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Abstract 

The use of phase change material (PCM) as a medium for t hermal energy 

storage for solar space heating and similar applications constitutes 

a practical alternative to sensible-heat storage in such media as 

rock or water. 

The objectives of the work reported were to define, formulate and 

critically investigate a PCM based on calcium chloride hexahydrate 

derived from an existi ng large-scale industrial effluent , called 

"distiller blowoff" (DBO), from ICI's soda ash plant in Osborne, 

S. A. Calcium chloride hexahydrate (CCH) melts at 30°C wit h a heat of 

fusion close to 200 kilojoules per kilogram. 

Central to this work has been a calorimetric evaluat ion of thi s 

in which the long-te r m s tability of formulated samples of 

prepared from DBO , was asses s ed in series of melt / freeze cycles 

unique method of continuous the rmal analys is . 

PCM, 
CCH, 
by a 

Findings we re positive, also in r egard to the potenti a l of practical 

applications, such as off - peak electric space heating and grePnhousp 

temperature stabilization. Mo r e fundamental aspects of PCM storage, 

such as factors de t ermining the enthalpies of fusion and 

crystallization, as well as supercooling characteristics, a lso were 

part of this st udy. 
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SUMMARY 

Objec tive s 

The over all obj ec tive of this proj ect has been t o de vel op a cheap , 
compact thermal energy storage system based on inorganic phase change 
material. Calcium chloride hexahydrate (CCH), in particular as 
pro cessed from waste brine - so-called distiller blowoff (DBO) - from 
the ICI Austrlia soda ash plant in Osborne, S.A., was selected for 
this project. 

The principal objective pursued in this project has been the 
continuous calorimetric evaluation of the behaviour of PCM samples 
prepared from DBO, under long-term melt / freeze cycling. Design and 
testing of prototype PCM systems, including a greenhouse heat storage 
unit and a residential space heating system were related objectives . 

Findings and Conclusions 
This repor t presents a detailed a ccount of an experimental study of 
the melt / freeze behavi our o f calcium chl oride hexahydrate phas e 
change material for thermal storage. The central work consisted of a 
laboratory experiment involving continuous calorimetr i c monitoring of 
e nt halpy variations in a sma ll sample of this material. At the t i me 
of writing this sample has been subje c t ed to more than 500 daily 
melt / freeze cycles in a variety of realistically simulated 
environmental conditions, and the principal finding has been that 
none of t he various known deleterious degradation effects - notably 
phase separation and severe supercooling - need t o occur ln this 
material if suitably formulated. Since this samp l e was prepare d fr om 
DBO, the principal conclusion to f o llow from this experiment is that 
this DBO, presently discharged to sea in very large quantity at the 
Osborne soda ash plant, is in fact a potential source of low-cost 
phase change material, suitable for use in a varie t y o f space heat i ng 
and similar applications. 

One such potential application that has been explicitly selected f o r 
study and assessment in this p r oject is a small greenhouse equipped 
with a heat storage system involving approximat e ly 100 kg phase 
change material · processed f rom dis ti ller-blowoff. A monitoring and 
control system for this part of the project became operati onal 
recently and some preliminary data obtained are presented in this 
Report. TE>mperature srabilization through the PCM, with excess heat 
taken in during the day and released back during night t i me, c ould 
already be assessed - s o far with only partial success because o f 
encapsulation problems. Demonstration of e nerg y-saving night heating 
will have to wait for later in the season, ( Requests for special 
funding for this study have unfortunately been unsuccessful), 

A second application currently studied, a local space heating system 
using close to 200 kg of CCH phase change material not based on the 
ICI distiller blowoff - designed and set up in collaboration with a 
private investor - has so far been proven totally successful . 
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This work has produced also results of t heoretical value, p r es e ntly 

in the course of preparation for publication in the scientific 

literature. This includes a study of the phase stability of CCH, as 

well as unusually precise data on transitio n temperatures and heats 

of fusion and crystallization for this phase change material. 

Work -~~!>cript ion 
The following two experimental setups have been used in carrying out 

our current invest i.~at ions, in addition to the PCM processing and 

chemical analysis arrangements. 

a continuous ca lorimet ri c measurement laboratory setup, 

computer monitored and cont r olled , recording the behaviour of 

a 0. 4 kg sample o f PCM under daily, and other melt / freeze 

cycling regimes. 
a c lo:-;t>-to-practical system, in the 

greenhouse, with some 100 kg of PCM 

Os borne distill@r blowoff being cycled 

te mpe rature variat ions. 

form of a small 
processed from the 

over natural ambient 

The labora,ory experiment was designed with a view t o a perceived 

need for an assessment of the true storage capacity behaviour of CCH 

and o r-her phase chan~t> ma teri als j n conrjnuous operati o n unde>r 

realistic thermal cycling conditions. 

Distiller blowoff was brought fr om Osborne, South Australia, t o 

Canberra in 44-gallon d rums, courtesy by ICI Australia . Th€' 

processing of this OHO int o CCH was carried out last summer, using 

three evd po r ai-ion pans of about 300 li~re capacity each, ultimately 

producing a total of about 150 kg PCM.The largPr part of this PCM is 

being used in thP ~reenhouse PCM storE' with only prPliminary rPsults 

so Ear recorded. ThP main samplP s r- udi ed in r-he labo rai-ory 

expPri mt>nt which was produced f rom a small quantity of DBO r ece ived 

from ICI a yea r earlier, has at the time of writing rP c o rded in 

excess of 500 melt / freeze cycles . 

Potentf£3). .. ~'?!".. .~(l p_l_\C?-?_t_i o n and PatE'nts 

The scope for applicati o n of CCH plu,,e c hange material ( m. p . 30°C) 

has recently been conjectu red here l o bt> 1o1id1? r than ant icipat ed , with 

the realisation that this PCM may be capable o f providing s u itable 

storage for a heat pump in both heating and cooling mode . OnE' can 

see potential for patent righr-s relating to a special type of hPat 

pump sytem with integral PCM store . Until lately it was noi

genPrally accepted that transition tPmperatur.e close to 30 °C might bE' 

suitable fo r a heat pump PVE'n in the heating modi? al one. lnt E' rest in 

our concept was informal ly E'xp re s sE'd by Siddons Industrjes o f 

Heidelbe rg West, Victo ria, a company who recently started 

manufacturing and marketing solar-boosted heat pump ho t wa t er 

systems. 

In general, cost-effective solar space heating of necessity involves 

some form of heat s torage for night heating , and CCH has the 

potential for being viewed as the mos t sul table s torage medium. A 

private entreprE>nPur (W. Radford , see Ch. VII) who recognizE'd this 
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potential has collabora t ed in setting up at the A.N.U. an off-peak 
electric small heating system based on a CCH phase change storage 
unit and using a commercial type room radiator. This system has 
operated impeccably several months now and has generated seri ous 
interest from potential investors. 

Interest has been expressed also in relation to the small "domestic" 
greenhouse with integrated solar collector and PCM store, which was 
developed here within this project. Patent rights could apply to a 
number of novel aspects connected with this part of the project. 

Recommendations 

Our foremost recommendations are a) continuation of the ongoing 
experiment, now nearing cycle No. 600, to at least 1000 cycles, 
and b) scientific improvement and technical refinement of our unique 
"continuous thermal analysis" method in a second apparatus to be 
built. 

Industrial applicability of the results of this project appears 
totally warranted, in a number of ways, in the light of the last 
paragraph, provided that adequate development of cost-effective 
production and marketing methods can be assured. This in tur.n 
depends on the t ime scale and magnitude of fnvest i ment in this new 
technology. 

At l east one product can already at this early stage be considered as 
ready for pilot line production a nd market introduction. This is the 
off-peak electric heating system wi t h CCH phase change storage unit 
and commerical type room radiator which we developed in collaboration 
with Mr Warren Radford. 

Future R,D&D, in addition to the above stated recomme~dati ons, should 
address among other the completi on of the work begun on the 
"domestic" greenhouse with PCt1 stabilization, as earlier proposed for 
NERDDC funding. Early public acceptance of such products, which 
could potentially generate a relati ve ly wide market in regions like 
the A.C.T., would accelerate the acceptance of other types of PCM
based systems, including solar space heating. 

Furthe~more, in a current (1987) NERDDC application we have proposed 
to investigate possibilities of development, testing and applicati on 
of sodium acetate trihydrate as a phase change material for higher 
(58°G) temperature, for use, in particular, as a peak load buffer in 
the A.N.U.'s all-electric heating system. 
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I. INTRODUCTION 

A potential major mode of utilization of solar energy i s in ac t i ve 

solar space heating. For most applications any c onceivable> 

technology evidently then involves some form of energy st o rage . This 

also applies to auxiliary uses of solar energy such as in heat pumps, 

where extreme inefficiencies due to ice formation could be preve>nte.d 

through the use of a suitable heat store. This requireme nt fo r 

thermal storage perhaps is the most outstanding problem of solar 

space heating, and latent heat storage is one of the few presently 

considered practical solutions . Analoguous storage solutions would 

apply also to non-solar situations, such as in waste-heat recovery 

and off-peak electricity systems, to name a few. 

I.1. The principal objective pursued in this project has been to 

establish the suitability of a certain phase change material (PCM), 

derived from a large-scale industrial effluent, for space heating and 

similar applications. This PCM, calcium chlor i de he> xahydrate ( CCH) 

with minor additives, has its melting point near 30°C and has latent 

heat close to that of the i ce / water transition, by vo lume. The 

material has been proce ssed successfully from 'dist i ller blowoff' 

from ICI's soda ash plant in South Australia, with essentially no 

e>nergy i nput other than s o lar evaporatjon. 

Pure calcium chloride hexahydrate (CaC1 2 .6H20 ) supercools s eve>rely 

and melts semi-congruently, g radually transforming to the 

tetrahydrate form. It is therefore no t a p racti c a l PCM ur,le>ss 

succe ssfully stabi 1i zed. Much rese>arch has been de>vot ed to thi s 

problem, worldwide (Carlsson {1979], Feilchenfeld [1984], Kimura 

[1984], Lane [1981), Telkes [1954] ) , and we> have invest i gate>d me t hods 

proposed involving ce rtain type s of nucle>ation-promot i ng and phase.

separation-inhibiting additives. 

An apparatus was designed which allows continuous calorimetri c 

evaluation of a sample of i nvestigated PCM cy cle>d betwee n 

tempe t"atures below and above the melt / freez e tra nsition. In 

parallel, two close-to-practical syst e ms using s everal hundred 

kilograms of PCM were run under more or less realistic environme nt a l 

situations: a small greenhouse and a space heating s yst e m with 

simulated solar or rather off-peak electric, heat input. 

While no long-term data have been obta i ned a s yet from t he>se two 

systems, the laboratory experiment has been highly successful in 

providing a large amount of meaningful data, having completed a total 

of over 500 daily cycles at the time of writ i ng. Of spe>cial i ntere> s t 

may be considered the heat of fusion o bserved in this e>xpe>riment, 

being significant ly above the currently accepted value> of 190 

kJ/ kg; and the material's nucleation and s upercoo ling 

characteristics and the mathematical modelling attempted here t o 

reproduce these characteristics. 

Our calorimetric 
appears to have 

'provided us with 

assessment method, which judging by Abhat [ 1982] 

filled a gap in PCM experimental methodology, has 

required insight on additive dosage levels and int o 
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actual system design parameters, such as heat transfer geometries and 
melt / freeze times. The aforementioned greenhouse applicati on, which 
was developed and tested here over the last months, together with 
other applications promising cost-effective solar and/or off-peak 
electricit y space heating solutions, have been designed on the basis 
of this gained insight . 

1.2. Phase change materials for heat storage applications, in 
general, are categorized with some exceptions as organic or 
inorganic. The former include such well-known materials as paraffin 
(Bernard [1985]) or stearic acid (Arndt [1984]). Their main 
drawbacks are, generally speaking, relatively high cost, variable 
transition temperature and flammability. 

Inorganic PCM' s usually are hydrated salt complexes such as 
cac12 .6H20. Heat storage in hydrated salts for solar applications 
has been piorneered by Maria Telke since the early fifties, with 
sodium sulfate decahydrate ( Na 2so4 • lOH 2o - Glauber 's salt) as her 
prime candidate. This material is notorious for suffering from 
severe incongruency problems - Na 2so4 separating out, i rreve>rsibly, 
upon melting - but has been proven amenable to stabilisation and PCM 
heat storage systems using this material are> commercially available 
( Calor [1984)). Its trans it i o n temperature>, 32°C is s ome>what hi ghe>r 
than CCH-based PCM. 

I. 3. Ca l ei um chloride hexahydrate PCM -
po l l:'nt ially Vl:'ry low cost. Its good 
handling a nd operati on then rende r it a 
somewhat l ower transiti on t emperature is 
greenhouse and heat pump appli cati ons. 

Hs chief advan t age> is its 
safpty characteristics ln 
favourite candidat" e> wh e> re> 
advantageous, such as i n 

Over the 1985 summer period we have successfully tested a CCH 
production process based essentially on natura l solar evaporation o f 
the earlier mentioned 'distiller-blowoff' ( DBO) was t e efflue>nt. As 
reported ( Brandstetter [1982]), DBO is discharged to sea at the rate 
of 10 million litres a day, with each litre containing close to 0 .2 
kg CCH. Fig. 1 illustrates our experimental production process - t o 
be described in detail in Chapter Ill - and Fig. 2 presents 
photographs of the installations and equipment used. 

The detailed characteristics of CCH in general, and of the particular 
PCM samples and systems studied in this project, will be pre>sented 
and discussed in the foll owing chapter. From the practical point of 
view in relation to heat storage the main charact e> ristics are 
summari~ed in the fact that one net cubic metre of this PCM is 
capable of storing 75 kilowatt-hour of latent heat, worth some $4 a 
day at current average electricity tariffs. 

II. THEORETICAL/EMPIRICAL BACKGROUND 
11. 1. The heat storage characteristics of calcium chloride 
hexahydrate vary with source material, manufacturing technique>s and 
additives. In fact, pure Cac1 2 /6Hz0 easily supercools by as much as 
20 degrees and may be considered useless in regard to heat storage 
for this reason alone. 



(1) 

l l) 

MAJOA PROCE SSING STAGES OF PCM SYSTEM 

0 B 0 

(spgr-1,1kg/ltr)7 

Pti NEUT RALi SAl'IOH 

12cc HCI per I ,trt ) 

(2) 

( EX PERIMl:.NTAL 1 
I 

EVA PORA 110N I SOLAR) 

of Resdual SallS 
and Stilling\ 

(31 

FINAL PROOUCT 

CaCl1 • 6H,Obased 

PC H 

PRODUCT COLLECT ION 

p 

( 

H 

M 

H 

E [HEHl[AL ' ANALYSIS (4 l ROUTlc\asOAPTION ( Sl THERMAL s STAIE OF 
ATOHI OElERMI~ 

ANALYSIS HVORATION 

16] HYDRATION ;n~ PROCESSING .. (7) ENCAPSULAtlON and 

ISU[(ESIVE SITlllNGI lESIINCi 

Fig 1 

. ~ - -

Schematic description of PCM pro cessing stages, starting from 
"distiller blowoff" - for details see section 111.2 • 

~ . . - --•--:,0 t ...., - ... ---- - - ·V- ~;a,,-: 

~-- ~--~".;1r,;..;.,:G.. li 

:--:I .. ~"'-:,.:. ..,. - . .:. ·-

~r? 

¥ 
..... 
-~ .· ,:·-..• 

~ 7$ ' t ~ ?fY,. ,:j,_~ --~,.-,-.. 

Fig 2 

, :a..; .. . -

Left: solar evaporation ans on the roof of the Cockroft 
building . In the near background: warm-storage box with 44-
gal drums, Right: final evaporation stage, with settle:d 

sodium chloride. 



l l 

Calcium chloride forms stable hydrates with two, four and six 
molecules o f water, as illustrated by the CaC12 solubility curve, 
Fig. 3: Above 30 °C the solubility of the 4-hydrate, Cacl

2
. 4H

2
0 , 

becomes l ess than the 6-hydrate and the 4-hydrate becomes the stable 
species. Similarly, above 46 "C the di-hydrate becomes the stable 
species. 

