-in.-thick layers.

Aluminum foil was placed between the layers to reduce radiation losses.

System Operation and Data Collection

The units were filled with approximately 130 1b of salt before mounting
and insulation. 1#'ling w~, accomplished by a two-step procedure. First,
the ccntainer was filled with powdered LiKCO,, placed in an oven, heated to
580°C in an air/CO, atmosphere, held at temperature for 16 hours and then
cooled. This step was repeated three times, filling approximately 80% of the
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A7803070!
Figure 18. ENGINEERING-SCALE UNIT MOUNTED IN TESTING STATION
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container volume. The remaining salt was added by melting it in alumina
crucibles, which were subsequently emptied into the container. The filled

container was heated to 580°C and then cooled to room temperature.

The units were operated under varying cycle periods (a cycle consisting
of charge, holding time, and discharge). The units were charged with a
3/4~in.-diam H-T firerod fixed ir the center of the central tube. The henting
rate was controlled with a progrommable controller, and the power input
measured with a time-base recording wattmeter. The units were heated to 530°C

and held at this temperature for varying times depending on the cycle period.

The units were discharged with ambient air. Flow rates were determined
using an orifice meter, inclined manometer, and an upstream static-pressure
tap. Humidity of the air was measured by means of wet- and dry-bulb
temperatures. The initial condition for a discharge run was for all thermo-
couples at salt mid-level to reach 530°C. At the termination of the holding
period, power to the heating element was cut, air-temperature thermocouples
were inserted where required, ind ai- flow was directed to the station under
operation. Air temperatures were recorded continuously on a two-pen strip-
chart recorder, and salt temperatures were recorded on a 24-point strip-chart
recorder throughout the cycle. Air flow rates were checked and recorded
periodically throughout the discharge run and adjusted when necessary to
maintain a constant mass flow rate of ~160 kg/hr (=350 1b/hr).

The discharge run was ended when the slowest-cooling thermocouple at

*
salt mid-level reached a temperature of 482°C. When this condition was
reached, air flow was shut off, air-temperature thermocouples removed, and

charging begun.

The charging sub-cycle was controlled from a thermocouple located on the
salt-sidc heat-transfer surface at salt mid-level. The charging program was
designed to bring this location to the holding temperature, 530°C, in under
an hour and therafter maintain this temperature throughout the charging period.
A constant-temperature heat source, similar to that expected in commercial

application, could therefore be simulated, allowing qualitative evaluation of

*
Temperature profiles through the salt obtained during shakedown runs indicated
that total solidification was achieved at a slightly higher temperature,
493°C, at the slowest cooling location.
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charging performance. The heater temperature was also recorded during charging
in orde: to estimate the heat flux required to maintain this steady-state
condition. Comparison with other temperature and flow requirements could then
be made if alternate heat sources (such as high-temperature, high-pressure

steam) were used for charging.

Performance Evaluation

Criteria for Performance Evaluation

Several factors must be considered in evaluating the performance of a
TES system, each of which has a signific#nt influence on the engineering and
economic feasibility of latent-heat energy storage. Althnugh standards for
performance evaluation have been established for lower-temperature systemsn
(primarily for solar energy applications), standards are not yet available
for high-temperature systems such as that being investigated here. As a
result, the evaluation must be based on the factors most influential on the
performance of a system in a specific application (such as utility load-leveling).
Therefore, we have selected the following parameters to evaluate the performance

of the TES system being studied:
e Average discharge heat flux over a discharge run.
e Variation in the discharge heat flux with time during a discharge run.

e Heat extraction efficiency — the percentage of the heat available to the
transfer fluid for a given AT and salt mass that is extracted by the
transfer fluid.

e Storage efficiency — the percentage of the charging energy recovered by the
trangsfer fluid during a discharge run.

e System stability — variations in system and materials behavior resulting
from thermal cycling.

e Cyclability, the capability of the system to be charged and discharged in
the time period required as dictated by the anticipated duty cycles.

Although other factors related to system performance have been considered
and will be discussed briefly, those mentioned above will provide a strong

base for TES feasibility assessment and relative evaluation of design modifi-
cations (such as conductivity enhatcement or alternate heat exchanger designs).
Analysis and evaluation of system performance will be concentrated primarily

on the discharge mode, because the discharge performance appears to be the

56

INS T I TUTE o F G A S TECHNOLOGY

oI »‘_ggff;g:i}kmﬂ T T e d, e o ) e

] B

&

i
i
|



3/78 8981

determinant when the feasibility of commercial implementation is considered.
This conclusion is drawn because the greatest barrier toward cost-effective
system designs hinges on the ability to extract the stored emergy in a time
period which, for most TES applications of primary interest, will be signifi-
cantly shorter than the time available for charging. Because the charging

times are comparatively long and the initial formation of “he higher-conductivity

liquid phase occurs closest to the heat source during charging, the thermal
conductivity of the solid salt (which is rate controlling during discharging)
is a less significant factor during charging.

Evaluation of LiKCO, Without Conductivity Enhancement (Engineering
Scale ”

Two engineering-scale TES units were operated with LiKCO, as the PCM
wvithout any conductivity or heat exchange enhancement. The primary goals in

operating these units were -

a. To establish and verify baseline performance characteristics for relative
evaluation of alternate PCM, conductivity-promotion, and heat exchanger
concepts.

b. To provide experimental verification of the mathematical heat-transfer
models developed in Task 2.

c. To provide first-cut engineering data required for the design of prototype
TES hardware.

The two units were operated for a combined total of 50 cycles represernting
over 2500 hours of operating time. Both units displayed comparable and
reproducible performance, and their cooling hehavior was in close agreement
with that observed in the laboratory TES system and predicted hv the heat-
transfer model.

Heat fluxes were calculated from experimental data with the equation —

q = mcp Ac/A (36)
where — ORIGINAL PAGE 1S
q = heat flux, kJ/hr—ln2 (Btu/hr-ftz) OF POOR QUALITY.

m = air mass flow rate, kg/hr (1b/hr)
cp = heat capacity of the air, kJ/kg~°C (Btu/1b-°F)
At = air-temperature differential (tue -tin). *c (°F)

A = heat-transfer area, ‘z (ftz)

37
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The calculated heat flux is therefore directly proportional to the air-~
temperature differential. The locations at which the air temperature was
measured in Unit 1 are shown in Figure 18 as A and A'. The temperature-
measurement locations included B and B' in Unit 2, because the heat-transfer
area used to caiculate the heat flux in both units was defined as the portion

of the central cooling tube in direct contact with the salt, i.e., length BB'.

Average heat fluxes were calculated to be of the order 6000 Btu/hr-ft:, using
air-temperature measurements taken at A and A'. Similar calculations using —
air temperatures measured at B and B' in Unit 2 resulted in average heat

fluxes of 4000 Btu/hr-ft’ .

The difference in heat fluxes determined from air-temperature neasurements

made at A and A' and B and B' could result from several factors:

a. Heat transferoccurring in the extended portions of the cooling tube. The -

heat available for transfer in these regions is that which 1s stored as

sensible heat in the insulation, or that which can be drawn from the unit

by conduction through the container walls, top, and bottom. The thermal
conductivities of the insulation and steel, and the cross-sectional areas

of the unit walls and cooling tube could allow enough heat to be trans-

ferred to the extended portions of the cooling tube to account for about

two-thirds of the observed heat flux difference.

b. Different radiation effects on thermocouples. Temperature differentials
measured between B and B' are not influenced by radiation, because thermo-
couples at these locations are affected equally by radiant heating.

However, a thermocouple located at A' would indicate a temperature higher
than the actual air temperature, due to radiant heating, whereas a thermo-
couple located at A would not be affected by radiation, because it is
shielded by the coolant piping. Therefore, higher temperature differential
would be measured between A and A'.

¢. Inlet air temperature at B is measured with a Type K thermocouple
(Chromel-Alumel). Type T thermocouples (copper-constantan), are used at
A, A', and B' and are more accurate at lower temperatures. A Type K
thermocouple had to be used at B because it remains in position during
heating. A Type T thermocouple is not used because of the high temperatures
reached (700°C) in the cooling tube during the heating period. Thermo- _
couples located at A' and B' are not subjected to this heat because '
they are removed during the heating period.