At the 'peritectic' point, where the 6-hydrate and 4-hydrate parts of 
the solubility curve intersect (Pin Fig. 3), the calc i um 
chloride / water composition is 50. 25 / 49. 7 5 by weight, slightly below 
the 6-hydrate's stoichiometric composition of 50.66 / 49.34. Any 
composition just below 50. 25 / 49. 75 ("extra water principle") will 
ex:ist, at equilibrium,, either in the form of homogeneous soluti.nn, 
above 30°C ; or below 30 °C, in the form of solid (and/or supercooled 
liquid) hexahydrate with a small amount of 'supernatant' liquid. 

An alternative representation o f the CaC12 solubility curve, Fig . 3, 
is given in Fig. 4, where the abscissa and ordinate a re interchanged, 
mo re c o mmo nly referred t o as a 'phase diagram'. The added 
8-t etrahydrate form in Fig. 4 is more soluble than the "a" fo rm and 

may be ignored so long as the 'extra water principle' is satisfied. 
Where conversely, water is def i. c i. e nt r e lative to the sto i chiometric 
6-hydrate c omposition, both these 4-hydrate f o rms can p r ecipitate, 
with the B form innre likely to appear at temperatures below, and 
the a form above 30° C. As no t e d .-i l ready, and as can be inferre d from 
Fig. 4 , any a -tetrahydrate pre s ent: wi 11 d is•,olve above 46 °C; and 
similarly, any f3 -te trahyd ra t e p r e s e nt wi. 11 di s ,;n lve a bo ve 38°C . 

Thus, when heated to temperature higher than ~6°C calc ium chloride 
hexahydrate can be seen to inelt "congruently", i.e. liquefy 
homogeneously, given enough time. Be low ~6 °r. , hl\weV•=r, melting will 
be 'incon5 r,J~nt ' ( or rather 'semi-congruent' ) if the sto i c hiometri c 
composition is below 6-hydrate; and may turn incongruent also , if 
f o r a ny rea son - such as unduly delayed nucleation of the 6-hydrate -
an amount of solid 4-hydrate should form out o f below-6-hydrate 
solution, at sufficiently low temperature. 

From the last observation it follows that a good nucleation promoting 
additve not only is necessary to minimize super-cooling - i.e. 
freezing at temperat,1rl-:! lower than the melting point - but also to 
inhibit the formation of the 4-hydrate species and consequent 'phase 
separation'. 

It has been found, moreover, that thixotropic additives ( thickeners ) 
exert an inhibiting effect on the occurrence of incongruences ( Telkes 
(19751), in first instance through retardation of gravity induced 
phase separation (microscopic solid particles drifting downw,:ird) and 
th,!r,! hy dllowing 4-hydrate crystals to re-cHssolve or absorb extra 
water to for111 6-hy<lrate. 

Carlsson (1979) has propo~~<l a different mechanism for the prevention 
o f tetrahydrate formation: chang i.n~ the chemical composition in such 
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a way as to increase the 4-hydrate so lubi lity while decre as ing tha t 

of the hexahydrate, thereby mov ing the peritect ic point (point P, 

Fig. 4) t owards the s toic hiometric composition. Lane ( 198 1) cas t 

doubt on Ca rlsson' s method, which c onsists of adding 2 wt percent 

stontium chloride hexahydrate, for example. One may observe in this 

respect that the 'ex tra water principle' ( Furbo 1982) i s almost 

equivalent to Carlsson's proposition in its effect since it too moves 

the actual composition towards ( and even slightly beyond ) the 

peritectic point and this at only the small expense of some extra 

s olution not parti c ipating in the hea t storage process . This will be 

discussed quantitatively in the following section. 

From here on, in this chapter, we will discuss characteristics only 

of the 'technical' calcium chloride hexahydrate studied in this 

project as processed and formulated starting from the Osborne 

'distiller-blowoff' (see a bove), and as from here on referred t o as 

'The Phase Change Material', or PCM. 

In broadest terms these PCM characteristics are as follows : 

The t ransi tion temperature is close to that of pure CaC1 2 . 6H20 , 

i.e. c l ose to 30 °C. Some variation in the melting point as 

well as in the c r ystall i zation temp e rature pattern will be 

discus sed on the basis of the presented data in chapte r IX 

(Annex) . Sub-coo ling amounts normally t o 3-4°C. 

Latent heat o f fusion as high as 220 kilojou les pe r k iologram 

has been observed i n our laboratory experiment; as already 

reported ( Brandstette r [1986]), well in excess of the u s ually 

quo ted values of 170-190 kJ / kg ( Abhat [19821), but Feilchenfeld 

[ 1984] has r e ported a s imila r high value. It a p pea r s co be a 

characteristic of this material - and, probably, similar others 

that the "heat o f fusion", with its folded-in heat o f 

hydration (Kimura [1 984 1), is not fully seen in each melt 

freeze cycle. This problem will be discussed in chapter I ll in 

conjuc tion with our continuous calorimetri c evaluation data . 

• From The Dow Chemi cal [ 1980] technical data s heet the values 

for the specific heat in the liquid and solid states have bee n 

taken to be 2.2 and 1.4 Joule/gr am/°C , respectively, va r y i ng 

only ins ignificantly with t e mperature in the ranges o f 

interest. These va lues have been ve rif ied against results 

ob tained in our labo ratory expe riment as descr ibed in se c ti on 

III. 

The thermal conductivities are 1.10 and O. 54 Watt / m°C in t h e 

so lid and liquid s tate respectively according to The Dow 

Chemical [ 198 1 l data sheet. In independent measurements using 

the method described by Brandstetter (1982] we found 0 ,95 + 

0 ,05 and 0 ,58 = 0 .03 Watt / m°C, 
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The specific gravities ("densities") are close to 1.50 and 1.7 0 
kg/litre i n the liquid and s o lid state respectively. Precise 
determinations of density in the liquid state at a parti cular 
temperat u re (around 33°C) are being use d r outi nely t o 
characterize the state of hydrati on of produc tion samples of 
PCM. 

Note that 1.5 ton of PCM, requiring a net volume of one cu.m., is 
capable of storing 75 kWH in latent heat alone, assuming a 
conservative 180 joule / gram(~ 45 kcal / kg) for this heat of fusion. 

II.2 TEMPERATURE -COMPOSITION RELATIONS FOR THE CCH SYSTEM 

The basic data for the relevant calculations are a) t he molar weight 
of CaCR.2 : 110.990 gr, and of water: 18.0 16 gr; and b) the 
solubility vs. temperature relation such as expressed by Fig. 3. 

We shall use in particular the values given in Lange's Handbook of 
Chemistry [1973]. Table 1 shows ( a) these CaCR. 2 / H20 weight r atios 
for 0,10, 20 and 30°C, and our interpolations for 5,1 5 ,25 and 28°C 
based on Fig. 1. Added in Table 1 for convenient reference are ( b ) 
weight-percent values in grams CaCR. 2 per 100 gram solution, and ( c) 
the hydration values in mols o f water per mol CaCR. 2 corresponding t o 
the weight ratios. 

Table 1 - Saturation value s f o r CaCR. 2 in aqueous s o luti on 
( from Lange's Handbook o f Chemistry [1 9 73 ] ) 

Temperature T weight ratio weight percent degree of 
deg. C ( a) ( b) hydrari on 

( c ) 

0 0 .595 37.3 10 .35 
5 0 .62 38 .3 9.94 
10 0 .650 39.4 9. 48 
15 0.69 40 .8 8 . 93 
20 0 . 745 42 . 7 8 .27 
25 0.83 45.4 7. 4 2 
28 0.93 48.2 6. 62 
30 1.02 50. 5 6. 0 4 

************************************* 

The point at 30°, f o r concentration 50 .5 wt% , is just beyond the 
peritectic point, P (fig. 2), which according to Mellor (19 461, 
citing Roozeboom [1889], is located at 29.8°C and has the weight 
percent concentration 50.25, as compared with 50.66 for the precise 
6-hydrate composition. (Lane [1986] now quotes 29.45°C, at 49. 62 
wt%. for this peritectic point, and 29.6°C for the CCH melting 
point.) : It should be emphasized that all the values in Table l 
specifically refer to CaCi2 .6H2 0 as the solid in equilibrium 
with CaC.1!.2 solution at the given concentration - temperature points. 
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When calcium chloride solution a t or nea r the hexahydra t e compos it i on 

is cooled below freezing temperature, f o r example to 20 °C, the final 

equilibrium state will as a rule feature a phase of "supernatant" 

liquid. This supernatant - and also interstitial - liquid actually 

is satura ted solut ion in equilibrium with the solidified hexahydrate 

and as such its composition, at temperatures T (30°C, is as given in 

Table 1, independent of the relative amounts of solid and liquid 

present. This was verified by examining a number of sample s of 

varying water content - both in excess and deficient relative to the 

hexahydrate composition - which all were found to have very nearly 

identical liqui d phase compositions . 

In a system 
fractions (s) 

and XR. in the 
given by 

of solidified 
and (R.) , with 

liquid phase, 

CCH and supernatant liquid, weight 

CaC.2. 2 weight fraction Xs in the solid 

the overall CaC.2. 2 weight fraction X is 

X = ( s) Xs + (R. ) XR. (1) 

The weight fraction of supernatant liquid is thus given by 

( R.) = ( x - X ) /( X
0

- X ) 
s .. s 

( 2a) 

the ubiquitious "lever rule" ( Abhat [198 2], Kimura [1984], f o r 

example). 

X.l is as o btained fr om Table l, ( b), and Xs is the> wt> i ght fracti o n 

of CaCl 2 in CaCl z.6H20 , i. e . 0 . 5066. 

In terms of the degree of hydrati o n H {(c) in Table 1) eq. 2a becomes 

6.1606 

( l) = 
H + 6,1606 - O.S066 

Xl - 0.50 66 
( 2b ) 

Fig. 5 i s a graph of eq. 

x
1 

values given in Table 

from the inset in Fig. 
These (l) vs H curves are 

enought to be mistaken fo r 

2b for a number of temperatures, us i ng the 

1, ( b ) , and some additional values taken 
-1 -1 

5 (and the conversi on X = S + 1) . 

not exactly straight line s, alrhough close 

such. 

The experimental points in Fig. 5 were obtained from a series of 

samples o f known c omposition, in various conta i ners r a nging i n s i ze 

up to two litres, by weighing the>rn and their supernatanr liquid 

parts. This simplist i c technique obviously ingo r e s the i nterstiUal 

part of the liquid and ther t> fore as a rule undervalues ( l) • 

Moreover, even though the weighing may be at room temperatu r e, 20-

250C, the amount of supernatant liquid found in a sample reflects 

largely its amount at the time of its formation following fre ezing , 

at which time the temperature may have been much lower. Our data 

points close to the 0° and 10°C c urves suggest this as a li kely 

explanation, since some of the samples were in fact allowed to free ze 

outdoors. 
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A quantity of interest directly related to the 
supernatant liquid is the excess of water causing it. 
peritectic concentration this quantity is simply given by 

fracti on of 
Up to the 

. (H-6) x 18.016 x 100 
Weight percent excess water= 219 , 086 + (H-6 ) x 18. 0 16 ( 3) 

Fig. 6 presents this weight percent excess water function for 
convenient reference. Fig. 6 also offers an empirical relation of 
the density of CaCt2 solution as a function of concentration. The 
temperature of 33°C at which the points determining this density 
relation were obtained was selected for practical reasons: since our 
samples of CCH usually were stored in a "hot box" at approximately 
this temperature, this curve provided for fast determination of 
concentration by simple weighing (to 0,01 grams) of a given volume 
(approx. 250ml) of any sample from this hot box. Actual states of 
hydration, for example to establish the density vs . H relation of 
Fig. 6, were determined by a de-hydration method, in which following 
the initial boiling-off the residual solid was subjected to 300-350°C 
for 15 minutes (see section 111.1). The curve. in Fig . 6 represents a 
best l i near fit to the experimental points shown. 

It should be noted that the mat e rial used, although essent ially 
'technical grade', containing in particular close t o 0 .4 weight 
percent NaCt is relatively pure CaCt2 aqueous solution, as 
evidenced by the transition temperature in excess of 29°C of its CCR 
form. The presented density vs H relation should therefore represent 
fairly closely pure CaCi 2 solution. 

11.3 Tetrah~drate Formation and how to Prevent It 

For correct evaluations in the region about the a -tetrahydrate 
peritectic point is it clearly helpful to redraw this region, Fig, 4, 
on a magnified scale such as in Fig. 4b. In t his drawing points P 
and Q are placed in accordance with Fig. l of Lane (1981], 
purportedly after Roozeboom {1889], except that point P has here been 
located at exactly 29.8°C to comply with Mellor [1946], citing 
Roozeboom, as already menti oned. 

It should be noted that very accurate location of melting points, 
etc., is here of little interest since we refer to technical CCH; 
and secondly that the 8 (and y) t etrahydrate species (see Fig. 4) 
can safely be ignored so long as compositions above the hexahydrate, 
ie. above 50.66 wt %, do not occur; therefore 'tetrahydrate' in the 
following refers to the a- tetrahydrate only. 

A CaC t 2 solution super-saturated with tetrahydrate at any point 
between -P and Q, Fig. 5, will form a solid phase of weight fraction 
(s) given by 

(s) = (X-Xi)/(Xs-Xt) (◄ a ) 

with Xs = 0,6063 the weight fraction of CaCiz in CaCi2 482 0 . In 
terms of the hydration degree H 
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6.1606 
(s) = H+6.1606 - x1 ( 4b ) 

o. 6063 - x
1 

Of special interest here is H=6, the stoichiometric composit i on o f 

the hexahydrate, which was the basic object of the work by Carlss on 

[1979] and criticism thereof by Lane [1981]. 

At temperture corresponding to the point Q (31.8°C, but Lane [1986] 

quotes 32.78°C) the weight fraction for saturation is 0.5066. At 

this composition the amount of solid tetrahydrate in equilibrium with 

the solution can be calculated through eq. 3b. With H=6 and 

X = 0.5025 (the weight fraction for saturation of the tetrahydrate 

at
1 

the peritectic according to Fig. ~b), (s) = 0.040 is the weight 

fraction of precipitated CaC 12 .4H20. 

The weight fraction of liquid is thus 0.960 and its composition is 

that of tetrahydrate - saturated solution at the peritectic i.e. 

0.5025 weight fraction CaC t
2

, corresponding to hydration degree 

H=6.10. At 25°C this composition leaves 7% supernatant liquid, 

according to Fig. 5, but at 28° this becomes 18%, etc. 

Disregarding for the present the possible f ormation of tetrahydrate 

in its metastable region at concentrations below peritectic we may 

then conclude that the optimal excess quantity of water is f o r 

concentration just, but safely, below the peritectic, such as 

H=6.14. This according to Fig. 5 would amount ro a loss o f 11 % 

storage capacity at 25°C, 6% at 20 °C, etc. 

It follows that heat of fusion values measured over repeated cycles 

with a sample containing excess water should be increased by t he 

appropriate factor, depending on the amount of extra water and t he 

low-temperature level, to yield the true heat of fusion value, i n 

distinction from the achievable heat storage capacity. Account of 

this is taken in the results presented in the followi ng. 