Although each of the last two factors may only make a small difference in
the temperatures recorded at the different locations, their combined effect
could make a substantial difference in the calculated heat flux. This sensi-

tivity of heat flux is a result of the TES unit desi,a. The heat-transfer
area in the heat excha.ver portion of the Looling tube (B B') is small (<1 Etz).

58 ORIGINAL PAGE 1o
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which results in a small air-temperature differential at the air flow rates
being used. Temperature differences o 1°C measured between A and B, and B'
and A' combined can result in up to a 20% difference in the calculated heat
flux during the latter stages of the cooling sub-cycle. Thi:. effect is less
pronounced (32 to 5%) during the early stages of the cooling sub-cycle when
the At is large, but compounded over the entire cooling period it can result

in substantial differences in the heat flux calculation.

Performance evaluation of Unit 1 is based on air-temperature measurements
made only at locations A and A'. Efficiency and heat flux s therefore
determined by heat traisfer occurring in both the heat exchanger (of primary
interest) and in the extended portions of the cooling tube,

The calculated heat flux will be based on the heat exchanger area (BB'),
because the temperature distribution along the cooling tube cections away from
the heat exchanger is not known. As a result, the heat flux reported for
Unit 1 will be an apparent value and not the actual flux occurring in the heat
exchanger. The actual heat flux could not be determined for Unit 1 because
the appropriate air temperature - Aformation was not available. However, both
the apparent and actual heat fluxes were determined in Unit 2, allowing
verification of the performance observed in Unit 1 and providing accurate

heat-transfer information for the TES system.

Unit 1 Perfurmance — Heat Flux and Efficiency

The first engineering TES unit contained 130 1b of LiKCO, anc .as cycled
20 times. After the twentieth cycle, the nnit was cooled to room tewperature,
the insulation removed, and the unit ingpected. The outside surface of the
contaiaer was oxidized in the typical fashion consistent with heating stainless
steel to about 538°C i. air, but no evidence of salt loss by creepage was
visible. Slight vapor loss was apparent as indicated by discoloration of the
insulation at the junction of the sealing flanges. The unit was only partially

sealed with an aluminum gasket, and the low vapor losses observed show a

24
)

significant advantage of this system over systems using fluorides = as
phase-change materials, where hermetic sealing is required to preveant moisture
absorption and vapor losses. A leak was also detected in tbe container bottom.
The exact locatiorn of the leak could not L:¢ determinet#, but is stronzly
suspected to have occurred in the weid around the thermocouple tell located

near the cooling tuve. /[pproximately 3.5 1b of salt was lost from the container
s9
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‘Zl by leakage. The leaks appear to have a self-sealing effect, i.e., as the

: salt spreads through the insulation it cools and solidifies, preventing more
¢ | salt from escaping.

The container was opened to inspect the inner surfaces, particularly in

the meniscus region where a highar corrosion is expected, and to obtain a salt

sample for analysis. The solidified salt upper surface is shown in Figure 20.

:‘mﬁ% why B %ﬁ ] : bR

*
P

P78041009

Figure 20. SOLIDIFIED SALT SURFACE OF TES CONTAINER NO. 1
AFTER 10 CYCLES

A cooling history of the salt can be approximated by examining thé relative

% sizes of the salt crystals on the surface, Near the cooling tube the crystals
§ are fine and numerous, and show a definite orientation with respect to the
cooling tube. This type of growth pattern is the result of a very rapid
cooling. Midway between the cooling tube »nd outer wall, the crystals are
large and randomly oriented, resulting from a slower cooling. Near the outer

edge, the crystals are again somevhat finer, but show no preferred orientation,

k

- indicating a cooling rate higher thsar in the middle, bgt much slower than that
near the cooling tube. [fhese obsex tions are in,corfespondence with the
temperature profile through the salt as a function of cooling tim' shown in
Figure 21. The flat portion of this temperature profile through th. still-

molten salt also confirms the strong convective mixing ecffects observed in

L |
I the pilot TES uunits. ORIGINAL PAGE s

OF POOR QUALITY
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Figure 21. TEMPERATURE PROFILE IN THE SALT AT HALF DEPTH
DURING THE FIRST CYCLE
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When a2 salt sample was removed, voids were found under the salt surface
midway between the cooling tube and the outer wall of the container. It was
therefore assumed that a solid "skin" formed on the surface of the molten salt
due to heat losses through the insulation. The salt level dropped due to
leakage exposing the variable-depth thermocourle wells. It was also observed
that the wells were bent, giving further evidence that a solid "skin" forms
on the upper salt surface during the earlier stages of cooling. If such a
skin did begin to form, it was expected that the solids would settle through
the liquid due to the density differences between the two phases. One of the
primary reasons incongruently melting compositions were not selected for study
was this anticipated phase separation due to sedimentation. However, if this
phase separation does not occur when incongruently melting coﬁpositions are
used as the PCM, the design implications would be strong. This would allow a
wider range of compositions within 4 salt system to be acceptable for TES
applications. Thermal energy would then be available over a temperature range
(between the solidus and liquidus temperatures for the éomposition being used),
which would allow "tailoring" of the PCM to fit the application and duty cycle
of a TES system.

The temperature profiles obtained on cooling during cycles 1, 10, and 20
are shown in Figures 21, 22, and 23. When allowances are made for differences
in the initial salt temperatures, three distinct trends as a function of cycle
become apparent:

1, The average salt-slide heat exchange surface tempcrature increases for the
same cycle period.

2, The variation in the salt-side heat exchange surface temperature decreases
for the same cycle period. ’

3. The salt temperatures at the two locatlons farthest from the heat exchange
surface are substantially lowered for the same cycle period.

Each of these trends results from improved heat transfer both across the heat
exchange surface and through the fused salt. The improved heat transfer across
the heat exchange surface is brought about by the formation of an oxide
corrosion layer on the salt side during cyciing. The bonding of the salt to
this layer upon solidification is stronger and more intimate than the bond
developed between the salt and the uncorroded steel surface. The improved

neat transfer through the salt is most likely a result of the elimination of

randomly dispersed voids during solidification resulting from controlled cooling.

62 ORIGINAL PAGE 15
OF POOR QUALITY
I'NS TI TUTE O F G A S TECHNOLOGY

R Ty v U UM de S T e~ -
& £~ i N

PR i P i Sekige > o g :,h-g:&alc!!!.)'-n

MR s s

Voo,

e, s

s

Wit

S,

-,

-

P M

il e « Lmeo. PR n c . .
-y R IR e e

PR

Do 1

-tk

D LV P PRI

s o

ol BN
R e

R AR T



=

3/78

8981

500

400

TEMPERATURE, °C
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Figure 22,

I NS T I T UTE

AT8030704

TEMPERATURE PROFILE IN THE SALT AT HALF DEPTH
DURING THE TENTH CYCLE
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The results of these changes in system thermal behavior are that —

a. More thermal energy is extracted during a given cycle period,

b. Heat is available at a more constant temperature, and

c. Heat is available at a higher temperature.

These results are manifested as overall highcor heat fluxes during operation

and can be seen qualitatively by examining the coolant differential temperature

(Coue ™
to 20% increase in the temperature differential is seen between cycles 1 and

‘tin) during different cycles for a constant coolant flow rate. A 5%

10, but there is only slight variation between cycles 10, 15, and 20. We
concluded from these results that system equilibration occurred during the
first 10 cycles, representing approximately 250 hours of contact between the

heat exchange surface and the molten salt.

The performance observed during the tenth cycle, which is representative
of Unit 1, is summarized in Table 6.