In the metastable region, the 'hatched area' in Fig . 4b, t e trahydrate 

can form due to supercooling of the hexahydrate or to concentration 

gradients creating regions where the tetrahydrate is stable, The 

prevention of these have been shown in our s tudy t o be poss ible. by 

a) minimizing the time span of hexahydrate supercoo ling - not 

necessarily the supercooling temperature differential, as discussed 

in the following section; and b) retarding any formed terrahydrate 

in its descent to the container bot tom. Having been formed 

'legitimately' in a dense region, such tetrahydrate is then bound t o 

traverse lower-density regions where it no longer is 

thermodynamically stable and only requires the necessary time to 

return into solution. Nucleating and thixo tropic additives (Te lkes 

[1975]) were found totally e ffective in preventing phase s eparat i on 

in our sample, as well as in a prototype space heating system 

employing 200kg of our PCM. 

with the 49.62 wt% peritectic composition quored by La ne 

[1986] this value would be 9.4%. 
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11.4 Nucleation and supercooling 
A number of distinct phenomena are strongly reflected in our 
temperature mapping data in the supercooling region: 

for nominally identical ambient conditions, the degree of 
supercooling (in degrees below the transition temperature) tends 
to vary significantly from cycle to cycle. 
following deep supercooling, the temperature at each of the 
monitored locations tends to restore itself very close to the 
transition temperature, often to closer than 0.1 °C relative to 
the melting point, exhibiting a strong phenomenon of 
'recalescence' (Lane (19861, P• 109) in terms of the steepness of 
the temperature rise. 
by comparing supercooling regions from different cooling regimes, 
it is apparent that the degree of supercooling tends to increase 
with increasing cooling rate. Closely related to this i s the 
tendency for the time to reach the minimum of temperature to be. 
invariant . Although this is far from being accurately borne out 
by observation, presumably due t o the above-mentioned variation 
in the degree of supercooling even within identical conditions, 
the postulation of such an invariant time (for a given PCM 
sample) provides a convenient point of reference for theoretical 
inves t igation (Carden {1987] ) . 

Comparison of supercooling regions from different PCM 
formulations leads to the conjecture of the existence of a 
critical dosage of nuclear-or additive: at thls dosage dwPllfng 
rimes in the supercooled state occur wi th broad distribut i on f rom 
close-to-zero up t o many hours; whereas slightly abovP this 
dosage this dwelling time never occurs. It appears likely, 
moveover, that the degree of supe rcooling generally dPcrPases 
with increasing nucleator dosage. 

III. EXPERIMENTAL PROCEDURES 

The experimental procedures applied in this project can be broadly 
classified in 4 categories: 

various general-type laboratory procedures, including temperature 
measurements, weight and density measurements, chemical 
(spectrophotometer) analysis, and thermoanalysis for water 
content. 
small and larger-scale processing of phase change materi a ls, 
starting either from ICI 'distiller-blowoff' or from other base 
materials, including calcium chloride di-hydrate. 
the long-term laboratory PCM melt/freeze cycling expPrimf'nt, 
including continuous year-long temperature mapping and rhPrmal 
analysis, data recording on fl oppy disk, and data rPrrieval in 
various forms. 
the greenhouse heating implementation of a near-practical PCM 
system, involving a 100 kg PCM store in a computer 
monitored/controlled small 'makeshift' greenhouse. 

These items will now be detailed. 
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111.1 General measurements 
Four types of standard measurements are cons tantly used in this 

project: 
temperatures in the 0-50°C range, approximately, using 

thermis tors , thermocouples, infra-red thermometry and mercury 

glass thermometers. In addition a special solid state element 

(LM35CH supplied by SEMTECH (NSW)P/L , PO Box 671, Lane Cove 

2066), has been used lately in our experiment as part of a newly 

installed (locally made) high-precision temperature bath 

controlle r. 
density measurements, mainly used to determine quickly the states 

of hydration of PCM samples by use of a hydration vs . density 

graph (Fig. 6). 
spectrophotometric measurements, to determine chemical 

compositions, detect leakages, evaluate concentrat ion gradients 

of additives, etc. 
thermoanalysis-type measurements, in which the t otal water 

content of a sample is evaluated by way of total dehydration of 

the sample in an evaporation pan over a bunsen flame. This, 

combined with fast, accurate weighing prov ides the accurate 

degree of hydration evaluation discussed above in relation to 

'supernatant liquid'. 

Temperature measurements are a principal part of the melt/freeze 

cycling experiment. There we use 12 copper-constantan (type T) 

junctions coupled to a reference junction of that type which in turn 

is thermally coupled to a precision thermistor (Yel l ow Springs Inc., 

3000 n at 25 °C, O. i °C precision in the r ange considered) as 

described in Fig. 7. The resistance values of the thermistors are 

converted first to voltages (Fig. 8), which are measured with the 

'Thermocouple multiplexer' interface (F igs . 9 , 10 ) to the computer. 

The reference temperature Tref is ob tained from this voltage by the 

function 2 . 
T f = 16 + 0.91V + 0 . 0033V (V 1n Volts) 

re 
derived by a fit to the V( T) graph given in Fig. 8 , based on the 

manufacturer's (tabulat ed) resistance vs temperature relation. This 

function is valid between 17 to 45°C to precision better than 0.5°C, 

but between 20-35°C the precision is better than 0 .2°C, 

All other temperature measurement precisions are coupled to this in 

a bsolute magnitude; however, as thermocouples with a common 

reference junction ( t hermally coupled to this thermistor ) , Fig . 7, 

these other sensors introduce practically no further e rror , in the 

range used, so that all relative precisions are high and restricted 

mainly by the precision o f the conversion relations (V in 

millivolts): 
~T = Q.107 + 25.654 V - 0 .5584 v2 

tc 

V 
2 

0.00 17 + 0 .03873 ~ T + 0.00004 ~T + 
tc 

The reference temperature is monitored also by a 0-50°C mercury glas s 

thermometer near the reference junction and the thermocouples are 

tested to measure near-zero deviation from the reference temperature 

in the ' quiescent' state. The thermocouple temperatures are actually 
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determined by converting the thermistor temperature to a 

'thermocouple voltage' to which the measured thermocouple. voltages 

are algebraically added to yield voltages relative to 0°C . It is 

these thermocouple voltages which are finally converted to 

temperatures. 

Other temperature measurement methods used, apart from 'straight' 

resistance measurement of thermistors and conversion via 

manufacturer's chart, have been 

contactless measurements, using an Infra-red thermometer (by 

Linear Laboratories, 445S. San Antonio Road, Los Altos, Calif. 

94022), of l °C precision in the range of interest. This method 

proved very useful for moni taring temperature profiles in PCM 

samples in sealed containers, especially while following 

variations through the crystallization zone. The instrument has 

been used also in conjunction with the greenhouse ( secti on 

IV.2), its design and preliminary assessment of performance. 

a high-precision transistor type temperature sensor, type LM-

35CH, as mentioned, used as the temperature probe of the 

controller for the 'Grant Bath' (Fg. 12, Section III.3). This 

controller designed and made at the Research School of Physical 

Sciences (Model Jl26; a more advanced ·model, J276, is now in 

production), which is capable of controlling a temperature bath 

to within a few millidegrees, has significantly improved the. 

quality of our results since installed l ate l as t ye.ar. The 

original Grant Bath controller introduce.d large fluctuations 

( ~ 0.5°C) which, although monitored and taken into account in 

the calculation of e nt halpy, have flawed our earlier data. 

Density measurements, as explained earlier (section 11.2), provide a 

fast method for determining de grees of hydration. One measures the 

density at a nominal temperature - we use 32-33°C - and relates this 

to the degree of hydration via an appropriate graph, such as given in 

Fig. 6. 

With PCM samples from various processing stages, and PCM systems 

using containers such as plastic bottles of various kinds, fast 

monitoring of the state of hydration has been frequently required. 

In order to circumvent then the need for straight "thermoanalysis" 

(see below) we have adopted the said dens! ty measurement method, in 

which one simply weighs the content of a truncated-cone. shaped flask 

filled to the mark with the investigated material. Between weighings 

the flask is kept dry in an oven at about 45°C (many samples can, 

however, be weighed in direct succession), and t he material is to be 

assessed at the said nominal temperature, i. e . kept in a "hot box" or 

the like for several hours before being poured into the flask. 

Calibration was obtained by weighing distilled water at STP. With 

our fast-operating, high-capacity (3kg) Precisa-3000 pr ecision scale 

(10mg), with automatic tare subtraction, this method has been found 

extremely convenient and sufficiently precise and reproducible. The 

flask is 250 ml and an alternative in form of a test tube with 

perforated capping is occasionally used when only smaller amounts of 

sample material are available. 
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Thermoanalysis is the term applied to the method of dehydration used 
to assess the content o f water in CaCt2 (or o ther ) aqueous 
s olution. Very high precision work of this type is carried out 
elsewher e with a Mettle r Thermoa nalyser ( see e . g . Feil chenfeld 
(1984]), in which the loss of weight of the sample by evaporation can 
be f ollowed continuously as its temperature is raised through 
substantial levels such as up to 400°C. A comparatively primitive 
setup uses an evaporation pan heated over a bunsen flame and before
and-after weighings. Various precautions are necessary to avoid 
gross errors in the resulting degree of hydration, not least to 
ensure complete dryness of the evaporation pan at the time of 
taring, A capability for fa st: and accurate weighing, to at least 10 
mg precision for samples in the 10-20 gram range, is another 
requisite. Our Precisa-3000 scale (from PAG Oerlikon AG, PO Box 557, 
Wallisellenstrasse 333, CH-8050 Zurich, Switzerland), of precision 10 
mg at capacity up tn 1k~, has proven highly adequate for this task , 
thanks also to its automatic taring feature. 

Samples of PCM were poured into the (dried and) tared evaporation pan 
and immediately weighed. The (covered) pan was then heated over the 
bunsen flame, at first very carefully to avoid spillage during the 
burning-off pluse, for a total of about 15 minutes, with the CaC9.2 
residue kept at: about 370 °C for 10 minutes, and then weighed again, 
With W the original weight and w the residual weight, the degree o f 
hydration is calculated as 

110.9 9 
H = 18. 0 16 ( W/ w - l ) 

assuming pure CaCl2 aqueous solution . With 1% NaCt content fo r g9% 
Can , i. e, about 0. 5% NaCt content for the CCH, this H value is 

modif i ed by w being replaced by 0 .99 w, with the resulting degree of 
hydration: 

H = 6. 223 ( w/w - 0. 99) 

(W/ w = intial weight/final weight ) . 

Note that this 0.99 value is uniquely determined by the solubility of 
sodium chloride in CCH, assuming the assessed hydration sufficiently 
close to the hexahydrate composition. The given formula is thus 
universal l y valid - for the process considered or whenever sodium 
chloride is present to saturation, and within the indicated limits of 
precision - independently of the particula r s:1mple investigated. 

111~2 PCM Processing 

In the laboratory calclum chloride hexahydrate would normally be 
prepared by dissolving anhydrous calcium chloride in water in t:he 
weight proportion 110.99 / 108.10 . For "technical" CCH one would 
usually dissolve cal c ium chloride dihydrate "flakes" in tap water, in 
the weight proportion 147.02/ 72,06. For PCM these would be completed 
by adding excess water and ot:her additives in the defined amounts at 
suitable temperature. The question relating to suitable amounts o f 
excess water were discussed at length in the previous chapter. As to 
the other additives, generally nucleating and gelling ( or 
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"thixotI"opic") agents, their precise nature can usually not be 

detailed due to proprietory limitations. General accounts on 

nucleating and gelling agents used with hydrated salt PCM ' s can be 

found in the PCM literature, including in parti c ular. Lane [ l 983l and 

[ 1986], Abhat (1982] and Ki mura [1984) . 

The nominal objective of this project has been, howeve r., to 

investigate the possibility and ways of process ing a ce rt ai n 

industrial waste product - Distiller Blow-Off (DBO) fr.om the Osbo rne 

(S.A.) soda ash plant of I.C. I. - into a useful PCM for thermal 

storage. Credit for suggesting this source of abundant and 

potentially cheap CCH goes t o Mr Aert Driessen of the Bureau of 

Mineral Resources, Canberra. Also, credit for making thi s material 

available for pertinent investigation, at first on a small labo r atory 

s c ale but later at the 1-ton level, goes to Mess. M. V. Melvin and G. 

Watson of ICl Alkali Group, Melbourne, and to Dr L. Pollard o f 

LC.I., Osborne • 
Accord i ng to information supplied by LC.I. this composition of DBO 

is, approximately, in water 

Calcium chloride 100 gpl 

Sodi um chlor ide 47 gp l 
Calc i um hydrox ide 6 g pl 

with some 1-2% suspended matter, which howeve r, tends t o settle 

leaving " c larified DBO". The Ca, CR. and Na contents wen• essentially 

con firmed by anal ysis at the Research School o f Che>mistr.y, A.N. U., 

• resul t ing in 4.8%Ca , 2 .3%Na and 12%Ci • Processing this clarified 

DBO i nt o CCH invol ves these following major steps: 

neutralization of the ca l cium hydroxide - that is unless one 

sees it as part o f the PCM formulation, e.g. fo llowi ng 

Car l s s on [1979]. 

Evaporation of the ve ry large amount o f excess 

water (~ 80%) , coupled wi th the preci pi t ati on of the large 

excess of s odium chlor i de above it s solubility limit i n CCH -

which is about 0 . 5 percent, as ment ioned i n the p revious 

section. 

Neutralization is achieved relative ly easily with hydrochlor ic acid, 

according to the r eact ion 

Ca( OH) 2 + 2HCt + CaCR.2 + 2H2 0 

which results simply in an inc reases of the CaCt 2 concentration a nd 

thus is the final yield. The required amount of HC.I'. (36% ) has been 

found to be somewhat l ess t ha n 2cc pe r litre DBO, wh ich in fact is 

far from negligible considering that this amounts to 1 litre HCt for 

100 kg fina l product, ( since 100 g pl CaCt 2 me.ans about 200 gpl CCH) . 

As to t he l a r ge sodium chloride component, its ma in nui sance effe c t 

resides in the problem of its disposal as a soli d res idue a t the 
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bottom of the evaporation pan following collection of the liquid 
CCH. That a large part of the sodium chloride would in fact 
precipitate out o f solution in the course of evaporation, due to its 
negative temperature coefficient of solubility as compared with the 
positive value for calcium chloride, was pointed out to us by Dr Ben 
Selinger (Department of Chemistry, A.N.U.) early in this work. One 
may adfi parenthetically that within the framework of a large-scale 
production operation it would presumably be attempted to utilize this 
sodium chloride residue as well: perhaps in salt gradient solar 
ponds for electricity production, where very large amounts of very
low-cost salt are required. Very large amounts are required also, of 
course, in the very "Solway process" producing the DBO effluent. 

Processing the DBO to as far as the hexahydrate level proved feasible 
using natural outdoor evaporation only. The final product could be 
extracted via a filtering mesh and was pumped into large plastic 
drums using a peristatic pump. The latest evaporation setup, using 
300 litre evaporation pans made of simple wooden frames and plastic 
sheeting, on the roof of the Cockroft Building, A.N,U., was shown in 
the photograph, Fig. 2. In Fig. l a schematic description of the 
complete process was given. 

The net CCH yield in this latest set-up was approximately 100 litre 
CCH, i.e. 150 kg, resulting from 800 litre (~ 900 kg) evaporated 
DBO. The residual salt weighed about 40 kg (not all of it recovered) 
of which one third, approximately, was found by chemical analysis to 
be CaCR.. 2 • 

At 100 gpl CaCt2 content of DBO, it would follow from these results 
that a practical yield of nearly 90% of the total CCH is routinely 
achievable in this process, with the missing 10% admixed to the 
residual sodium chloride. Results on evaporation rates are given in 
Table A.1, Annex. In an alternative CCH production set-up for pilot
size applications, we used commercially supplied calcium chloride 
di hydrate "flakes", essentially as described above in relation to 
laboratory-prepared 11 technical" CCH. The material supplied contains 
73% CaC£2 on average (minimum 70%), 2% sodium chloride, and less than 
0.02% other metals. The setup is depicted in Fig, 11, consisting 
mainly of a stirrer in a 200 litre plastic drum kept at a controlled 
: :mperature. 