Table 6. REPRESENTATIVE THERMAL PERFORMANCE OF TES UNIT 1

Cycle 10
Heat Flow, Btu

Sensible Heat Removed From the Liquid 2,820
Heat of Fusion Removed 19,240
Sensible Heat Removed From the Solid 4,740
Total Heat Extracted From the Salt 26,800
Sensible Heat Removed From the Container 2,100
Sensible Heat Removed From the Insulation 1,000
Total Heat Lost by the System 29,900
Heat Extracted by the Coolant Air 24,260
Heat Lost to the Ambient 5,640
Charging Energy (Above Ambient Heat Loss), Btu = 31,100
kWe 9.11

Total Energy Input (Charging and Holding), Btu = 53,425
kWe 15.64

Heat Extraction Efficiency, % - 81
Storage Efficiency (Based on Charging Energy), Z = 78
Storage Efficiency (Based on,Total Input), % = 45
Average Heat Flux, Btu/hr-ft - 6,100

ORIGINAL PAGE Is
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The heat lost to the ambient during discharge corresponds closely to the
power drawn during the holding period of the charging sub-cycle (time during
which the molten salt is held at a constant temperature, 530°C). This input
power demand results from heat loss from the charged unit. Distributing the
heat loss (5640 Btu) evenly over the discharge period (5 hr, 20 min) yields
an electrical equivalent of 310 watts. The observed power drawn during the
holding period varied between 325 and 350 watts.

The storage efficiency here is determined from two values of the energy
input to the system. The first, termed the charging energy, consists of all
energy input above the ambient heat loss level as determined by the power
drawn during the holding period. This is shown schematically in Figure 24 as
the shaded portion under the power input curve. The second, termed the total
energy input, consists of the charging energy and the heat loss during both
the charging and holding periods. This is shown in Figure 24 as the total
area under the power input curve (shaded area + crosshatched area). The
storage efficiency based on the charging energy is 78%, whereas that based on
the total energy input is only 45%Z. The efficiency based on the total energy
input is of primary interest for commercial units, but the value derived here
on that basis is not a valid approximation applicable to larger units. This
results from the container size and geometry, and the cycle characteristics,

as discussed below.

To evaluate the efficiency of the engineering-scale unit on the basis
of total energy input is misleading because the rat.o of the total surface
area of the insulated unit to the volume of the unit is very large. The
effect of scale and contailner geometry on the efficiency can readily be seen
from the heat loss information generated from this unit. The observed heat
loss to the ambient during the 5.33~hr discharge period totaled 5640 Btu. The
total surface area of the insulated container is 25.5 ftz. This leads to a
heat loss rate of 42 Btu/hr—ftz. Assuming this loss rate to remain constant
for the insulation and thicknese used, regardless of container size, leads to

a total loss during a 24-~hr operating period of —
2
ENERGY LOSS = (42 Btu/hr-ft )(24 hr)(A) (37)

where A = total surface area of the insulated container.
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The capacity of a storage unit can be determined from the volume of the PCM,

its density, and its heat of fusion by the equation —

CAPACITY = poAH Vs (38)

f
where —

Py ™ density of the PCM

AHf = heat of fusion of the P(M

Vs = volume of salt

If it is further assumed that some fraction, fs’ of the container volume, Vc,
is occupied by the molten PCM, and the remaining volume by heat exchangers

and/or void space, Equation 38 becomes —
CAPACITY = choAHffs (39)

The heat loss can then be determined as a percentage of the storage capacity
by taking the ratio of Equation 37 to Equation 39:
ENERGY LOSS

% LOSS = CAPACITY X 100 40)
(42 Btu/hr-ft’) (24 hr)
= (A) X 100
) (o Y (BR)E
Substituting appropriate values for the experimental PCM (LiKCO,; p986°1’
128.2 1b/ft MM, = 148 Btu/1b), Equation 40 becomes —
4 (41)

% L0SS = c%:Q) G
It can be readily seen from Equation 41 that for any given fs, the % loss
during a 24-hr period is directly proportional to the ratio of the surface area
to the container volume. The value of Vs for the engineering-scale TES units
is 0.83 with Vo = 1.18 ft’ and A = 25.5 tt . The ratio of (A/V.) = 21.6, and

the % loss = (3'33)(21.6) = 138%.

The effects of scaleon the heat loss are shown in Figure 25. For this

diagram, the heat loss during a 24-hr operating period was determined from
Equatioh 41 for storage units with a height-to-radius rqtio equal to that of
the engineering-scale unit tested here, but with varying radii and with

Vs = 0.75. Doubling the size of the container (1-ft radius, 3~-ft height)
decreases the proportion of capacity lost to about 40Z. In the capacity rangr

of commercial interst (1-100 MWhrth), this value is reduced to below 10%.
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Figure 25. HEAT LOSS DURING A 24-hour OPERATING PERIOD FOR LARGER TES UNITS
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As a result of the strong dependence of efficiency on scale, it would be
erroneous to judge the performance of a larger-scale unit based on the efficiency
f{ound for the engineering-scale unit, if the total energy input is considered.
Therefore, efficiencies of other units will be based on the charging cnergy

only. Although this method of evaluation dees not consider the heat loss

during charging and holding periods, it will still give a conservative
approximation of the storage efficiency because the high loss rate is maintained
during discharging, thereby limiting the energy recoverable by the heat-transfer
medium.

The performance curve obtained from Run 1-20 is shown in Figure 26. One
of the primary reasons heat-of-fusion TES is advantageous is that the stored
energy is theoretically avaiiable at a constant temperature — the PCM melting
point. As a result, the temperature differential between the PCM and the
heat-transfer fluid would remain relatively constant; and if the mass flow rate
and input temperature of the working fluid did not change significantly, the
heat flux would remain at or near a constant value throughout the discharge
period. The resulting performance curve would, therefore, appear flat. As
can be seen from Figure 26, the heat flux decreases from 12,000 Btu/hr-ft*
at 5 min, to 7000 Btu/hr-ft2 at 60 min discharge time. The rapid decreas-
results from the thermal conduction barrier imposed as the sclt solidifies on
the heat-transfer surface and increases in thickness. The sensitivity of the
heat flux on the solid-salt thickness can be examined from Figure 26 and the
cooling data obtained at locations 2, 3, and 7* that are summarized in Table 7
from Run 1-20.

Table 7. SUMMARY OF COOLING BEHAVIOR AT LOCATIONS 2, 3, and 7 DURING RUN 1-20

Salt Time to Q, Btu/hr-ft?
Location Thickness, in. Solidify, min (From Figure 26)
3 1.6 126 5700
7 2.4 200 4900
2 3.2 320 4100

*
These locations are used because they represent 3 different radial locat .~
isolated from "edge effects" such as heat loss to the ambient. ’
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The heat flux is shown in Figure 27 as a function of solid-salt thickness,
and shows a linear relationship. The slope of the line shows a decrease in
the heat f_ux of 1000 Btu/hr-ft2 per inch solid salt. Although the relaticaship
holds true afv.r two hours of cooling, it does not appear accurate during the
earlier stages nf discharging. Extrapolating to time = 0 would indicate a
heat flux of 7300 Btu/hr~ft2. The observed value, which is > 12,000 Btu/hr-ftz,
indicates an even higher sensitivity during the initial cooling period. These
results indicate strongly the need for conductivity erhancement or the develop-
ment of active heat exchangers. If the performance curve cannot “e flattened
by one of these methods, steady-state heat transfer can only be achieved by
varying the working fluid flow rates or entering temperature, which would lead

to mecre complex and expensive system design.

After establishing baseline performanc- characteristics, the first unit
was operated above the design temperature to evaluate its influence on
rerformance. Operating from a higher starting temperature may be advantageous
because of the further utilization of the sensible heat storage capacity of
molten salt and the subsequent increase in system capacity. Broadening the
system operating temperature range without altering performance would also
make the system more compatible with variations in the duty cycle or the
amount of energy available for storage. Run 1-15 was initiated from a starting
salt temperature of 575°C, apprc :imately 45°C above the design temperature.
The storage capacity was increased by about 3400 Btu, or about 12.5%. The
performance curve obtained is shown in Figure 28, with the performance curve
from Run 1-20 operated from the design temperature for comparison. Operating
from the higher temperature resulted in an increase in the discharge heat flux
during the first 85 minutes of discharging, after wbich the performance
appears nearly identical to rhat when the system is operated from the design

temperature.

During the first 85 minutes most of the heat removed is sensible; therefore
the solid-salt thickness increases only slightly due to latent heat removal.
As a result higher heat fluxes are obtained because of the larger driving
for-e due to the higher temperature differential (between the sal’ and the
heat exchange fluid) and a lower resistance due to a thinner solidified salt

iayer on the salt side of the heat exchanger tube.
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This hypothesis seems to be supported by the duration of the enhanced
heat flux observed in Run 1-15. After 90 minutes of discharging, the molten
salt has been cooied to a uniform temperature of 505°C, the melting point.

The heat flux enhancement disappears after about 85 minutes of discharging.

The concept that sensible heat ''displaces" latent heat and subsequently
inhibits interfacial movement during cooling is also supported by these results.
Both runs were terminated when nearly identical thermal conditions through
the salt were reached. As can be seen in Figure 28, an additional 75 minutes
was required in Run 1-15. Since the same amount of energy was extracted in
the form of latent heat and sensible heat removed from the solid, the difference
in discharge times results from the different quantities of sensible heat
stored in the liquid phases. If this "excess" sensible heat delays the reﬁQVal
of latent heat until the end of the cycle, it would be evidenced ky a longer
discharge time, which is calculable. The heat flux after 325 minuteslof
discharging f{the time required to discharge the unit, starting from the design
temperature) is about 41C0 Btu/hr—ftz, which corresponds to energy removal

at the rate of —
(4100 Btu/hr-ft2)(0.72 £t*) = 2950 Btu/hr (42)

The additional 3400 Btu of excess sersible heat in the form of latent heat

would require —

(3400 Btu)/(2950 Btu/hr) = 1.15 hr (43)

or 69 min to be removed. This value agrees well with the 75 min observed.

ORIGINAL PAGE I§

OF POOR QUALITY
The first unit was in operation for a total of 1100 hours; and- although

this is a short period with respect ts desired system lifetimes (> 44,000 hr);

Unit i Stability and Cyclability

the performance stability observed is encouraging. The effect on the -average
discharge heat flux of passing thréugh the 20 cycles coﬁpleted witﬁEthis unit
is shown in Figure 29. As observed in the laboratory uﬁit (discussed under ,
Task 2), the heat flux appears to increase during the initiai ~ycling, but
remains relativeiy constant after 7 cycles have been completed, Thia effecf
most likely results from enhanced ccntact between the salt and the salt-side
heat-transfer surface brought about hy slight oxidation of the heat-transfer 2
surface during oper.:ion. After the completion of 7 cycles, the time required

to discharge the unit also stabilized to an average of 5 hours and 40 minutes.
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The discharge time varied by no more than 20 minutes during the remaining

12 runs, when the system was operated from the design temperature.

Chemical analysis, DTA, and DSC tests on the salt after the twentieth
cycle showed no signs of degradation of the salt properties. The salt composi-
tion, melting point, and heat of fusion remained constant during the operating
period. It is interesting to note that the salt showed discoloration due to
corrosion products after the salt filling and shakedown runs, but this was not
evidenced in the salt removed from the unit after the twertieth cycle. This
observation is important in that it indicates passivation of the container

inner surfaces in a relatively short period of time.

The system was readily cyclable in a 24~hour period. Full charging,
accomplished in 8 hours, required an average charging flux of about
5450 Btu/hr-ft? (based on the charging power). A charging flux of about
3800 Btu/hr-ft? was required for 2 i2-hour charge.

Increasing the holding time did not appear to affect the performance,

indicating a good adaptability of the system to variations in duty cycles.

Unit 2 Performance — Heat Flux and Efficiency

Unit 2 is essentially a duplicate of the first unit, but incorporates
improvements in temperature measurement and insulating techniques. The primary
purpose for operation was to verify the system performance characieristics
observed in the first unit and to study the heat exchanger performance in
greater detail. “The unit was operated in the sane manner as Unit 1, but was
discharged using higher coolant flouw rates. A total of 30 cycles were completed,
representing 1400 hours of operation. ?iiéie periods were varied by increasing
holding and charging times, and the uﬁit was discharged from both initially
fully charged and undercharged states. Stable performance comparable to that
of Unit 1 was observed under all of the operating conditions. The system
yielded average discharge fluxes of 6300 Btu/hr-ff with system efficiencies
of 75% to 85% with air temperatures measured at A and A' (Figure 18). However,
when air temperatures were measured at B and B', the heat flux was found to be
about 4000 Btu/hr-ft’ , which more accurately describes the heat exchanger
performance. Strong convective mixing, which was also observed during dis-
charging, enhanced the heat-transfer rates during the initial discharging

periods. Detailed discussion of these results follows.
77
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To verify the performance observed in the first ergineering-scale unit,
several discharge runs were made on the second unit, with inlet and outlet
coolant temperatures recorded at locations away from the system (A and A' in
Figure 18) as was done with the first unit. Run 2-20 is representative of the
cbserved performance and is summarized in Table 8. The designation indicates

that Unit Z was operated for 20 cycles.

Table 8. '"APPARENT" THERMAL PERFORMANCE OF TES UNIT 2

Run 2-20
Heat Flow, Btu

Sensible Heat Removed From the Liquid 2,457
Heat of Fusion Removed 18,944
Sensible Heat Removed From the Solid 4,220
Total Heat Extracted From the Salt 25,621
Sensible Heat Removed From the Container 2,100
Sensible Heat Removed From the Insulation 1,100
Total Heat Lost by the System 28,821
Heat Extracted by the Coolant Air 24,550
Heat Lost to the Ambient 4,271
Charging Fnergy, Btu 30,260
kWhre 8.86

Heat Extraction Efficiency, 7% 85
Storage Efficiency, % 81

The performance curves of Runs 1-10 and 2-20, based on air-temperature
measurements made at A and A' in both units, are shown in Figure 30. The
average heat fluxes were determined from graphical integration to be
6300 Btu/hr-ft> for Run 2-20 and 6080 Btu/hr-ft2 for Run 1-10. The difference
between the heat fluxes for these runs can be accounted for by the difference
in flow ratas. Unit 2 was operated with an average air flow rate of 355 1lb/hr,
approximately 7% higher than the flow rates used in Unit 1. Theory predicts
a 4.5% increase in heat flux with a 7% increase in the flow rate. The observed
difference, 3.6%, agrees well with the predicted value and indicates that
performance is affected by the flow rates being used for testing. The higher
observed efficiencies result primarily from better insulation of the second
unit, which decreases the heat loss during discharging. However, we concluded
from the close agreement in heat flux between Units 1 and 2 that the observed

performance is reproducible.
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As previously mentioned, the performance discussed above is an apparent"
performance for the system. Although the values derived here are valid for
comparisor between the first two units, they do not represent the true per-
formance. A better evaluation is obtained by measuring the coolant temperatures

¢t the inlet and outlet of the heat exchanger (B and B' in Figure 18).

The height of the molten salt was determined by an electrical conductivity
method developed at IGT to verify the heat-transfer area used in the heat flux
determination and to determine the precise locations for the outlet thermocouples.
The measured salt height was found to agree within 17 of the value predicted
from density-temperature relationships26 and the thermal expansion properties
of the containment materials, and the outlet thermocouples were located

accordingly.

Several runs from Unit 2 that were analyzed on this basis showed average
heat flures varying over a narrow range between runs. The performance curves
for two consecutive runs, which were made on a fully charged unit (2-15) and
a partially charged unit (2-16), are shown in Figure 31. Run 2-15 results,

representative of Unit 2 performance, are shown in Table 9.