Spectroph9~ometric measurements 

A Model-303 Perkin-Elmer Atomic Absorption Spectrophotometer with a 
set of hollow-cathode lamps and acetylene-air flame has been used for 
chemical analysis of samples of DBO or PCM, etc., and also of 
distilled water suspected contaminated through leakage. The latter 
was tested for Calcium content and from measured concentrations the 
amounts of leaked PCM could be assessed. Samples were assessed for 
Sodium content, at dilution levels corresponding to Na concentrations 
in the 2-5 ppm range, as well as for Ca and for concentrations of 
additives. 
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A computer program, 11SPECTRO", ls run interactively with these Atomic 
Absorption Spectrophotometer analyses, mainly in order to convert the 
measured absorption count into the relevant "absorbance" value, and 
from the re into ppm concentration in relation to standard 
solutions. A representative printout from such a computer run, 
obtained with a sample of remnant from the PCM assessed in the 
calorimetric evaluation experiment (section III.3) is shown in Table 
A.2, Annex, and further discussed there. 

III.3 PCM laboratory assessment - cycled thermal anaylsis 

The melt/freeze characteristics of two samples have been assessed in 
succession, in a specially designed apparatus capable of continuous 
monitoring of sample's enthalpy. These samples (labeled S3 and S4) 
were prepared from DBO by the method described using natural 
("solar") evaporation . 

The first sample (S3) was assessed over a period 
which its heat-of-fusion had declined to about 
starting (and nominal) value of about 200 kJ / kg. 

of 35 days, after 
SO percent of its 

The second sample (S4), which was formulated differently, has been 
"running" since August 1985 with ultimately no degradation over 500 
daily melt/freeze cycles and beyond. 

Fig. 12 shows the apparatus, ma! nly a constant-temperature> bar-h, in 
which is immersed a semi-insulated vessel holding the PCM capsule. 
This water is continuously stirred and its temperature is set by a 
heater under computer control, usually under a diurnal 8-hour ON, 16-
hour OFF cycling routine. Temperatures are monitored by a thermistor 
and thermocouples arranged as explained Fig. 7, and essentially 
located as in Fig. 12, providing among others for continuous 
monitoring of the heat transferred across the vessel enclosure on the 
basis of prior calibration. 

The capsule is cylindrical, with the dimensions and thermocouple 
arrangement as shown in Fig. 13. It contained 0 . 382 kg PCMt when 
filled to a height of approximately 70 mm. 

The vessel normally contained 970 ml of water, to a height 
corresponding to the upper capsule rim, and the total water 
equivalent (including the PCM capsule etc.) was r-hen found r-o amount 
to 1. 233 kg. 

Denoting this water equivalent by M and the mass of PCM by m the 
amount of heat oE (for change of enthalpy) received by r-he PCM during 
a time interval ot is calculated as oE/m Joules per kilogram PCMt 
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6E = - HC ( T - T' ) + [ P + P 
w w w h st 

hA( T - T ) ] 6 t 
W V 

where cw = 4185 J / kg°C is the specific heat o f water, Tw, T' are 

present, previous temperature of water in vessel, Ph is the h~ater 

power(~ 68 watts), assumed constant (or 0) during ot; this is 

calculated as I 2 R, where I is very precisely measured across a 

20 ~ precision resistor and R = 4.204 n is frequently monitored . 

pst is the rate of heat contributed by the stirrer, which was found 

to amount to 0. 178 watt. 

A is an assumed area/thickness constant for the heat transfer across 

the vesst!l enclosure, set to 18 metres (0. 090 rrf area of vessel in 

co1\tr1 ,: t with the constant temperature bath, divided by 0 . 005 metre 

insulation thickness), Tv is the exterior vessel temperature, and h 

is an adjustable heat transfer parameter, equal i n first 

approximation to the heat conduct i vity of t he "semi-insulation" 

material, i. e, t he inner perpex cladding of the vessel, which is 

about 0 . 1 Watt /cm°C . the adjusted value of his found close to 0 .1 2 

Watt / cm°C, 

Tw and Tv, the vessel's inside 

each measured as an average 

temperatures: 3 ,rn the inside , 2 

individually. 

and outside wall temperatures , are 

ove r a number of thermocouple 

on the outside, each al s o monit0red 

Finally , 6t is the precise time interval over which 6E is calculated , 

t h is prects1on being especially critical during "heater-ON" time 

intervals. It has therefore been very carefully assessed with a s top 

watch, by checking the computer clock and measuring cycle t i1oes , 

Nominally set to 30 seconds these turned out to be 29 , 95 seconds 

inste ad, caused by t he computer internal clock being fast by 6 

seconds per hour . 

Measurement s taken eve r y 30 seconds, as explained, are ave r aged every 

6 (or 12) minutes and the results stored in memory and recor ded on 

magnetic disk every 6 (or 12) hours . When retrieved, each o f the 60 

"time points" t hen rep r esent 12 (o r 24) measurements fo r each 

temperatur e probe, and the sample's enthalpy value (and the heater 

current) a t the end of that time point. The enthalpy values are 

relative to an arbitra r y reference value to which the 6 E 's are 

algebra i cally added i n succession every 30 seconds. This reference 

can be arbitrarily cho,;en (once) for each enthalpy plot, covering s ay 

24 hours, to fit into a standard interval such as from - 50 , 000 t o 

+250 ,000 .J/kg, the normal enthal py ordinate drawn by the plotting 

r outine . A number of such pl ots presente<l in the Annex will 

completely clarify this de-.;cripti.on involving " time point s" etc. 

The requirement for highest precision in the measurements of e lectric 

currents and cycle time arises from the fact that the sought e nthalpy 

value is the result of subtraction of two re l atively large numbers, 

namely the total e lectrtcal energy s upplied and the total heat 



3 7 

conducted out of the vessel, each of the order of 106 joules over 24 
hours. This is to be compared with about 80000 joules heat of fusion 
for the 382 gram PCM samplt>. Mort>over , over a complett> chargt>
discharge cycle, say over 24 hours, the said subtraction should of 
course yield zero, ideally, for precisely r est ored conditions. 

Such a precise balance is, however, quite difficult to maintain over 
long times, for a variety of reasons, and allowance must be made for 
variations, to be accounted for by means of corrections at retrieval 
time. One of such reasons is the occurrence of small variations in 
the assumed value of the conduction parameters, h, from causes such 
as very small variations in the level of water inside and/or outside 
the vessel, causing changes in the effective heat transfer area. 

A different category of error is introduced by variations in the 
other calibration constant, M, caused for example by small amounts of 
water leaking into or out of the vessel. Too large M decreases both 
rising and falling enthalpy variations, oE, and in proportion to the 
temperature change T - T' • It follows that t he calculated rate of w w 
sensible heat, when the liquid PCM is cooling down, is particularly 
affected by this type of error, and thus the calculated specific heat 
of the liquid PCM is a particularly sensitive measure of this 
error. We have in fact used this measure to maintain the> corre>ct 
value for this M parameter, following its initial calibration by 
means of water in lieu of the PCM. The correct specific heat value 
in a small range above tht> 29,3 transition temperature was assumed to 
be 2200 J / kg°C, 

Conversely, any departure from this specific heat value seen in the 
resulting data was used to correct these data, temporarily at 
retrieval time, in accordance with the algorithm detailed in Appendix 
A, The other corrections included in this algorithm are to obtain: 

a) accurate heat conduction parameter, h, which was determined 
through the requirement that identical states be associated 
with equal enthalpy values - e.g. when the PCM is frozen and 
all temperatures equalized with that of the constant 
temperature bath; 

b) accurate value for the "stirrer power" contributed heat, 
obtained through the requirement for flat enthalpy 
registered over an extented period of time, when the stirrer 
is continuously running with the system in i ts "ground 
state": PCM frozen and all temperatures close to the 
constant temperature bath. 

c) accurate value for the heat loss rate through the vessel 
perspex lid when all temperatures are equalized with the 
constant bath temperature at a value close to the transition 
temperature and well above room temperature, Under these 
conditions the only heat exchange with the vessel exterior 
is through the lid. The indicated condition applied during 
slow temperature traverses through the PCM melting or 
crystallization zones (see section V.2). 
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These error sources are analysed in Appendix A, and the algorithm for 

obtaining the corrected oE at retrieval time, from the original data 

read from the records obtained with j ncorrect parameter values, is 

there derived on the basis of this analysis. 

Results, both with and without such corrections , are presented i n a 

series of temperature profile and enthalpy curves vs. time plots in 

the "Annex", following general discuss ion of these results in section 

VI. From the corresponding printouts it is relatively easy to 

construct also plots of enthalpy vs. temperature, similar to those 

published by Feilchenfeld (1984]; a few plots of this type are also 

shown in the Annex. 

IV. PHASE CHANGE STORAGE APPLICATIONS 

Cost-effective solar space heating has traditionally been viewed as a 

relatively short-term reachable goal of solar energy research. For 

most applications t his then evidently involved some form of energy 

storage, with phase change storage one of the few practical 

solu tions. Two space heating application options using PCM storage 

are discussed in section IV.1. 

Related applications are in greenhouses, for night-time heating and, 

in some cases, day-time heat removal. Success with experimental 

greenhouses using rockpile heat st o rage has been reported by 

Blackwell [1981], Jolly [1 986] and others, i nclud i ng P. Dart ( 1986] 

of t he Researc h School of Biologi c al Sciences on this campus, who has 

been operating over the last two years a g r eenhouse o f the type 

developed by Blackwell and Garzol i [1981]. 

PCM storage in greenhouses has been used s uccessfully by B. Haber 

'[1985] and others. A small experimental greenhouse with PCM storage 

has been developed here and is being i nves tigated as part of this 

project. This will be described in section IV.2. 

Finally, some aspects of the possible use of PCM stor age in 

conjunction with heat pumps will be discussed in sect ion IV,3. 

For this project, only applications based on ca lcium chloride 

hexahydrate phase change material were considered . With the 

particular formulation used the transition temperature cons idere d is 

29°C, subcooling averaging 3-4°C; and the hea t of fusi o n, despit e 

higher values observed in our experiments is conservatively estimated 

at 180 kJ/kg, equivalent to 50 kWh / ton, 
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IV.l PCM Space heating 

The heating load for an average 100m2 home may be estimated at SO kWH 
a day, This amount of energy can be stored in 1 ton of PCM (see 
above), so that 1 cubic metre (1,5 ton) of PCM may be considered as a 
suitable average for space heating systems. This store is charged 
either by solar energy - directly, e.g. as a "storage wall" (Fig. 
14), or indirectly by means of solar collectors - or by off-peak 
electricity or other means . With off-peak electricity, charging of 
the PCM store can always be brought to completion and overcharging 
avoided without difficulty. With solar charging, cloudiness and the 
other causes of intensity variation will usually cause variations in 
the effective ultilization of the store, and overcharging to 
dangerqusly high temperatures must be prevented by proper design. 

A solar space heating system, using CCH phase change material, which 
appears to have a proven record of successful appreciation is the Dow 
Chemical 11Enerphase" system (Lane [ 1986]). "Enerphase" panels are 
black, approximately 10 by 20 inches in size and 2 inches thick, 
fitting between standard (US) building studs, Each panel contains 
some 20 lbs of PCM, two being required to store roughly l kWH - or 
about two panels per square metre of floor area. 200 Enerphase 
panels installed as a South facing wall (North-facing in the Southern 
hemisphere) with single glazing provide 25 square metres of collector 
area, capable of absorbing up to approximately 100 k'WH average on a 
Winter day. 

A "storage wall O system us! ng some 250 litre PCM encapsulated in 
black polyethylene tubes was proposed last year to be i nstalled in a 
home, next to an existing Trombe wall, This proposal, by Kaneff and 
Brandstetter [1986 ] , has so far not been implemented for l ack of 
funding. A different proposition, also not directly included in the 
reported project, was sponsored by a private investor (Mr W. Radford) 
and has resulted in a space heating system which uses a 200 kg PCM 
store charged by off-peak electricity, This system has run 
successfully several months now in our laboratory. Details can 
however not be disclosed at the present time. 

IV.2 Greenhouse heating/stabilization 

As part of this project, a fully implemented application of PCM heat 
storage, utilizing in the vicinity of 100 kg CCH processed from 
11distiller blow off" has been in operation and under preUmfnar.y 
assessment over recent months . This system provides night heating, 
and more generally temperature stablization, for a small 

( 1. 8 x 2, 5 m2) experimental greenhouse located on the roof of the 
Cockroft Building at the Australian National University. 

It has been shown by researchers at this campus (P. Dart [1986]) that 
solar air collectors, such as developed by ALCAN (Alcan Australia 
Ltd, PO Box 12, Granville, NSW 2142), in collaboration with CSIRO 
( 1980], can provide, in conj uction with a rock-bed storage system, 
adequate cost-effective heating for a greenhouse in a relatively cold 
Winter climate such as Canberra's. The greenhouse referred to is at 
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the Research Schoo l of Biological Sciences (RSBS) and i s close to 

identical with the origi nal proto-type developed earli e r a t the CS IRO 

Division of Irrigation Research, in Griffith (NSW ) , by Blackwe ll and 

Garzoli [1981]. 

Rock-bed storage has its drawbacks in terms of cost-effect i veness 

and, in particular, space require>ment. In fact, the> usual comparison 

of hydrated sal t PCM sto rage with rock-be>d s torage ass igns the latt e r 

a volume 10 to 15 times larger than r equired for equal s torage 

capacity in PCM, as quoted for example by Kohler [1983]. 

A feature common to the RSBS greenhouse and ours is t he heat supply 

by solar "air-collector", supplemented by the normal greenhouse heat , 

and extraction of heat from the store by use of fans. The concrete

encased rock-bed is replaced by our "bot t led PCM", see photograph 

Fig . 15. The important diffe rence is, of course, that the PCM 

discharges most of its heat at a round the 29°C transition 

temperature, whereas the rock-bed will discharge its heat at a 

continuously decreasing t empera ture starting fr om, say , 40 °C. This 

a llows much s implified heat transfer requirements f or the PCM system, 

providing in part i cular approximately constant heat supply s o long as 

the fan power stays constant . 

Fig. 16 shows a photograph of t he experimental greenhouse , which is 

built es sent i ally of masonite wa ll s and perspex windows, held 

together by a wooden fr ame , and a double -ski n po l ycarbonate roof. 

The PCM modules are s tacke-d near the North-facing side a nd air f r om a 

solar co llector is blown acros s these modules by a 12-volt fan 

powered by photovoltaic panels - a convenient, though non-essential, 

arrangement. A speci al insulat ed and separate ly ventilated 

compartment has been i nstal led inside thi s gr eenhouse to accommodate 

a PET-Commodore mic ro-compute r with disk s t orage and me>asur eme.nt and 

control i nterface electronics. A schematic drawi ng s howing the 

greenhouse and PCM store, as well as t he measurement and contro l 

ar rangement is present ed i n Fig. 17a. 

Towards the termination of thi s project covered by thi s report only a 

ve ry c rude assessment of the operation of this greenhouse in general, 

and its PCM store i n particular, had been possjbl e , covering visual 

inspection of the PCM modules and thermometer read jngs . The r elevant 

result s included minimum night temperatures usually some 10 degrees 

above ambient, a nd the PCM cycling r eversi bl y be tween its liquid and 

solid states, though with exceptions and us ua lly not to comple tion. 

Detailed computer records have become available by the t ime of 

wri ting (i,e beyond terminat ion of t his project) and a f ew are 

presented here for the sake of completeness. These records, 

presented in the Annex in the form of temperature pl ot s, 

Figs. A. 7a-b, s how clearly the stabilization eff ect of the PCM 

modules. These tempe ratures , represented by thermocouples Nos . 1-6 

as s ke tched out i n Figs. 17a ,b, show moreover special effects . Fo r 

example, cutting-in of the PCM exhaust fans , automat ical ly as 

progr ammed, when the gr eenho use representative central tempe r ature 

(thermocouple No. 11 ) starts to exceed 25 °C. This i s evi de nced by a 
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Fig 14 Conceptual design of PCM 
"collector-storage wall" for passive 
resident~al heating. (A small 
circulating fan is optional and, in 
practice, highly beneficial.) 

Fig 15 PCM module with 25 one-litre 
plastic bottles, shown with (solar
powered) hot-air intake fan. 
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GREENHOUSE OPERATION SCHEMATIC . 