Table 9. REPRESENTATIVE THERMAL T'ERFORMANCE OF TES UNIT 2

Run 2-~15
Heat Flow, Btu

Sensible Heat Removed From the Liquid 2,312
Heat of Fusion Removed 18,944
Sensible Heat Removed From the Solid 3,727
Total Heat Extracted From the Salt 24,983
Sensible Heat Removed From the Container 2,000
Sensible Heat Removed From the Insulation 1,050
Total Heat Los* by the Sysc.em 28,033
Heat Extracted by the Coolant Air 15,191
Charging Energy, Btu 30,600
kWhre 8.96

Heat Extractioa Efficiency (Heat Exchanger Only), % 54
Storage Efficiency (Heat Exchanger Only),% 50

The overall average heat flux for this run was determined by graphical
integration from Figure 31 to be 4024 Btu/hr-ft?.

The efficiercy evaluation is complicated by the heat transfer tlat occurs

in the extended portions of the cooling tubes. When an energy balance 1s made
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;:% on a run using air-temperature information collected at the heat exchanger
N inlet and cutlet (BB'), 407 to 507% of the stored heat is shown to be not
é%; recovered by the heat-transfer fluid, and therefore lost to the ambient.
E;l Similar calculations made with air temperatures measured at the system in'et
§§# and outlet (AA') show losses to the ambient to be half as large. These values
:ii correspond more closely to the heat losses predicted by input power drawn
;%é during holding periods. Although only 507 to 607% of the energy is recovered
‘gg in the heat exchanger, it must be noted that about 70% of the stored enersy
i%g not recovered in the heat exchanger is composed of heat transferred to the

1 coolant outside of the heat exchanger, as evidenced in the first unit and

shown in Run 2-20. Since no approximation can be made as to where this heat
would have gone if the system were designed differently, it will not be
considered in evaluating efficiency. As a result, the efficiencies will

appear low, but should be used for comparative purposes only.

An energy balance cannot be made on Run 2-16 because the exact charged
capacity cannot be determined. A capacity value can be approximated, however,
by comparing the total energy input during charging for Runs 2-1> and 2-16.
The energy absorbed by the system during the cha.ging sub-cycle of Run 2-15
totaled 15.4 kWhr. This is the energy required to supply the sensible heats,
heat of fusion, and heat losses to the ambient during the charging period.

The energy absorbed in Run 2-16 during the charging period totaled 13.33 kWhr,
or 86.5% of the energy drawn in Run 2-15. Assuming the charged capacity of
Unit 2 in Run 2-16 to be 86.5% of that in Run 2-15, the following analysis

can be made:

Run
2-16
Heat Availuble for FExtraction [(0.865)(28,033)], Btu 24,248
Heat Extracted by the Coolant Air, Btu . 13,326
Heat Extraction Efficiency (Heat Exchanger Only), 7% 55
]l Graphical integration of the performance curve for Run 2-16 shown in Figure 31

yields an overall average heat flux of 4732 Btu/hr-ft°. A similar measurement
made for Run 2-15 over the same d!scharge period as for Run 2-16 (0-Z235 minutes)
yields an average heat flux of 4382 Btu/hr-ftﬁ. We concluded from the close
agreement in average heat fluxes and heat extraction efficiencies found between
Runs 2-15 (fully charged) and 2-16 (partially charged) that operation of the

system below rated capacity does not alter the system heac fluxes.

ORIGINAL PAGE IS
82 OF PUOR QUALITY

' T UTE 0O F G A S TECHNOLUOGYY

P I P .
L.

G oan 7 tem G G BN ©5 D BT 3T e Sm ot fem e oy e On



3/78 8981

This is an important observation when the periodic nature of TES system

operation is considered. Radial temperature profiles through the salt obtained

during a l4-hour charging period are shown in Figure 32. The salt closest to
the heat exchanger begins to thermally respond to charging within a half hour
after the charging is initiated. However, the bulk of the salt continues to

cool throughout the first 3 hours of charging. If in this case only 11 of the

required 14 hours was available for charging, the system would only be charged

to about 60% capacity. Although the discharging time wonld be decreased,
stable performance would still be obtained. This factor would become even
more important if demand dictated increased utilization of the sensible heat
stored in the solidified salt because of the lowered salt temperature at the
completion of the discharge. The subsequent charging time would, therefore,

be increased.

One of the considerations made in selecting LiKCO3 as an experimental PCM

was the low liquid-phase viscosity at and above the melting point. This low
viscosity enhances convective mixing in the molten salt, which improves the
overall heat-transfer characteristics of the system. A strong mixing effect
was indicated by the inabilitv of a thermal gradient to be sustained through
the molten salt as evidenced by the flat radial temperature profiles observed
during discharge. The convective effects were also indicated from axial
temperature profiles upntained during discharging, shown in Figure 33. During
the first half hour of discharging, the mean temperature in the upper two-
thirds of the molten salt has decreased while the lower third has increased,
after which a steadily decreasing flat profile is maintained to the melting
point. The shape of the axial profiles also verifies the formation of a
solid skin on the upper salt surface (discussed under "Unit 1 rerformance —
Heat Flux and Efficiency") and indicates simultaneous solidification from

the bottom and top. We anticipated the solid phase to form around the heat
exchanger in a conical geometry based at the container bottom. However, the
combined radial and axial profiles indicate an "hour glass" geometry that

results from heat loss turougt the top of the unit,

Unit 2 Stability and (yclability

Stable performance was observed in Unit 2 throughout the 1400 hours of
operating time. The average heat fluxes observed during discharging as

determined by air-temperature information collected from around the heat
813
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Figure 32. SALT RESPONSE DURING CHARGING
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exchanger varied over a narrow range between 39u} and 4100 Btu/hr-ft? when
discharging was accomplished from and to design conditions. The discharge

time required for each run is shown in Figure 34. TL. time required for
discharge of the 15 runs, which started from design conditions, remained
relatively constant, averaging 5 hours and 15 minutes, about 25 minutes faster
than for the first unit, due to the higher flow rates. The charging performance
was similar to that observed in the first unit; however, charging and holdirg
times were varied over a wider range. No difficulties in completing a cycle

were found if a minimum of 8 hours was allowed for charging. Charging in

less than 8 hours required salt temperatures in excess of 593°C in some locations

during the charging period, thereby increasing the possible corrosive reactions

and vapor loss due to local overheating.

All materials in the system also performed well {hroughout the operating
period. Corrosion was light on the interior of the unit, and no leaks were
found. Slight vapor losses were indicated at the sealing flange junctions
as in Unit 1, but no weight lossz cou’d be detected. The salt showed no signs
of discoloration after 30 cycles, and chemical analysis showed no change in
the salt composition within limits of detection (=0.5%). DTA and DSC testing
of salt samples taken from six different locations in the unit indicated well-
defined fusion characteristizs with melting points of 505° to 506°C and heats
of fusion between 152 and 155 Btu/lb. No secondary compounds could be detected

from thermal effects.

Evaluation of LiKCO. With a Fimnned Tube

Unit 3 Operation — Finned-Tube Heat Exchanger Design

A third engineering-scale unit was constructed and operated as were the
first two units, but it contained a finned-tube heat exchanger to evaluate
the cffects of heat-transfer enhancement. The fins were constructed of 304
stainless steel flat stock, 15 inches long, 3 inches wide, and 1/8 inch thick.
Eight grooves spaced every 45° were milled into tha cooling tube. The fims
were placed in the grooves, and each was heli-aic welded around its entire
base to ensure good heat transfer. They were spaced 3/4 iach from the bottom
of the unit and 2 inches from the top to avcid increased losses to the ambient.
The relative radial spacing of the fins can be seen in Figure 35. They increase

the salt-side surface area of the cooling tube from about 100 to 705 square
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Figure 35. FINNED-TUBE HEAT EXCHANGER LOCATED IN THE
ENGINEERING-SCALE TES UNIT

Unit 3 Performance — Heat Flux and Efficiency

The third TES unit was cycled 11 times, representing 650 hours of operationm.
Performance evalustion made on this unit was based on air-teﬁperature information
collected at the heat exchanger inlet and outlet only (B-B' in Figure 18).

The performance observed in Run 3-10 is summarized in Table 10,

The overall average heat flux for this run was determined by graphical
integration to be 5250 Btu/hr-ft? during discharging.