: GH 
100- 400\.J VENT ILATION (3 step) FAN HEATER 

• ON 
ON .. OURING DAY 

,, 
• OFF ON DUR ING NlGHT If GH temp>15°C • AUTO if outside t emp<5°C 

ON OURlNG NIGHT AFTER 
POWER CONTROLLER SUN?ET if PCM store temp ON WHEN COMPARTMENT 

temp> 25°( 

COMPUTER (for test) COMPARTMENT therm1s tors . FAN reference 
June t1on . 

COMPUTER INTERFACE 
AND STATUS SWITCHES 

II 
I 

DISK 
OVM DRIVE 

I ; 
COMPUTER 

• STATUS SET: 
No.0 Over ride" during day'' condition 
No.1 Over ride "GH temp> 35 • C condition 
No.2 Set day to ( 7-19-30) from (S -30-171 
No.3 Over ride "during night" cond1t1on 
No 4 Set night to (21-5 30} from (18-7·30) 

>20 C, and DURING DAY 1f . 
GH temp>35 C 

PCM store 
(0) HEAT OUT 

SOLAR FANS 

CELL 
PCM air out 
{ 10 l 

(13 ) 
Aw in t o PCM 
Outdoors . (9) 
GH center(11) 
GH top. (12 l 
Air from (14) 

( 1-6 l collector. 
in PCM modules 

( 12 thermocouple June tions l 

Fig 17b Greenhouse Operation schematic deta i ls current moni t or ing and control options for the experimental grenhouse, Fi gs 16 
and 17a. 
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corresponding fall in the temperature uf t he a i r steaming i nt o the 

PCM module, thermocouple No. 13, 

The complete control schedule is described in Fig. 17b, Greenhouse 

Operations Schematic, 

Apart from mishaps deriving mainly from (inadequate container) 

leakages, and of course early teething problems, in general, the 

described greenhouse has been performing reasonably well, including 

the monitoring and control system, Plants kept and nursed in this 

greenhouse have survived throughout, giving no cause to doubt the 

potential of this greenhouse as a near phototype of a commercially 

viable proposition. 

Further comments on the operation and performance of this greenhouse 

can be found in the Annex, under "Further discuss ion of results". 

IV. 3 Heat pump systems with PCM storage 

It is to be noted, first of all, that no such PCM applications appear 

to have transcended, to the present day, the level of speculation or 

of failed attempts, despite the ir "obvious" at tractiveness. Th@ 

reason for this state of affairs may possibly lie- i n a lack o f 

sufficient unders tand i ng of the issu@s involve-d, as could be 

explained by the f o llowing analysis. 

Quoting from La ne [19831, p.9: " ... advantage- of latent he a t storagt=> 

accrues when PCMs are used as the hea t sink or source fo r he-at pump 

systems. Since storage i s isothermal the heat pump can be d@signed 

for peak efficiency at the melting t emperature of the PCM. 

Exceptionally high values of coefficient of performance (COP) have 

been obtained with isothermal s ources." 

Let us consider first the case of (No, 1) a PCM stor e as a source fo r 

a heat pump system in the heating mode, probably the most prominent 

case usually brought forward, Now, since in thi s case the nominal 

benefit l ies exclusively i n the COP value's excess above 1.0 (g i ven 

that for CPO ~ 1 simple resistance he ating would be sufficient) this 

extra heat should represent the largest part of the heating l oad 

commonly around 75%, and come essentially "free" such as from the 

outdoor (cold) air. Supplying this extra heat from a PCM store, for 

the sole purpose of achieving "exceptionally high COP values", would 

thus totally defeat the very purpose of the heat pump. (Of course , a 

Jleat pump can also raise temperature, but this is not the sought 

advantage.) 

The case coming to mind next (No. 2) may be a heat store- used a s a 

heat sink, at the heat pump's hot output side. This can be 

considered as a class ical case of potent ia l peak load saving, i.e. by 

replenishing the heat store via the heat pump at off pe-ak hours only 

and discharging this store mainly during peak hours. The " c at ch" 

here, however, is that off-peak hours usually are night hours, when 

the heat pump performance normally is at its lowest. (Of course, 

frosty conditions occur also during the day). 
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The other two cases (Nos. 3 and 4) refer to heat pumps in the cooling 
mode. Here, firstly, a '1coolth" store as a heat sink, i.e. at the 
cold output side, would conceivably be simply wate~rne>d into ice> 
(by the heat pump, during night hours), as for example in an "ice 
cel111 of those offered commercially by Merryful Pty. Ltd. [1985]. 
Thus no "ordinary PCM11 would be required here at all. 

The last case, a coolth store as a heat source, is another classical 
case of potential peak load saving. Here, contrary to "case No. 2 11

, 

the off-peak night hours would be the most suitable time for 
recharging the store. Also contrary to "case No. 3", conventional 
PCM in the l0-20°C transition temperature range and possibly up to 
30°C, could function effectively as a "coolth" store enhancing the 
unit's COP. The problem here is then only one of trading off 
increased cost and complexity of this air conditioning system and its 
maintenance against the cost benefit derived from its temporal COP 
enhancement (which occurs significantly only during harsh outdoor 
conditions). 

It should thus be recognized at first that the issues involved are in 
fact quite complex and that PCM storage for heat pump systems is not 
such an "obviously attractive" proposition. 

In the authors' opinion, the case in favor of (non water) PCM in heat 
pump systems reduces to the following two possibilites mainly: 

1 ° PCM store as a heat sink charged by the heat pump hot side as 
in case No. 2, with the proviso that the heat pump can be run 
efficiently and over sufficient time during off-peak hours to 
charge the PCM store. This store must be large enough to 
provide the bulk of the heating l oad during peak hours. For 
example, for 3 peak hours per day a 5 kilowatt heat pump with a 
COP of 4 in the heating mode would require a store of capacity 

3 hours x 5 KW x 4 = 60 kWH 

fitting easily into a cubic metre for a PCM (not CCH) of average 
storage capacity. This type of heat pump operation with PCM 
storage was advocated by Dr S. Chandra during discussions at a 
meeting with the project supervisors in Heidelberg West, 
Victoria, at Siddons Industries [1986] on 17 November 1986. 

2° The second possibility views a system combining cases 1 and 4, 
i.e. a single PCM store functioning both as a heat source in the 
heating mode and a cool th store in the cooling mode. However, 
as a heat source it would now be tapped only "on demand", i.e. 
whenever the COP dropped below a certain limit without the use 
of the heat store. Under these conditions the bulk of the 
"extra heat", as discussed under case l, would still be supplied 
via the "free" outdoor air. Also, as a simultaneous coolth 
store, in the cooling mode, this single PCM store would not 
suffer the cost benefit disadvantage discussed in case 4, 
provided that a simple "switchover" method was available. 



46 

This second possibility was also dis cus s ed during the said 
meeting at Siddons Industries, though on rather hypothetical 
ground on the part of the project supervisors, and with a good 
deal of scepticism as to its feasibility on the part of Siddons 
Indus tr i es. 

We have in the meantime tentatively concluded that such a dual
function PCM store in conjunction with heat pumps is in fact a 
possible option, and we are pursuing this idea, for the present 
based on our calcium chloride hexahydrate PCM. Preliminary 
details can be found in Annex 2 (In Confidence) . 

/ 
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V. LITERATURE SURVEY 

It probably will be correct to state tht the existing PCM literature is 
dominated largely by two recent books edited by G.A. Lane of the Dow 
Chemical Company: "Solar Heat Storage: Late>nt He>at Materials", Vol. I 
(1983), and Vol. II: Te>chnology (1986). In section V,l we briefly 
review from these books passages of particular relevance in the present 
context. 

A second important source of information, apart from early mate>rial 
published in Workshop Proceedings etc., comes from articles published 
since the late seventies in "Solar Energy". In section V.2 we r eview 
some relevant findings notably in articles by Carlsson (1979], Lane 
{19811, Kimura (1984] and Feilchenfeld (19841 published in this 
journal. Section V.3 briefly mentions a few relevant articles from 
other sources, including our own as well as material from commE'rcial 
brochures. Our conclusions in the light of this literature survey are 
then summarized in Chapter VI, Findings and Conclusions. 

V.1 Review of G.A. Lane's books: "Latent Heat Materials" (1983 and 1986) 

Volume I of this work "Background and Scientific Principles", ((1983) 
published by CRC press in the US ) , reviews the (recent) history of phase 
change thermal stor-age>, in par.ricular. its recurrent' fai lurf's caused by 
long-term instability of PCMs (most often referring to Glauber's s alt 
formulations) and encapsulants. It then names an impressive number o f 
researchers and countries - including Canada, Germany, Sweden, Denmark, 
Japan, France, Italy, the Netherlands, Switzerland, Belgium, the United 
Kingdom, Yugoslavie, India, New Zealand and more, but somehow not 
including Australia - pursuing PCM research ; and concludes: "the> 
enormous interest in PCM te>chnology a r ound the world is proof of rhP 
need for reliable storage, based on efficient, compact, isothermal 
media".: 

The following two chapters, entitled "The Science of phase change 
materials" and "phase equilibria11

, mainly review general principles of 
Physical Chemistry applied to PCM situations, with (perhaps exaggerared) 
emphasis on phase diagram varieties. On the other hand roo lirrle, f rom 
our point of view, is said on actual methods in rPlarion to Thermal 
Analysis (p.109). Chapter 4, on Crystallization and Nucleati on, which 
starts by saying "understandi ng crystallization and mPlting processes is 
fundamental to PCM re'search and technology", has been of very great help 
to us in our attempts (mostly by Dr P.O. Carden) to model thf' observed 
behaviour of our PCM sample, from data obtained using our spectral 
continuous Thermal Analysis technique. 

Of the last chapter in Vol. I (Chapter 5, by R. Viskanta), our direct 
interest here is mainly in section D, in relation to calculation of 
solidification times. We notice in particular the absence of a simple 
analytical solution for the case of inward solidification in a 
cylindrical tube at a constant exterior temperature. Such a solution, 
under simplifying assumptions (mainly the neglect of a solid-liquid 
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difference of specific gravity), is here presented in Append i x B, 

characterized in particula r by a proportionality of the time required 

for complete freezing to the s quare of the tube' s radi us. 

Volume II of that wo rk, "Technology" (published 1986 ) , starts with a 

general review of phase change materials: 

Organics - including paraffin waxes (m.p. 43-56°C) , polyethylene 

glycols (m.p. 7, 23°C), fatty acids ( e. g. stearic acid, studied 

by Arndt (1984} at the Western Aust ralia Institute of 

Technology ), and some further categories. Organics are generally 

disadvantaged in comparison with salt hydrates by poo rer heat 

transfer, lower density, flammability, and higher cost. 

Salt hydrates - with emphasis largely on CaCt2 • 6H2 0 and on 

Na2 S04•lOH20 (Glauber's salt). Dow Chemical's version of the 

former is described as " congruent melting", this being achieved 

by the addition of potassium chloride jointly with sodium 

chloride to their joint limits of solubil i ty: 4.7 wt% KC£ and 

0 . 8 wt% NaCL "The combined effect is to reduce the melting 

point of CaCt2•6H2o to 26 .9°C, making it congruent melting , a nd 

making CaCt2 •4H20 me tastable , melting at 26.7 °C". E. Korin , 

with Menczel [l980) and others , have investiga ted a similar 

system. 

Chapte r 2 describes the theory, technology and effects of thickeni~g and 

"gelling" salt hydrates, with the purpo se of preventing gravi t y-induced 

segregation. Gellants ref e r in general to more viscous types of 

"thixotropic additives", of organic ( polymer) or igin, whe reas thickeners 

usually refer to mineral powders s uch as sodium silicate, attapulgite 

clay and silica gel. 

In calcium chloride hexahydrate-base d PCM a thixotropic additive may be 

intended to prevent crystallized tetrahydrate from segregating, e.g. 

towards the container bottom under the inf luence of gravity, before re

dissolving in more dilute strata. It a lso may keep nucleat i ng additives 

at some safe, diffusion-controlled limiting gradient. 

Chapter 3, (Lane [ 1986 ]) describes encapsulation methods and lists a 

large number of PCM systems offered by US and European firms. Some of 

these products are mentioned explicitly in section V.3 below. 

Chapter 4 deals with matters relate d to PCM systems testing, in 

particula r with regard to US Na tional Bureau of Sta ndards requirements 

and to ASHRAE Standards 94-77. The latter finds in particular t ha t 

"Theoretical Sto rage Ca pacity is Not a Meaningful Parameter" (because , 

for example, PCM's specific heat in the liquid state usually differ from 

the solid state). Also mentioned is the "lack of measurement t o 

determine whether the system degrades with cycling". 

The last chapter, contributed by John A. Clark, details "Thermal Design 

Principles", in relation to systems consisting of large numbers of 

stacked rows of tubes, packed beds of pellets, etc. Air flows, pumping 

energy, heat transfer and related topics are analysed, along with sizing 

considerations and insulation factors. 
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R~view of Articles in " Solar Eneru" 

Carlsson [ 1979], with H. Stymne and G. Wettermark, "An 
incongruent heat-of-fusion system - CaCR. 6H2o - made congruent 
through modification of thE' chemical composi t ion of the 
system". This paper "describes means of ensuring that the 
tetrahydrate never is the stable species, through chemically 
modifying the system", causing the solubility of the 6-hydrate to 
decrease and of the 4-hydrate to increase. 

It is of particular interest that this paper specifically refers 
to stoichiometric calcium chloride hexahydrate, i.e. with no 
extra water but proposing instead thE' addition of 2 wt % 

SrC22 6H20 to move the peritectic and the hE>xahydrate melting 
point closer together. 

Of int erest in thE' contE'xt of our findings a re also the "hE>a t of 
crystallization" values of 173 J/g reporred f o r both "puriss 
grade" and "technical grade" CaC£2 6H20 , and lower values, down 
to 150 J / g, for CaC22 6H2 0 with stabilizing additives. These 
va l uE>s, determined in a adiabatic calorimE't e r and "using a tic 
correction" are claimed precise to within 5 J/g. Our heat-o ~
fusion value ( equal to the "heat of crystallization", to t he best 
of our understanding our data) is well abovE' 200 J/g and probably 
as high as 210 J/g ( see Fig. A.3b, Annex ) . 

A third point of interest is Carlsson's conclusion t hat s odium 
chloride moves the peri tect ic point away from the hexahydrate 
melting point (their Fig. 6(c)) and thus renders the material 
less congruent-melting. The latter conclusion conflicts dire c tly 
with Kimura (1984), who found that NaCt t e nds t o prevent 
incongruency. It is also not substantiated by the behaviour o f 
our material, which despite containing NaCt t o t he po int o f 
saturation does not form tetrahydrate at water content beyond the 
nominal peritectic point. 

l 

Lane [1981] criticized the contention by Carlsson et al. that th€' 
addition of 2 wt% strontium chloride hexahydrate renders 

CaCR. 2 6H20 congruent-melting, in this Technical Note "adding 
strontium chloride or calcium hydroxide to calcium chloride 
hexahydrate heat storage material". In this arti c le Lan€' 
explained, among other, that the real effect of th€' added 2 wt % 

SrCt2 6H20 was the water released by this additive, due to its 
major part decomposing to the dihydrate, thereby changing the 
hydration degree rather than moving the peritectic point. 

Junj iro Kai and H. Kimura [ 1984] found that "a small amount o f 
NaCl gave excellent stability" ( contrary to Carlsson et al as 

mentioned), due to a certain "memory effect" which, although not 
yet clarified is supposed by these authors to cause acceleration 
of nucleation of CaCR.2 6H20 crystals. They conclude by stating 
that a NaCt-doped sample at H = 6.11, i.e. containing more 
water than H = 6.00 but less than the peritectic, whi ch they take 
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to be at H = 6.14, was found stable over 1000 cycles, yielding no 
CaCt2 4H20 crystals. In fact they find it di fficult to 

conclude from their experiment whether the excess water should be 
necessary or not for repeated phase change . 

Our experimental resul t s, on the other hand, appear to leave 
little doubt as to the firm necessity for the extra water and, 
moreover, its required dosage in excess of at least 0. 10 moles of 
water above the stoichiometric composition. 