The influence on performance of the finned heat exchanger is summarized
in Table 11, where average performance statistics for Units 2 and 3 are
compared. The resulting performance improvements are best explained by
differences in the heat exchanger thermal state induced by the addition of
fins. The average salt-side heat exchanger surface temperature and surface
temperature differential from top to bottom for Units 2 and 3 are shown as
a function of discharge time in Figure 36. The use of fins (Unit 3) results
in improved conduction through the soiid salt and produces a higher average

surface temperature distributed more evenly along the entire length at the
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Table 10. REPRESENTATIVE THERMAL PERFORMANCE OF TES UNIT 3

Run 3-10

Heat Flow, Btu
Sensible Heat Removed From the Liquid 2,204
Heat of Fusion Removed 18,944
Sensible Heat Removed From the Solid 4,326
Total Heat Extracted From the Salt 25,474
Sensible Heat Removed From the Container 2,000
Sensible Heat Removed From the Insulation 1,950
Total Heat Lost by tne System 28,524
Heat Extracted by the Coolant Air 17,170
Charging Energy, Btu 28,938
kWhr 8.47
Heat Extraction Efffciency (Heat Exchanger Only), % 60
Storage Efficiency (Heat Exchanger Only), % 59

Table 11. PERFORMANCE CHANGES RESULTING FROM ENGINEERING-SCALE
OPERATION WITH HEAT-TRANSFER ENHANCEMENT

Change
Unit 2 Unit 3 With Fins

Discharge 4000 . 5300 )

Heat Flux . Btu/hr-ft Btu/hr-ft +32%
Heat Extraction

“fficiency 56% 617% +9%
Storage

Efficiency 53% 60% +132
Discharge 315 230

Time min min -27%

heat exchanger. Because the heat-transfer rate is directly dependent on the
temperature difference between the heat-transfer surface and the coolant, a
more efficient utilization of the heat-transfer area results; and subsequently
a higher heat flux is attained. The improved thermal conduction resulting

from the additionof the finsisalso evidenced by a flattening of the radial
temperature distribution (Figure 37) when compared to units without fins
(Figure 38). The resulting increase in the rate at which the solid-salt layer
increases in thickness is shown in Figure 39. The increased storage efficiency

is primarily a result of the shorter discharge time, decreasing heat losses.
90
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Figure 37. SALT TEMPERATURE PROFILE AT HALF DEPTH DURING
DISCHARGING WITH A FINNED-TUBE HEAT EXCHANGER
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The 327 improvement in the heat flux corresponds closely to the 25% im-
provement observed in the laboratory TES system (Figure 13 and discussion) when
a finned-tube heat exchanger was used. As a comparison of the performance
curves for Units 2 and 3, the averages of the last two runs made on each unit
are presented in Figure 40. The goal of conduction enhancement is to both
increase and stabilize the heat flux during discharging. The performance in
Unit 3 indicates the heat flux improvement, but shows a more rapid change in
the flux with time after the bulk of the molten salt has been cooled to the
melting point. This effect results from the diminishing influence of the
dimensions and spacing of the fins as the solid salt increases in thickness,'and
is intensified by the shorter discharge time. ‘

The influence of the fins is much less pronounced during charging. The
radial temperature distribution &uring charging is shown for Unit 3 in
Figure 41. Comparison with temperature profiles observed without any conduction
enhancement (Figure 32) makes it evident that the fins improve the charging
characteristics only during the first 2 tu 3 hours, or until enough molten
salt has been formed to provide its own conduction enhancement. The net

result is a 7% decrease in the time required.for charging.

Unit 3 Stability and Cyclability

Because of the short operating time, a quantitative assessment of thao
unit stability was not practical. However, a qualitative indication of the
system stability was found by the uniform discharge time per cycle shown in
Figure 42. As previously discussed, both the charging and discharging times
were reduced by the use of the finned-tube heat exchanger; and cycling in
24 or 48-tiour periods was achieved, although it required longer holding pericds.
This unit was not disassembled after completing operation; therefore materials

performance was not established.
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Task 4. Compare Experimental Performance of Engineering-Scale System With
Tts Predicted Ferformance

Introduction

One of the primary goals of this program was to develop a heat-toevi:
model capable of predicting the thermal behavior of a TES system in «erms of
its method of operation and the properties of the storage material. Because
phase change is employed as the storage mechanism, a moving-boundary solution
governed by heat-transfer characteristics was needed. Solutions of this type
derived by various investigators were examined for their thoroughness and
applicability to the prchlem at hand as determined by the system under invest-
igation *ere. (See section covering Task 2.) One such solution of phase-
change heat flow proposed by Megerlin22 was found to meet the criteria. In
his solution, Megerlin derived an equation giving the dimensionless velocity
of a solid-liquid interface with respect to a heat-transfer surface in terms
of the system design with suitable constraints. We converted this solution to
a more usable form to give the dimensionless time (Np,) needed to solidify a
molten material to a dimensionless thickness (R—1), and then evaluated it
numerically for the cond’tions under which the experimental TES system was to
be operated. The experimental system was dezxigned to generate the information
required to verify Megerlin's solution in our form. The results of this effort
are discussed here.

Solidification of LiKCO3 Alone; Movement of the Solid-Liquid Interface
During System Discharge

An annular arrangement was selected for the unit design for ease of
comparison with the theoretical model. Thermocouples were located at half
depth in the salt at various radial locatioms (0.25, 1.6, 2.4, 3.2, and 4.8
inches from the heat exchanger), and their response with time was recorded
during discharging. A typical discharge trace is shown with the unit design
in Figure 43. The time required for the freezing front to reach the location
of a thermocoup’.e was determined from the traces as the point where that
thermocouple began to indicate a temperature below the melting point and sub-
sequently yielded a descending cooling curve characteristic of a solid being
cooled. The times required for the solid front to reach thermocouples isolated
from edge effects (such as heat loss) are summarized in Table 12 for several
standard runs made on Uni: 2. The averages of these times are summarized in
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Table 13 with the radial locations of the thermocouples and the calculated

Fourier numbers. The theoretical solidification profile determined by numerical

evaluation of the Megerlin solution for our system (Nph = 0.57, Ng; = 0.75) is
snown in Figure 44 with the experimental profile. The observed behavior is in
good agreement with the predicted behavior during the early stages of discharge
(NFo <4), but is only fair during the remainder of the discharge period, which

shows the solidification proceeding slower than predicted.

The sources of deviation beiween the theoretical and experimental behaviors
become apparent when the differences between the physiczl model and the
idealized description given by the Megerlin solution are examined, as in
Table 14. The primary source of erxor appears to be in the excess enthalpy or
superheat stored as sensible heat in the molten salt and container at the
operating tewnperature (~20°C above t;). The superheat may be considered in the

model two ways as follows.

In the first treatment, the superheat is considered to affect the system
behavior as if its source were the heat of fusion of the PCM. The sensible

heat contained in the salt over the 20°C superheat amounts to ~17 Btu/lb.

i
.k

Adding this heat to the heat of fusion of LiKCOj3 results in an "apparent"
heat of fusion of 165 Btu/lb (148 Btu/lb + 17 Btu/1lb). Recalculating the phase-

change number on this basis leads to an apparent Nph of 0.63, shifting the
theoretical curve (Nph = 0.57) in Figure 44 to the right and yielding closer

agreement with the experimental curve. If the heat content of the container

above t; is included, the apparent Nph 2 0,7, which brings the theoretical and

experimental curves even closer together.