S. Sarig, J . Fuchs and H. Feilchenfeld [1984] authored a further 
important paper in "Solar Energy", which is directly relevant to 
our work for the following reasons: 

a) it is the only 
heat-of-fusion 
fact a highest 
as given in 
additives (209 

source we know supporting the unusually high 
values observed by us, their Fi g . 3 giving in 
observed value (220 J/g), identical with ours 
Fig. A.3a, Annex, for CaCt2 6H20 with 
J/g without additives). 

b) using an experimental setup in some ways similar to ours 
(yet more restricted, e.g. incapable of continuous 
monitoring sample's enthalpy), these researchers 
investigated the stability of CCH by measuring th€' ht"at of 
mel t ing - as "there are few data available on the heat of 
melting that can be applied to heat star.age devices". We 
note that these words sound strongly in favour of our own 
work. 

c) It is clear from their Table 1 that Feilchenfeld [19841, 
while assuming the peritectic at 6.12 (source not given, but 
compare with Kimura's 6.14, above), find consistent 
degradation of CCH at H = 6.1 - 6,2 "without additives" . It 
is less clear, however, in regard to long-term cyc ling 
stability, what their f i ndings were with the added 2 wt% 
strontium chloride hexahydrate, since most of the results 
are given here for a sample with hydration degree of less 
than 6.0. They appear to conclude that stratification would 
be enhanced in any case - resulting in tetrahydrate 
formation - "by cooling exceedingly slowly while passing 
through the crystallization zone". 

We have undertaken recently to perform this test. With our 
sample at daily cycle No. 578, we found no trace of 
t etrahydrate after more than 50 hours of slow freezing (Fig. 
A.6), followed by remelting at 34°C. 

We mention a few more relevant articles in "Solar Energy": 

A. Abhat [19821, in a comprehensive review paper on PCMs, which 
we found very useful; 
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M. Nasim and 
comment: "None 
judged for use 
considerations". 

H.P. Garg [1981}, who make this interes t ing 
of the c o ngruent-melting salt hydrates have been 
in thermal storage because 9f cost and safety 

P. Cadier and A. 
Solar Greenhouse 

CaCR.2 6Hz0• 

Jaffrin [1982], 
(France) with 

who describe the La 
PCM stabilization, 

Baronne 
using 

and a further article by H. Feilchenfeld [1985], with J. Fuchs, 
F. Kahane and S. Sarig, reporting a failed attempt of melting 
point adjustment of CaC.e. 2 6H20 by chemical modification, as 
assessed by their method of slow passage through the 
crystallization zone (see above). 

Y.A. Cengel, M. Toksoy and 
of latent heat storage 
describes the successful 
storage system. 

B.K. Huang [1986], "Transient response 
in greenhouse solar system" which 

operation of a large CCH-based hear 

V.1 Lirerarure from Or-her Sources 

No literature survey on PCMs f o r thermal storage could be complete 
without mention to the pioneering work by Dr Maria Telkes. Of her many 
publications, since the early fifties in the form of Patents, Conference 
and Workshop papers and journal articles, the most relevant in the 
present context may be "Thermal Storage f o r Solar Heating and Cooli ng 11

, 

( Telkes [1975)), in which the method of stabilizing incongr uent melting 
PCM by the use of thixotropic additives is extensively discussed. 
Important follow-up work using "habit modifiers" ( see e.g. S. Sa rig 
[1975]), was published by S,B. Marks ( 1983], reporting on long overdue 
success in stabilizing Telkes' preferred salt hydrate storage medium: 
sodium sulfate decahydrate (Glauber 's salt), against long-term phase 
separation with which this otherwise useful PCM had been plagued ever 
since its introduction. 

Other "classic~l._'' __ articles on PCM systems are: 

"Thermal storage for Solar Heat and Off-peak Air Conditjoning", 
by J.C. Denton, K.W . Kaufman and H.G. Lo rsch (1 975); 

"Thermal Storage Materials for Active and Passive Solar 
Applications", by C. Wyman and D. Eissenberg [1980]; 

"Phase Change Products for Passive Homes", by D. Lewis and J. 
Kohler (1983], who present a descriptive list of PCM products on 
the U.S. market; 

and, most relevantly in the present context , "Heat Storage Units 
using Salt Hydrate", by s. Furbo [1982], emphasizing the method 
of "the. extra water principle". 
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Material published (or for publication) on the current subject by the 
Project supervisors include the following, apart from an early 33-page 
Internal Report (Brandste tter (1982)) and a more recen t Progress Re port 
(to NERDDC, bys. Kaneff and A. Brandstetter [1985)); 

"Heat storage in calcium chloride hexahydrate", by A. 
Brandstetter [1984], a poster paper presented at the 1983 
International Solar Energy Society Conference in Perth, published 
in the Proceedings of Solar World Congress, 1983. This paper 
presents for the first time publicly our proposed methods for a) 
processing the Osborne distiller blow off into PCM, using solar 
evaporation, b) continuous calorimetric evaluation of PCM thermal 
storage characteristics and c) calculation of heat penetration 
and PCM freeze time in a cylindrical geometry. 

"Phase change storage applications", by A. Brandstetter (1986), 
Conference paper presented last November at "Solar 86" in 
Adelaide. This paper is a first in presenting publicly results 
from our experimental investigations, in the laboratory and with 
our PCM-stabilized greenhouse. 

"On the stability of calcium chloride hexahydrate in thermal 
storage systems", now under review following which it will bP 
submitted for publication in "Solar Energy". 

a draft now in preparation, by P.O. Carden (1987], is tentatively 
entitled (for current reference) "Modelling the nucleation and 
subcooling behaviour of calcium chlorfdP hexahydrate phasP changP 
material". 

Work is in progress for a poster session paper "Phase change 
storage heating and stabilization in greenhouses", (abstrac t 
title) by A. Brandstetter (1987], to be presented at the 
forthcoming International Solar Energy Society Conference in 
Hamburg, September 1987. 

Finally, a number of commercial brochures or journal advertisements thar 
deserve here special mention: 

"Predicted Performance of ENERPHASE (Trademark of the Dow 
Chemical Company) Thermal Energy Storage Panels", a comprehensive 
brochure distributed by "Solaroo", Australia agents of ENERPHASE, 
of 420 Canterbury Road, Surrey Hills, Vic. 3127. The brochure 
describes the use and expected performance of Dow Chemical's 
560mm x 355mm x 55mm louvred panels mounted between standard (US) 
studs in sun-facing walls. The panels are filled with abour 10 
kg calcium chloride hexahydrate with additives, melting point 
21°c. 

"Durability Tests with CALORTHERM Storage Materials", distributed 
by Calor Alternative Energy, of Appleton Park, Slough SL3 9LG 
(United Kingdom), which summarize results of tests performed on 
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their C7, Cl8, C31 and C70 PCM systems (the numbers indicating 
the materials transition temperatures ) . Dr R. Willix [1983] of 
the Western Australian Institute of Technology has investigated 
some aspects of these systems, in particular the C31 Glauber 
salt-based material encapsulated in 1 metre long black 
polypropylene tubes (36 mm dia for l litre, 50 mm for 2 litre 
PCM), in collaboration with Telecom Australia, we believe. 

Boardman Energy Systems, PO Box 4299, Wilmington DE 19807 
(U.S.A.), who advertise PCMs for 15°C, 20°C, 26°C, 31°C (mean 
transition temperatures) encapsulated in stainless steel tubes. 
It might be added that the brochure is explicitly shunning the 
use of calcium chloride hexahydrate in view of its being "very 
corrosive" (presumably referring to stainless steel) and other 
reasons. 

A large number of PCM products, many using the Dow Chemica l 
Company's TESC-81 CCH-based material, have been adve rtised over 
recent years in "Solar Age" (now "Progressive Builder") and 
elsewhere. • 

These, apart from the above-mentioned, include a large variety, 
from "Pennwalt encapsulated pellets" ( 6-19 mm, made in the US ) 
and Cristopia' s "Boulet d • energie (7 7 mm dia. plastic PCM-filled 
spheres, made in France), to packaged collector-storage units 
ready for mounting on sun-facing walls, with names such as 
"Rodwall", "Enerwall", to menti on a few. In addition, "hot box" 
containers (by Haaland Enterprises, Minn., USA), PCM Greenhouse 
systems (by Seico Kasai, Osaka, and Sekisui Kasai, Tokyo, Japan), 
and "Heat Bank" (by Calmac Manuf. Corp of Englewook, N,J. USA), 
"Heat Battery" (by O.E.M., Inc., Dover, Fla, USA) and "TESI 
Storage Tank" (by Thermal Energy Storage, Inc., of San Diego, 
USA) bulk storage systems. The list, largely reproduced from 
Lane [1986), is far from exhaustive. 

VI. FINDINGS AND CONCLUSIONS 

It is evident from the above literature survey that not only are 
CaC12•hH20 PCMs likely, and perhaps the most likely, candidates for 

successful, long-lasting heat storage systems, but also that such 
systems are already now widely represented on the market. 

Exception taken of the Feilchenfeld [1984] paper, all the authors 
reporting on tests of CCH systems reach the conclusion that this 
material can be made to behave congruently, which also is our experience 
as here reported. Contrary to the other authors, the work by 
Feilchenfeld starts with pure CaC12 •6H2o and only specific additives -
apparently not including NaCl - participate in their tests. Moreover, 
extra water is not sufficiently accurately dosed: at a peritectic 
concentration of 6.12, as assumed by these authors (again not clear why, 
when Mellor [1946] quotes 6.10, Kimura [1984] 6.14 and Lane {1986] 
6.255), their usual hydration degree of 6.1 would indeed lead to 
degradation of the material, according to our findings in chapter 2. 
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Moreover, we have carried out the stringent test recommended by 
Feilchenfeld - extremely slow traverse through the crystallization zone 
- without any deleterious consequences. 

Incidentally, their 6.12 peritectic composition may well be correct• 
according to our findings, although 6.10 would be at least as likely. 
It is extremely difficult for us, however, to "accommodate" Lane's value 
of 6.255. 

Some of the problems raised in the cited literature that were addressed 
in our reported work are: 

providing data on the enthalpies of melting and crystallization 
that can be applied to heat storage devices - on which little 
data is currently available 

the case of excess calcium chloride, the form of this excess 
(tetrahydrate?) and its participation in the melting phase. We 
have mainly addressed the complementary question of excess water. 

On slow cooling while passing through the crystallization zone, 
is stratification enhanced, and may such information "help to 
devise accelerated tests for stability, replacing time-consuming 
cycling"? Our limited experience, based on a single traverse, so 
far, does not appear to favour this conclusion. 

The effect of dissolved NaCl in the repeated nucleation of 

CaC1 2 6H20 has been the subject of controversy - should NaCl be 

removed or, on the contrary, is it beneficial? Our results 

suggest the former is not the case. 

In how far is the degree of subcooling related to the time until 
subcooling and to the density (and size) or nucleating 
particles? These quest ions have so far been addressed only by 
experimental observation, but some theoretical work is now also 
in progress. Generally speaking, our data suggest that 
nucleation occurs after a certain (variable) time rather than 
after reaching a certain low of temperature. 

Finally, in our attempts towards the design and testing of actual PCN 
systems - viz. a small PCM-stabilized greenhouse and a small off-peak 
local space heating system - we unfortunately can claim only partial 
success. Further work will be required, mainly in regard to reliable 
and water-tight means of encapsulation. This problem, however, has been 
experienced only with the greenhouse, where hot dry air controls heat 
exchange and "store-item" plastic bottles were used (one type prone to 
bursting and the other to loss of water); whe.reas the space heating 
~ystem, which uses a different kind of bottles has been operating 
totally satisfactorily and reliably ever since starting operation in 
November 1986 . 
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In fact, we have tentatively concluded 
used in this hi:ating system may we 11 , 
arrangements appropriate for different 
means of PCM encapsulation. 

that the type of encapsulation 
together with certain auxili a ry 
conditions, constitute a va lid 

Some further discussion of results appears at the end of Annex. 1. 

VII. TECHNOLOGY TRANSFER ACTIVITIES 

In section IV.J, "Helit pump system with PCM Storage", we have 
reported on interest expressed by Siddons Industries Limited in 
PCM Storage in conjunction with heat pumps in general, and in our 
proposition in particular. No details of the latter have been 
released to parties other than ANUTECH Pty Ltd. Our memorandum 
to ANUTECH of 5 January 1987, replying to ANUTECH's "Research, 
Development and Commercialization Checkl i sr" i-; ,11 1:,i c hed to this 
Report as Annex 2 ( In Confidence). 

A Secrecy-Option rt.'.'..r.-,,-!,,Jf-!llt relating to "research and development 
in the field of phase change materials for heat storage and 
ut i l iz.:i.t io n" ( "the Kesearch" ) was signed on the 27th November 
1986 between ANUTECH (which " pe rforms c ommer c ial and 
administrative functions on behalf llf 1:hP. ,\'.J11" ) and Mr Warren 
Radford l)E l4 Spri.ng Street, Balmain, New South Wales ( "the 
Investor" ) . 

This agreement states ainong other matters that: "The Investor is 
involved in the evaluation of new technology for manufacture and 
sales in Australia and overseas i:!n<l wi:-;h,•s t o 1?nter into a 
re-;1-!arch, development and licence Agreement t o provide support 
for the Research and its commercialisation in acco rdance with the 
terms o f such agreement entered into with ANUTECH". 

Other parties having expressed commercial interest in our work 
are 

• A.E. Merryfull, of ICE-CEL Pty Ltd (PO Box 145, Sydney 
2075), with whom latest written exchanges took place in 
December 1986 concerning possible cooperation on Phase 
Change systems R & D. 

A confidential non-disclosure ~~reement was signed with K.J. 
Croagh, Managing Director of Vulcan Industries, and Mr Ron 
Harris, Research and Develop1nent :-tanager, on 18 February 
1987, concerning cooperation on "Resea rch ,1nd Development o f 
pha.,;e c hange materials for heat storage and utilization, in 
collaboration with Warren Radford, who "carries out 
installations of heating systems, hot water systems, space 
heating in the building industry". 
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IX. ANNEX Detailed Ex£erime ntal Results 

Five categories of detailed experimental results are presented: 

Evaporation rates of the d istiller blowoff (DBO), turning into 
dense calcium chloride solution in the JOO-litre evaporation pans on the roof of the Cockroft Building (photograph Fig, 2). Results 
are summarized in Table A.l, 

Spectrophotometer analyses (Perkin Elmer Model 303) of PCM samples, 
to obtain concentrations of sodium in PCM samples, and f rom there the weight percent of sodium chloride. Computer printouts of 
results are reproduced in Table A,2, 

Continuous calorimetric evaluation of ou r first sample o f 382 gram 
PCM, labelled S3 ( from DBO origin, ' S' for solar-evaporated), 
which had a tentative low dosage of additives. This test ran from 
5 August 1985, to 13 September 1985 when it was aborted, Figs. 
A, la, b represent cycles l!i and 32 of this run and show the rapid 
decline in enthalpy-of-melting expe rien ced with this sample 
although no tetrahydrate was detected, Results are shown in t he 
usual form of temperature profiles - thermocouple labels 
corresponding to locations shown in the inset of Fig . A,Jb - and of an enthalpy curve referred to the same time abcissa . Unless 
o therwi se indicated, 'time points' correspond to 6 mi n ute time intervals, averaging over 12 consecutive tempe rature measurements 
for each thermocouple. 