In the second treatment, the concept of sensible heat displacing the heat

of fusion is considered, as discussed under "Unit 1 Performance — Heat Flux

and Efficiency." It has been calculated, from the knowledge of the average

heat fluxes and the heat contents of the steel can and the insulation, that

the loss of the specific superheat plus the loss of the can-and-insulation

heat content in time, decoupled from the solidification process, amounts to

about 34 minu’ s, or 0,56 hour, If it is assumed that little or no solidifi-
cation occurs until the superheat is removed, the solidification time scale is
shifted by 0.56 hcur, representing a correction on Np, of 2.31 (Ngj = Npo — 2,31).
Applyiag this correction to the calculated Fourier numbers shown in Table 13

(where applicable) almost brings the experimental and predicted curves in
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Table 14. COMPARISON OF MEGERLIN SOLUTION AND PHYSICAL MODEL

Condition

The Arrangement

Internal Radius
External Radius
Axial Dimension
Initial Temperature

Excess Enthalpy
Above t;

Misc Losses

Heat Content of
Containers and Insul

I' NS TITUTE

et | Eewyew (mgm ® W W W

Mathematical Description

Cylindrical, circular,
axisymmetric

o
Infinite
Infinite

At melting point t

104

LR ) LI ]

Physical Model

Cylindrical,
circular, axisymmetric

ry, =1 in.
Finite, r = 6 in.
Finite, L = 18 in.

Above melting pt

(0.42)(40) = 17 Btu/1b

Via insul, supports, etc.

12 Btu/°F for the can
22 Btu/°F insulation
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Figure 44 together. Other variations, which, if corrected for, would tend to
bring the curves even closer together are —
a. The finite axial dimension of the physical model as opposed *o the in-
finitely long analytical solution suggests that, at the radius nearest
to the entry of the coolant, the freezing front would form faster. (The

coolant enters at 49°C, is about 62°C in the middle at the thermocouple
level, and leaves, on the average, at 77°C.)

b. The convective currents in the liquid phase (left out of account completely
in the analytical iodel) would tend to slow down the solidification process.

With these considerations in mind, the agreement between the observed and

predicted behavior appears good throughout the entire solidification period.

Use of the ileat-Transfer Model in Large-Scale System Design.

Introduction

The phase-change heat flow model developed by Megerlin?? and evaluated at
IGT during the course of this project can be used in large-scale system design.
In the IGT form, Megerlin's solution determines the extent of thickness around
a cylindrical internal well (tube) carrying a cooling fluid to which a PCM will
sbiidify as a function of the time it has been cooled from its melting point,
measured in terms of the radius o. the internal well. The model accounts for
the flow and thermal properties of the working fluid and thé’thermophysical
pioperties of the PCM (heat of fusion, heat capacity, melting point, thermal
conductivity, and density). It yields the amount of a PCM that is solidified
with respect to the system design and mode of operation and, therefore, in-
directly gives a measure of the energy transferred from the storage material

to the working fluid under the same constraints.

If the conceptual system is a large molten salt bath with a number of pipes
running parallel to each other 1n~é well-formed matrix carrying the working
fluid through the salt bath, the model will determine the pipe spacing, the
number of pipes required, and their length (given the pipe radius) for a par-
ticular storage requirement. Consequently, the model relates the energy dis-
charged from a system to the physical design of the system, allowing a balance
*0o be made between the energy required as determined by the working fluid
conditions and the energy discharged that results from the system design.
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TES System for Steam Upgrading

To show how the heat-transfer model may be used in system design, we will
apply it to a storage system in which high-temperature, high-pressure steam
is tk~ working fluid. 1In this system, LiKCO3 will be used as the PCM for the
purpose of superheating the steam at 1000 psi from 550°F (288°C) to 900°F (482°C)
over a 6~hour period during which the steam flow will be 5.0 X 10° 1lbm/hr. The
enthalpy change in the steam is 249.2 Btu/lbm (from the Steam Tables), so the

total system capacity must be —
(249.2 Btu/1bm) (5 X 10%1bm/hr) (6 hr) = 7.48 X 10° Btu (44)
which represents —
(7.48 X 10% Btu)/ (148 Btu/ib) = 5.05 X 10° 1b (45)

of salt (heat of fusion only). The volume of salt that must be solidified

(using the room-temperature density for a first approximation) is —
(5.05 X 10°% 1b)/ (141 1b/ft%) = 3.58 X 10" ft? (46)

This sets the "fixed volume" requirement that the heat-transfer model will be
applied to solving. The phase-change number determined for a mean steam
temperature of 725°F (385°C) is —

A Hg (148 Btu/1b) )

Noh = cpltg-t)  (0.32 Btu/1b-°F) (941°F-725°F) - (473

The Megerlin plots for Nph = 2 and a range of Biot numbers are shown in
Figure 45.

In this example, we have chosen to use pipes with a 2.5-in. diameter, and
need to determine the number of pipes required, their spacing, and their length.
The Fourier number corresponding to a 1.25-4n. (0.104-ft) radius and a 6~hr

discharge time is —

a1 _ (0.0287 ft?/hr)(6 hr)
2

CRTURDIE = 15.9 (48)

Npo = T,

Given the pipe diameter, 2 ry, the Biot number Ngy need only be specified now
to use the Megerlin plots in Figure 45 to determine r ,which will yield the
thickness of thesolidified salt (r, - ry) and the pipe spacing (2 r,). The

pipe length is determined from the fixed volume requirement:

L, = (3.58 X 10" ££%)/(r} - r)) nm (49)
106
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The Biot number is given by —

Np; = hro/kg (50)

50 that an expression for the steam-side heat-transfer coefficient, h, must be
derived. In this example, we will first assume fully turbulent flow in the

steam pipes that allows the use of the Nusselt equation —

. .2_ hd
Ny, = 0.023 Np*® Npy™2= 3% (51)

to derive the expression for h. Solving Equation 51 for h yields —

h = 0.02 Np ™2k (E)™® a0 x,718 (52)

where n = number of pipes with radius r,. Substituting in Equation 52 the
appropriate properties for steam at 725°F (385°C) and 100C psi, and setting
ro = 1.25 in. and @ = 5 X 10° Ibm/hr yields —

h = 5968/n%® Btu/hr-ft2-°F (53)

It can be seen from Equation 53 that L, and r, are both dependent on the number
of steam pipes to be used (NBi « =08 » To fixed). The pipe length, L,, can
be determined for any number of pipes by selecting n and calculating h from
Equation 53, determining Ngy and using it to find r, from the Megerlin plots,
then substituting r, and n into Equation 49 and solving for L,.

Now that we have calculated a pipe length consistent with a given number
of tubes, n, that are sufficient to remove the heat from the salt volume, we
must consider if sufficient heat-transfer surface is present to heat the steam

to the required outlet temperature.

If it is assumed that the PCM remains at its melting point, the enthalpy
change in the steam as it progresses through the pipe is described by —

mcpdt

wa g = h (g —t) = h (941°F - t)l (54)

Rearranging Equation 54, integrating, and evaluating, given that at
L =0, t =550°F (288°C) and at L = Ly, t = 9Q0°F (482°C) leads to —

(2.255) & ¢
Ly = —hd = (55)

ORIGINAL PAGE I8
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The heat-transfer requirements will be satisfied when n is selected so that

L, = L,, which meets both the fixed-volume and steam-temperature requircments.

The soluticn will be obtained graphically here using Equations 49, 53, and
55, and the Megerlin plots in Figure 45 to derive Table 15.
Table 15. DESIGN PARAMETERS FOR STEAM UPGRADING, WITH
Npp =2, Ng, =15.9, ro = 1.25 in., AND =5 X 10° 1b/hr, USING LiKCO; AS THE PCM
N

n h, Btu/hr—ft>-°F Bi ry, in. Ly, ft Ly, ft
3,000 9.87 0.79 3.56 49.3 38.4
5,000 6.56 0.53 3.25 36.5 34.7
7,000 5.01 0.40 3.00 31.6 32.4

10,000 3.77 0.30 2.75 27.4 30.2
15,000 2.72 0.22 2.50 23.4 27.9
20,000 2.16 0.17 2.31 21.8 26.3

The values of L) and Lz are chown as a function of n in Figure 46. The inter-

"section of the two curves, representing the design solution, occurs at n = 6000

and Ly = Lz = 33.5 ft. Substituting n = 6000 into Equations 49, 53, and 55
yields h = 5.67 Btu/hr-ft?-°F, r; = 3.13 in., and L; = Lz = 33.4 ft. The desien
conditions for the TES operation can be met by solidifying 5 million 1b of
LiKCO3 cylindricaliy around 6000 2.5~in.-diam by 33.4-ft-long pipes (spaced:
6.25 in. apart) over a 6-hr pericd. As a check, the total area open to steam
flow is -

2

A = omr? = (6000) (T) (1125) = 204.5 ft (56)

The linear steam velocity is —

. (5 X 10° 1b/hr) (hr/3600 s) (0.6285 ft/1b) _
204.5 ft2

= 0.43 ft/s (57)

where the specific volume of steam at 100 psi, 725°F (385°C) is 0.6285 ft’/lb.
The Reynolds number is -

_ (2.5 in./12 in./ft) (0.43 £t/s)(0.6285 £t°/1b)~1(36C0 8/hr) _ggnq (s8)

Nge = u 0.0575 1b/hr-fe

which indicates fully turbulent flow and verifies the use of the Nusselt
equation to derive the steam-side heat-transfer coefficient.
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Figure 46. GRAPHIC SOLUTION FOR NUMBER OF PIPES AND THEIR LENGTH
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Although the above provides the design of a TES system capable of meeting
the performence requirements, it is not necessarily the optimum system design.
The use of different steam pipe sizes and the effects of conduction enhance-
ment on the solidification process must be studied before an optimum performance
design could be established. Such optimization must also include the determi-
nation of the cost-effectiveness of the possible designs, but is at preaént
beyond the scope of this project. The example presented here does, however,
show the importance of the heat-transfer model in determining key parameters

for any latent-heat TES system.
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Task 5. Conclusions and Recommendations

Conclusions

1. Salts

Carbonates appear most attractive from thermal, chemical, and physical
properties; LiKCO3 selected as model system.

Chlorides appear most attractive from cost considerations.

2, Heat-Transfer Modeling

Megerlin's solution gives good agreement between predicted and observed
interfacial location during heat removal phase from PCM.

Model can be used for determining key design parameters for large-scale
systems,

3. Inert Additives to Control Volume Change (L1A10,)

Small volume change observed with model system does not require their use.
Sedimentation does present a problem at concentrations of 20 volume percent.
Performance is affected; heat flux lower.

Inerts increase system cost substantially while lowering specific capacity.

4, Conduction Enhancement

Additions of stainless steel screen, fins, and wool, and aluminum wool
(3-14 volume percent) increase performance hy 25%-322.

Wools appear most attractive of the enhancement concepts tested, particu-~
larly aluminum wool.

S. Coatainment
Low corrosion of 304 and 316 SS with carbonates.
Carbonates show no creepage, little vapor loss.
Aluminum appears stable in the carbonate environment.

6. Engineering Performance

Cycling easily accomplished within a 24-hour period.
Stable performance through 1400 hours of operation. oglGlN

Cycling has no apparent influence on the salt properties.
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Performance unaffected by degree of superheating.

Performance was improved 30% by the addition of conductivity enhancement
in the form of eight fins.

Conduction enhancement provides more efficient utilization of heat-
transfer area.

Established baseline average discharge heat fluxes for comparative testing:

No Enhancement: 4000 Btu/hr-ft?
With Enhancement by Fins: 5300 Btu/hr-ft?

Strong convective mixing effects identified.

Low coefficient of expansion and related volume change on fusion of
LiKCO3 verified.

Strong dependence of heat flux on solid-salt thickness.

Heat fluxes as high as 40,000 Btu/hr-ft? observed, representing an upper
performance limit.

7. OQOverall Conclusion

Aikali carbonates are suitable for high-temperature TES applications
from a performance, thermal, and chemical behavior standpoint.

Economic feasibility can now be studied.

Recommendations for Further Research

1. Salts
Study of lower-cost salts (commercial grade)
Wider range of melting temperatures
Incongruent compositions

2, Modeling Studies

More detailed study of superheating and convective mixing effects on
solidification and melting hehavior.

Model verification with different sizes and shapes of containers
Model verification using a higher-temperature worki=ng fluid (higher Nph)

Model verification using an alternative PCM
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3. Inert Volume-Change Control Additives

No fuither study recommended at this time for carbonates

4. Conduction Enhancement

Further investigation of SS or aluminum in various forms, prim.:tly
wool or fixed-structure configurations

Corrosion testing of promising materials in different carbonaie mixtures

5. Containment

" Long-term corrosion testing of current containment materials in several

salt mixtures under cycling conditions
Identificatior and/or development of lower-cost containment materials

Compatibility testing under thermal-cycling conditions of other candidate
materials

6. Performance Testing

Use of higher-temperature working fluids

Alternate passive heat exchanger configurations (aultiple type) to
establish performance in a more "commercial" system design

Larger-scale testiﬁg cf systems designed from the heat-transfer model

Long-term endurance tesiing (>10,000 hr)
Long- and short-term testing with alternate PCM's
Long- and short-term testing with most promising conductivity promoters

7. TES System Development

System studies to determine design constraint to be placed oun systems in
various uses

Cost and energy-saving analyses for promising concepts and economic
feassibility .
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NOMENCLATURE

heat-transfer area, ftz, in.?2

A, constant (Equation 14)
a chararteristic thickness, ft, in.
(half- -hickness of a slahb, radius of a cylinder or a sphere)
<p heat capacity, Btu/lbm-°F
. . S, .
D differential operator = 3T + v 9
d wall thickness, ft
tube diameter, ft, in.
fg volume fraction of container occupied by molten salt
G mass velocity, lbm’hr-ft?
g acceleration due to gravity; g = 9.807 n/s?
h surface heat-transfer coefficient, Btu/hr-ftZ-°F
AHg heat of fusion, Btu/lbm
i \f—l
k thermal conductivity, Btu/hr-ft-°F
K wave number, ft='
L significant dimension, ft
L, pipe length tc meet fixed volume requirement, ft
T2 pipe length to meet energy transfer requirement
Ta?v Ul
M dimensionless frequency; M= —a&— = L
Fo
m total mass, lbm
m mass flow rate, lbm/hr
n number of heat exchange pipes
NFo Fourier number (dimensionless time); NFo = or/a?
0 . N = 2
Ngo dimensionless period; Np ato/a
NNu Nusselt number (ratio of surface conductance to fluid conductance);
NNU = ha/kf
ORIGINAL PAGE 1
OF POOR QUALITY
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NOMENCLATURE, Cont,

phase-change number (ratio of heat of fusion to the sensible heat
between the melting point and a reference temperature);

Noh = BHgpg/epg(ty - tg) Py

Prandtl number (ratio of kinematic viscosity to thermal diffusivity);
Np,. = v/a
Pr

Rayleigh number (ratio of buoyant to thermal forces)

Reynolds number (ratio of inertial to viscous forces);

NRe = vd/v

Biot number (ratio of surface conductance to interior solid conduc-
tance); Np; = ha/ks or Ua/ks

perimeter, ft, in.

r/r,, radius ratio

radial coordinate, ft

radial integration variable
quantity of heat, Btu

heat flux, Btu/hr-ft?
temperature, °C, °F
temperature gradient, °C, °F
absolute temperature, °R
overall heat-transfer coefficient, Btu/hr-ft2-°F
fluid volume, ft°

velocity, ft/hr

moving length coordinate, ft
length coordinate, ft

longitudinal coordinate, direction of fluid flow, ft

Greek Letters

o

™

I N

= thermal diffusivity, ft?/hr; o = k/cpp

= coefficient of volume expansion, °R=!; B = (g, ~ P/ pAT

$

—

T

a finite difference operator
same as &
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E NOMENCLATURE, Cont.
A = wavelength, ft
. v = dynamic viscosity, 1bf-hr/ft?, cp

\V = kinematic viscosity, ft?/hc

frequency, cps

density, 1bm/ft?

©
fl

po = density of PCM, 1bm/ft?
Pp = density of liquid salt far away from heat-transfer surface
T = time
T, = period
w = circular frequency, rad/s; w= 2mv
Subscripts ) Superscripts
a = ambient * = per unit time
c = container - = average quantity
app = apparent
f = fluid
in = initial

ins = insulation

' = liquid (phase)
m = melting

s = golid (phase)
surf = sgurface

w = wall
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