Fig. A2 describes the dec line of the latent heat storage capaci t y 
of sample SJ over the whole run, 

Continuous calorimetric 
sample of 382 gram CCH, 
SJ except for increased 

evaluation o f our second (and present) 
l abelled S4 and simi l ar in a ll respects to 

dosage of additi ves 

This test started on 15 September 1985 and 
essentially uninterrupted and with the same samp le. 
this test is sketched out· in Table A3, 

has 
The 

been running 
'history' of 

Figs. A. 3a-h represent a variety of dail y cycles of sample S4, i n the usual fo rm (see above). On a number of these plot s we have calculated the heat of fusion values co r rected for extra water in accordance with Fig . 5. Although variations in these heat-of-fusion values, as well as in t he subcooling temperature differe ntials and times, can be discerned in Figs. A,3a-h there has been no sys tematic downward trend in the heat of fusion now over more than 500 daily 
cycles. The rather large variation in the subcooling characteristics, o n the other h and, can probably be traced back to a near- co-critical dosage of nuc l eator in this sample from the beginning up to cyc l e No . 425 (see Table A.3) when the dosage was slightly increased. At the 
rated water excess no tetrahydrate ever formed, as verified by visual inspection. 
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Fig. A.4a presents a description of the variation of the subcoo ling 

temperature differential during the first 300 cycles, not including the 

30 first cycles where time allocated for melting was insufficient, 

obviating subcooling (see Fig. A3a). A further description is given in 

Fig. A,4b in the form of a histogram. 

Figs.A.Sa,b present enthalpy vs temperature 'scatter plots' similar 

to those brought in the Feilchen f eld [ 1984] paper, from which the heat 

of fusion supposedly can be directly read off. The lowest part of the 

plot is unfortunately not accurately enough defined to allow to read off 

the specific heat in the solid CCH, therefore we have arbitrarily 

assumed this to be 1,4 J/g according to latest literature (Lane (1986) 

and drawn a 'fitted line' accordingly. Note that the line measur i ng the 

heat-of-fusion is drawn at the point of the alleged transition 

temperature. Agreement with the values found in Fig. A.3b i s remarkably 

good. 

Finally, in Fig. A6 we present a plot of temperature and enthalpy 

of the sample (S4) as it was made to pass very slowly downward through 

the crystallization zone, as recommended for a very st ringent test of 

congruency by Feilchenfeld [1984 ] . After this test the sample was found 

to have retained its usual characteristics and normal cycling was 

resumed. [The initiation of freezing was obtained in th is test by 

rubbing the capsule exterior with ice cubes, while the interior 

temperature stayed at 28.5-29°C]. 

The 5th category of detailed experimental results relates to the 

continuous monitori ng and control of our (small) greenhouse with 

its (~ 100 kg) PCM heat store. Resulting temperature and 

insolation profiles retrieved in the form of digital plots, similar 

to those shown for the cycled PCM sample, a re presented in Figs . 

A.7a-b and briefly discussed in "further di scussion of results". 

Note: a sixth category of results relates to the space heating system 

which was gene rally described in Section IV,l. Thi s system was designed 

and set up in collaboration with Mr Warren Radf ord (see Section VII: 

Technology Transfer activities) and will not be further detailed. 
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Table A, 1 

Solar evaporation rates of "distiller blow off" (pan No. 1 ) 

Date Depth Approx. Temp. Deg. of 
(1986) Time (mm) litres* (DC) hydration Comments 

5 Feb 17:30 64 260 Start evaporation 
10 Feb 12.30 41 165 
14 Feb 1 7. 15 29 120 till now mild, 

sunny weat her 
17 Feb 19. 20 20.5 80 weather 

deteriorating 
19 Feb l3. 45 19.5 75 10. 3 No s uns h in e 
20 Feb Sunny day 
21 Feb 16. 30 l 7 70 36 8. I Sunny day 
24 Feb 13. 00 15. 5 60 8.4 
26 Feb 16.20 1 5. 5 55 41 NaCl prec ipitating 
Ll:S Feb 15.5 50 ~ 7. 5 

3 Mar 12. 30 14 45 35 ~7 . 5** pumped t o drur.i 
(afternoon) 

17 Mar 45 back to evap. pan 

23 Mar sol. 10 ~25 6 . l frozen CCH } 
liq, 30 ~ 25 6.7 "supernatant" 

several ho t days 
6 Apr 35 ~40 ,_ 6 . 0 collect t o drum 

* after NaCl started precipitating only the final yield is measured, 
others are roughly interpolated. 

** the average from the 3 pans was e stimated t o be at H = 7. 6 . 
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Table A.2 

Sodium concentrations in DBO evaporated to 7.6 H2o (average ) 
- in printouts from Atomic Absorption Spectrophotomete r analyses 

(Perkin-Elmer 303, with SJ(England) Hollow Cathode Lamp, 
from Activon Scientific Products, No. 4154 ) 

5 March 1986 

"Wavelength": 294.5 (589 nm) 

Na in solutions of 2 gr "PCM" / liter 
Samples 1,2,3 from pans 1,2,3, following 

evaporation (of DBO 1,2,3), at time of collection 

Standard l 
Standard 2 

Sample l 

Work Line 

Standard 1 
Standard 2 

Sample 2 

Work Line 

Standard 1 
Standard 2 

Sample 3 

Work Line 

Element Investigated - Sodium 

Cone 2 PPM 
Cone 5 PPM 

Cone. 3.25 PPM 

%Absorb 40.4 
%Absorb 57 

%Absorbance 44.7 

Abso rb .2235 
Abso rb .3653 

Absorbance .2555 

Abso rbance ~ . 07839 * Concentration 

Element Investigated - Sodium 

Cone 2 PPM 
Cone 5 PPM 

Cone 2.81 PPM 

%Abso rb 39.7 
%Absorb 56.7 

%Absorbance 39.7 

Abso rb ,2185 
Absorb . 3623 

Abso c:bance .2185 

Absorbance = . 0775 * Concentration 

Element Investigated - Sodium 

Cone 2 PPM 
Cone 5 PPM 

Cone 3. 54 PPM 

%Absorb 39.7 
%Absorb 56 , 6 

%Absorbance 47 

Absorb . 2185 
Absorb , 3612 

Absoc:bance .2739 

Absorbance 0 .773 *Concentra tion 

Note: 2 gr "PCM" / liter is approximately equivalent t o 
1 gr CaC12 (anhyd. ) per liter. 
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Table A.3 - Diary for PCM Sample "S4", to 31/12/86 

(complements the information from Figs. A.3a-h) 

Cycle No(s). Date(s) 
Temp (°C) 

Lo-Hi Comments 

1-7 
8 

11 
12-14 
15 

16-17 

18 
19-20 
31-JS 
]6-72 
n 

74-99 
100 
101 
102-113 
114 
115-121 
122 

125 
126 
127 

129 

130 
131-135 
136-142 

143 
144 
145-149 

15-21/9/85 
22/9 
28/9 

4/10 
5-7/10 

8/10 

9-10/10 

11/ 10/85 
12-13 / 10 
14-28 / 10 
29/L0-4/12 

5/12 / 85 

6-31 / 12 / 85 
1/1 / 86 
2/1/86 

3-14/1/86 
15 / 1/ 86 

16-22/1 
23/1 /86 
24-25/1 

26/1/86 
27 /1 
28/1/86 

30/1/86 

31/1 
1-5/2/86 

6-12/2 

13/2 
14/2 

15-18/2 

24-33 

24-33 

24-33 

24-33 
24-33 
24-33 

24-33 
24-33 

19-33 

23-38 

24-33 
24-33 

24-33 

24-33 

24-33 

heat ON 9:30-16:30; 
Crashed, due to faulty DVM; 
resume - and further crash 
resume, following DVM repair; 
adjusting H-parameters; 
change heat ON time to 
9:30-17~ 
Note: change diskette once 
in 6 days 
H-par. to .1179 (from .1205); 
testing - before going overseas; 
proceeding smoothly; 
room warmer ~ melting faster; 
A.B. resuming supervision, 
Grant Bath level found low -
top up; 
all normal; 
starting the new year ••• 
Lo-hi temp to 19-33°C; 
heat-of-fusion value increasing; 
Lo-hi temp to 23-38°C; 

"Student hand-on experiments''; 
system failures, 
lost disk records 
inspect capsule: frozen, 
less ~ 10 ml; 
Lo-hi temp to 24-33°C; 
late freezing, 8 hours delay; 
Power failure at 
~ 13:30 - rebooting 
normal freezing 
{4°C supercooled) 
did not freeze; 
back to normal; 
several instances of 
delayed freezing; 
normal; 
did not freeze; 
normal, except water level 
in vessel low 
(was topped up on 24/1 / 86); 



150-153 
154 
155-161 
162 
163-167 
168 
169-1 82 

183 
184-189 

190-205 
206 
207 
208-214 
215-218 
219 

220-222 
223 
22 4-225 

227-234 

235-241 

243-269 

270 
271-273 

274 
275-276 
277-282 

2cD 

285-309 
310 
311-313 
314 
315-342 

343-347 

348-352 

19-23/2 
24/2 / 86 

25/2-3/ 3 
4/ 3/86 

5-9 / 3 
10/ 3 

11-24 / 3 

25 / 3 
26-31 /3 / 86 

1-16/ 4 
17 / 4/ 86 
18/4 

19-25 / 4 
26-29 / 4 

30/ 4/86 

1-3/ 5 
4/ 5 / 86 

5-6/5/86 

7/ 5 / 86 

8-15 / 5 

16-22 /5 

23 / 5/ 86 

24 / 5-19 / 6/ 86 

20 / 6/86 
21-23 / 6 

24 / 6 / 85 
25-26/6 

27 / 6-2/7 

3/7 /86 
4/7 / 86 

5-29/7 
30/7 

31/7-2 / 8 
3/ 8 / 86 

4-31 /8 

l-5/9 / 86 

6-10/9 

6 4 

24-33 

22- 33 

21-33 

22-33 

23-33 

23-33 

22-33 
22-33 

21-33 

21-33 

21-33 

21-33 

21-38 
21-38 

21-38 

21-38 

21-33 

19-33 

19-33 

severe supercooling; 
lo-hi temp t o 22- 33°C; 
still severe supercooling; 
lo-hi t emp to 21-33 °C; 
normal; 
lo-hi temp back to 22-33°C; 
generally normal, s ome 
delayed freezing; 
lo-hi temp to 23-33°C; 
some delayed freezing, 
cy 184 did not freeze 
mostly severe supercooling; 
normal; 
lo-hi temp to 22-33°C; 
normal; 
most did not freeze; 
lo-hi temp again down 
to 2l-33° C; 
normal; 
di d not freeze; 
froze, but heat of fusi on 
only "' 175 J/g 
Inspect capsule: frozen, 
less 1-2 cc 
normal, one (Sh ) delayed 
freezing 
did no t freeze, 7 cycles 
in a r ow 
Inspect (~ 32° C) : t otally 
melted 
normal, e xcept low heat o f 
fusi on 

(~ 170 J / g ) , and instances of 
delayed freezing; 
lo-hi temp. t o 22-33°C; 
normal, except one ( 9h ) delayed 
freezing; 
l o-hi temp. to 21-38°C; 
normal freezing; 
Instability of H-par. due to 
warping of Grant Bath lid ; 
did not freeze; 
new Grant Bath lid - 25 mm 
thick ( previously 5 mm ) ; 
continued "criticality"; 
lo-hi back to 21-33°C; 
"no rmal" delayed freezing; 
l o-hi temp down to 19-33°C; 
normal - some with little 
supercooling 
thermistor "playing up" 
(replaced 6/1 / 87); 
normal, except some deep 
supercooling; 
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354- 356 
357 
358-369 
370 
371-385 

389 

391 -394 
395 

396-397 

400-406 

409 

410-417 

427-432 

434-439 

11 /9/86 
12-14/ 9 

15/ 9/86 
16-27 /9 

28/9/86 
29/9-13 / 10 

14 /10/86 

15-16/10/86 

17 / 10 / 86 
18/10/ 86 

19-22 / 10/86 
23 / 10/ 86 

24-25/ 10 

26 / 10 
27 / 10 

28/10- 3/1 1 
5/ 11 / 86 

6/ 11 /86 

7-14/ 11/ 86 
19/11 /86 

20- 22 / 11 

23 / 11 /86 

24-29 / 11 

30/ 11 / 86 

1-6/ 12 /86 

8/12/86 

65 

19-38 

24-33 

24-33 

24-33 

18- 42 

18- 38 

22- 38 

22-33 

22-33 

did not freeze ; 
mostly deep supercooling 
lo-hi t emp up to 19- 38°C; 
one delayed, two did not freeze; 
lo-hi temp back to 24- 33°C; 
never f roze; 
capsule inspect i on: 
(supercooled) l iquid , 
and vessel level found raised; 
Problem r esolved: influx was 
due to capillary action by 
thermocoupl e wires - remed i ed; 
Resume 
capsule inspection : frozen 
+ 12mm supe rnatant; 
still severe supe rcooling; 
l o- hi to 18- 42 , start 4cy / day 
routine; 
4cy / day, only one out o f 
8 froze; 
change ove r to 2cy/day routine; 
lo-hi to 18- J8°C; 
2cy/ day , but froz e only twice; 
reco r d ing inte rrup ted (ex tra 
wate r in PCM) . 
resume with new Grant Bath temp . 
contro lle r (J l 26) , l o- hi t o 
22-38°C; 
2cy/day - froze only once ; 
Open the PCM capsul e (fi r st 
t i me) ; 
evaporate 21. 06 gr extra-weight 
water , AND i ncrease dosage of 
nucleator; 
l o-hi to 22-33°C and back to 
i cy /day; 
supe r coo l ing minimal , but low 
hea t of fusion; 
t e trahydrate f or med : di ssolve , 
and add 1 cc water; 
heat of f usion high , t hen 
dec reasing 
still tet r ahyd r a t e : dissol ve , 
and add furt he r cc water ; 



442-448 

449 
450-453 
454 
455-462 

nearing 600 

10-16 / 12 

17/12/86 
18-21 / 12 

22/12/86 
23-30/12 

31/12/86 

May 1987 

66 

22-33 

22-38 

18-42 

21-34 

melting now incomple t e , needs 
higher upper temp,; 
lo-hi temp to 22-38; 
heat of fusi on back t o normal 
lo-hi to 18-42, 2cy/ day 
no abnormal supercooling, but 
slightly low heat-of-fusion; 
Inspect capsule: has 13mm 
supernatant liquid. (This is 19 
wt% at 25°C, corresponding to 
2 wt% excess water 

so far nil degradation. 
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Fig. A.3b Cycle 106, with probably the highest heat-of-fusion observed 

in this experiment . Below, expanded-scale retrievals provide 

better, though still not very satisfactory, means for 

estimating s pecific heats in the solid and the liquid state. 
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Fig. A.3c Cycle No. 120, in which measured (approxima t e) melt and 
freeze times are compared wi t h calculated times, Appendix 
B. (This plot was used on "Students' Day", National Sci ence 
Summer School 1986, on 21 / l / 86, for "hands-on" t>xper i me nt , 
see Table A.3). 
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Fig. A.3d Cycle No. 125, with slightly delayed freezing, and No. 126, 

with extremely delayed freezing. 
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Fig. A.3e nMid-term11 typical series of cycles, No. 171 with enthalpy 
curve and heat-of-Eusion calculations, followed by Nos. 172, 
17 3. 
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Fig. A.3g Cycle No. 44 5, of L3 December 1986 , where 32°G uppe r temperature was insufficient for complet e melting , and No . 449 
where melting is complete and heat -of-fusion meas ura bl e. 
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CYCLE No. 512 
from 20 March 87. 02:41 
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(2 melt/freeze cycles) 
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Latent heat off fusion; 24-4 - 37 = \ 207 kJ/kt!. 
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240 

Fig. A.3h Daily cycle No. 542, with two melt / freeze cycles. Note the 
heat-of-fusion value of 217 kJ / kg (corrected for excess 
water) comparable to cycle No. 106, Fig, A.3b . ("Two cycles 
per day" were run also much earlier, see Table A.3). Note 
also the near-proportionality between time and de~ee of sub-
coolin~. 
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specific heats. 
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Fur t her Discussion of Results 

1. Because the solubility of sodium chloride decreases with increasing 

temperature, and as can be seen from Table Al the evaporate above 

the precipitated NaCi was collected at temperature around 35-

40 °C, the Na Ct content in the final PCM should be close to the 

saturation value at that temperature. It follows that this 

saturation value, i.e. the solubility of sodium chloride in calcium 

chloride hexahydrate is close to our measured value of O. 45 wt% 

NaCi (see below). At temperatures up to say l0°C above the CCH 

melting point no significant decrease of dissolved NaCt is thus 

to be expected; whereas at higher temperatures, say 45-50°C, some 

NaCt could be expected to precipate from the PCM. We may have 

seen some evidence for this in bottles from the PCM store in the 

greenhouse, where temperatures occasionally exceeded 50°G, but this 

has not been verified as yet by chemical analysis. 

2. An important result seen in Table Al is that natural evaporation 

can proceed to completion, although at 0.06m depth this appears to 

require an average of 50 days here in Canberra; (presumably much 

less in Adelaide, where possibly as many as three to four 'passes' 

could be completed over the warm season). In practice, anyhow, 

there is no need to carry the evaporation to completion and the 

precise content of water can be adjusted by other means. 

3. The Na concentrations reported in Table A, 2 average 3. 2 ppm, at a 

dilution ration of 500: 1, for CaCt 2•7•6H20 (see Table A,l). 

Referred to the hexahydrate the dilution factor increases to 500 x 

(219 + 29)/219 = 566. (219 gr is the molar weight of CaC12 •6H20 

and a 29 gr is the weight of 1.6 mol HzO). 

Thus, following further dehydration to 6 molecules of water the 

weight percent of sodium would become 100/ 566 = 0.177 wt%. 

Multiplying this by the NaCt/Na weight ratio of 2.54, we finally 

obtain 0.45 for the weight percent of sodium chloride in our 

calcium chloride hexahydrate. 

4. Reasons for the degradation of our first sample, Fig. A.l, are not 

obvious, since no segregation was observed, nor are we aware of any 

difference in the chemical composition such as the content of 

water. If indeed the change in the following (successful ) sample 

is only the increased dosage of additives, then the observed 

degradation is due solely to a deficien t dose of additives in the 

first sample. Our interpretation of the data as shown in Fig. A.1, 

pending further investigation of that sample, is a) that CCH 

crystals will not necessarily nucleate further material; and b) 

that the initial rapid degradation - which definitely appears to 

subsequently taper off (Fig. A.2) - may be due simply to an 

effective decrease in additives: Fig. A.lb in fact indicates that 

there occurs freezing only in the bottom part of the PCM sample, 

and practically none in the top part, consistent with a strong 

downward gradient in the nucleator additive's density. 
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5. Comparing the heat-of-fusion values obtained from the time-enthalpy 
curves, Fig, A. 3, with those obtained from temperature-enthalpy 
curves as in Fig. A. 5, one notes that good agreement is obtained 
only after the @,/ 1:,.T slope, in the latter , at the initial 
temperature rise is taken equal to the (solid) specjfic heat 
value, This deficiency in the second method may be due t o 
insufficient time resolution (or too fast temperature rise) in our 
data, but it also could turn out to be an intrinsic Umitati on. 
The description by Feilchenfeld [1984] using this method tends to 
substantiate this, in our view. Our "straightforward" derivation 
of the heat-of-fusion from the total rise in enthalpy between two 
well defined temperatures and over a time interval more t han 
sufficient for complete melting appears plainly superior de spite 
its unsophisticated simplicity. 

A more smoothly defined maximum than shown by our enthalpy data 
would clearly be desirable, to improve the precision, and could 
possibly be achieved by a better method of "keeping" the 
temperature in the bath surrounding the sample capsule. On the 
other hand it is not at all certain that the fluctuations !.n the> 
enthalpy curve only reflect fluctuations caused by the on /o ff 
switchings of the electric heating element, It may in fac t appear 
from Fig. A.6, which was obtained with this heater switc-hed o ff, 
that such fluctuations genuinely originate in the PCM while 
traversing the crystallization zone or the melting zone. This 
question may appear at first sight an interesting obj e c-r f o r 
investigation. The point of practical interest remains of course 
t he magnitude of the heat-of-fusion measured. W@ have found no 
reason to doubt the results obtained here, as represented by Fig. 
A.3b, showing that this latent heat storage capacity may easily 
exceed 200 kilojoules per kilogram for l ow-side temperature e ven as 
high as 20°C. We have shown, on the other hand ( sec t ion III. 2) 
that this capacity declines with rising low-side temperature, 

6. The supercooling behaviour as exhibited in Fig, A.4a undisputably 
shows a certain upward trend in the supercooling temperature 
differential with time. It is not clear, at present, whether this 
is not entirely due to the near-critical (or rather "just beyond 
critical") dosage of additives that in our estimate characterized 
this sample until recently, In fact, following the slight increase 
in nucleator dosage on 19 April 1987 the supercooling t e mperature 
differential has completely rever t ed to normal. More cyc11 ng i s 
thus required to resolve this . question. 

7. Much time and effort have gone into the greenhouse setup and, in 
particular, its relat i vely advanced and powerful monitoring and 
control system, which enabled us to produce such plots as shown in 
Fig. A.7. The various temperature profiles (actually in different 
colours, originally) tell a good part of the story of this 
greenhouse, over the last four months or so, and its PCM store in 
particular. Such as, for example, in Fig. A,7a, the "strange" fall 
in the store inlet air temperature (No. 13) as the collector air
out temperature feeding it actually is rising. The riddle is 
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solved by r eference to Fig. 17b, "greenhouse operat i on schemat i c'', 

which tells us that the PCM store exhaust fan started opera t i ng as 

the greenhouse central temperature (No. 11) started to e xceed 

35 °C. Vari ous o ther examples can be found by ca r eful examinat ion 

of these plots . 

Unfortunately this PCM store has been "plagued" by i nadequacies of 

the containers used, as already mentioned in section IV.2 - t wo 

type s of "store-item" plastic 1-litre bottles, which either tended 

to develop leaks or t o l ose water i n the hot, d ry environment 

experienced during the Summer months, causing segregation (section 

11.3). However, numbers of individual bottles performed correctly, 

altogether, as was verified by visual i nspect i on, and the whole 

store performed essentially as required, as is evident fr om the 

plots shown in Fig. A.7. 
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APPENDIX A - Enthal.ey__~9_r_r:~ct ion Prncedu}:_~~ 

In sect i on 
interval At 

II I .) the c hange of En thalpy , 4 E, during a 
(say 30 seconds) has been expressed as 

/!.E -Mc (T - T') + (P + P - hA(T - T ) )4t 
w w w h st w v 

with the notation defined there. 

sma ll t i me 

( A. 1) 

For any given value E0 , of thf! Enthalpy at time t
0

, the enthalpy E at 
any later time t + nl!.t is given as E + Et.E, and thus, evidently, 
even small systemftic errors in any of thi terms multiplied by ~t can 
accumulate over time into a very large error on E. 

The object here is to calculate the error on E, some part o f which may 
also be caused by the first term through an error on M. Note that an 
error induced by M, though not cumulative, can severely affect the 
"size" o f the enthalpy curve, since M represents the calorimeter' ::; 
"water equivalent". 

We first discard the heater power Ph as a possible sour5e o f error by 
assuming, and ensuring so far as possible, that Ph = I~R is measured 
accurately ( see section 111.3 f o r details on this ~uestion). The same 
cannot be said of the stirrer power, P .st, which, though quite small 
compared to Ph, is a priori a parameter ot unknown value. 

We assume moreover that Tv and Tw, being temperatures mea, 11 r ed by 
thermocn11ples vlith a common reference junction, are differentially 
accurate. There then remain only Mand h t o be a ccounted f o r, since Cw 
is a universal constant and A is a parameter made redundant through h. 

Under stated assumptions it is easily seen that the error on 4 E is 
given by (disregarding for the time being the stirrer r, ,lw~r ) : 

-6(~E) = (T - T') c x 6M + (T - T )6t x Ax 6h 
W W W W V 

(A.2 ) 

with 6t now referring t o a "time 
6M and 6h can be obtained 

point interval", e.g. 12 x 30 
to first approximation from 

sec, 
the 

uncorrected enthalpy plot as follows: 

6M = 
m 
C 

w 
6c • 

where c is the PCM specific heat (liquid). 

(A.3 ) 

oh _ 6h - h X h, where 
6h 
h 

equals th~ change in enthalpy over a 
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complete cycle divided by the total heat loss over this cycle. 

"To first approximation" means by assuming f or each of these er ro rs t ha t 
the other is small, and repeating the procedure if necessary - that is 
until the enthalpy curve levels out and the specific heat is as required 
(we assume it to be 2210 kJ/kg °C), By "complete cycle" we mean a 
return to the initial "quiescent" state. 

Assume now that data obtained was calculated with incorrect M, hand P5 t 
values, and that a corrected plot or printout is required. 

To obtain this, at retrieval time, enter first an arbitrary starting 
value E

0
, say E

0 
= O. Then every successive corrected value can be 

calculated as 

Ecorr 
n+l 

Ecorr + b.Ecorr 
n n 

corr 
=E +E -E -o(l\E ) 

n n+l n n+l 
(A. 4) 

with the last term given by eq. A.2, and E
0 

being the uncorrected nth 
Enthalpy value. 

Thus, evaluating sequentially 

corr_ o 
E -

0 
(or any other desired starting value, e.g. E

0
) 

E
corr _ 
1 -

corr 
E + E1 - E - o (b.E1) 

0 0 

etc., each Enthalpy value can be evaluated in turn and plotted or 
printed out . 

Where a stirrer power correction, Pst' is required - as with early data 
where this was not yet accounted for - the 6h correction must be re
evaluated: 

P x total time of plot (seconds) 
6 h + oh - _s_t ______________ _ _ 

total energy lost (joules) 
X h ( A. 5 ) 

For example, in a 24 hour plot where the 0 . 178 watt stirrer power was 
not accounted for, and supposing the plot "level" (6h = O, originally) 
we obtain 

0.178 x 3600 x 24 h 
oh+ oh - --------- x 

total energy lost 

Note that "total energy lost" is the incorrected 
quantity , which is the accumulated heat loss [ hA(T 

w 
calculated by the program and recorded, 

value 
- T ) 

V 

for this 
normally 
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And finally, under "slow traverse" and similar conditions (see Fig. A. 6, 
Annex) where the vessel water temperature Tw is very close to the 
exterior bath temperature, Tv, and is much above the air temperature, 
Ta, t o which explicit heat t r ansfer is normally negle c t ed , a further 
correction to ~E is required. Since also, under these conditions, the 
heater and stirrer can both be assumed to be turned off, we have then 
here for the heat flow balance 

~E = -Mc (T - T') + [P - hA(T - T )J~t 
W W W St W V 

( A. lb ) 

where Pst now stands for an assumed constant heat flow across the 
vessel's lid, equivalent to a "negative stirrer power" contribution, 
For example, at T ~ 28°c we found that by entering -0.483 (watt) for 
"stirrer power" a f1lat enthalpy resulted at steady conditions - i.e. at 
steady temperature, with the sample completely melted (in a supercooled 
state) or completely frozen. Conversely, without this correction 
entered a rise in the enthalpy curve would result, over 24 hours say, 
equal to 

0,483 X (24 X 3600) 
0,3823 X 1000 109 kJ/kg ( 0 .3823 being the PCM mass ) . 

It is of course from this observed rise in the enthalpy curve that the 
0 .483 watt correction can be calculated. 

Obviously, and partly in hindsight, a better apparatus could be designed 
where corrections such as described here would not be necessary, or 
would be required to only a much lesser degree. 
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APPENilIX B - reproduced nearly verbatim from Brandstetter U982], 
and self-contained apart f rom references 

Melt-freeze Time of a PCM Body under Cylindrical Symmetry 

This problem, which assumedly applies to the situation envisioned in this 

project, has been the object of a detailed and rather complicated analysis 
by Solomon (1979] • A much simpler and more amenable analysis is presented 

here, and tested against results in Solomon [1979] , with reasonable 

agreement. Useful predictions as to the freeze time of our PCM-filled tubes 

are obtained, based on the thermal conductivity measurement results presented 

TPc 

above, hereafter denoted K ( for solid). He 

consider a cylindrical segment of PCM of transition 

temperature Tpc, exposed to a uniform ambient 

temperature T~Tpc which will cause it gradually to 
freeze. Consider a thin shell, thickness dr, 
whose turn has just come to freeze. I ts mass is , 
for length l, pt x 2rrr dr, with p being taken as 
some mean density, such as l .6, ignoring the minor 

problem raised by the change of density with phase-
change. (This problem, however, affects the symmetry assumption, due to 

stratification). Let F denote heat of fusion. Then the amount of heat lost 

radially outwards by this shell upon freezing is given by dQ = Fp.2rrrt dr; and, 

with the temperature gradient aT/ar at the solid (outer) boundary of this 
shell determined by the equation of heat conduction, the above equation can 

be put in the form - starting with the equation of heat conduction 

( } . F p dr 
dQ = 2rrtKr aT/ar dt, , .e. dt = K(aT/ar) 

(dt is the infinitesimal time interval for the shell of radius r, thickness dr, 
to freeze). The required tempe rature gradient, at a certain point r0 , will now 
be determined as follows: using again the equation of heat conduction, we can 
write 

llT = f Ro aT 
r

0 
ar dr 

whence 

6T = Tpc Ta 

= O(ro} fRO dr (phase boundary at ro ), 
2ntK ro r 

= Q ( ro) Ro 
~ log(-) ro 

(0 = radial outward heatflux ) . 

Thus, for every r0 between O and R0 the temperature gradient ( in the solid 

phase, at the liquid solid boundary} will be given by 

aT r = Q.i.!:2l 
ar O 2rrfK ro = 

TPC - Ta 
log (R0 /r0 ) ro 
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Substituting in the above expression for dt, and integrating, the freeze time 
t for our PCM cylinder of radius Ro, supposing initial temperature just above 
Tpc throughout (because of convection in the liquid phase cooldown should be 
relatively fast, therefore this approximation sounds valid), is found to be 
as follows: 

t = of RO Fpr log(Ro/r) 
K(Tpc - Ta) 

dr - Fp R 2 
- 4K(Tpc - Ta) o 

Here Fis heat of fusion (calories per gram) 

pis specific gravity (~ram/cm) - liquid-solid average 

K is thermal conductivi ty of solid phase (calories per cm °C per second) 
R0 is outer radius of cylindrical PCM slab 
Tpc is characteristic phase change temperature 
Ta is "ambient" temperature, more exactly temperature at R

0
• 

As an immediately relevant example, let F = 40, p = 1.6, K = 0. 0025, 

R0 = l .25, and Tpc - Ta= 2°C (corresponding to, perhaps, over 4 degrees 
actual temperature differential referred to heat transfer medium); the 

frreze time according to the above formula is then 5000 seconds, In practice, 

however, the temperature differential ~ay be found considerably smaller due 
to heat transfer limitations, which may constrain the required amount of 

heat to be transferred during a much longer period of time, such as 5-6 hours 
(which usually is the desired situation). 

The correctness of the above formula has been assessed by applying it to 
the examples from Solomon , p.252, where a close-to-cylindrical geometry 
is considered. 

With F = 241,2 kJoule/kg, p = ½(865 + 785) kg/m 3 , R
0 

= 0.05m, K = 0.19 x 10- 3 

kJoule/m-°C/sec and Tpc = 27.67°C, it is found there that the fre~ze time 
for Ta = 20°C would be 23.7 hours. Precisely this same result happens to 
come out with the above formula as well. For other Ta values tabulated 
the agreement is less precise, although acceptable for most practical 
purposes. In particular is worth noting that the times calculated for 

melting agree quite well with those resulting with the above formula with 
Ta - Tpc in the denominator, except for a systematic upward 10-15% shift 
caused probably mainly by the heatup time neglected in our analysis. 
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LIST OF ABBREVIATIONS/DEFINITIONS 

area/thickness, in metres 

specific heat, s,h, of water (4185 joules/kg°C) 

c11blc centlmetre (= millilitre) 

calcium chloride hexahydrate 

coefficient of perforinance, the ratio between quantity of heat 
energy "pumped" to electrical energy input . 

distiller blowoff, the waste effluent from the Solway process 
producing soda ash 

Digital Voltmeter 

Enthalpy, often referred to one kl loiram of material, e.g. 
"enthalpy of fusion" 

gram, for instance j / g, i.e. joule per gram, equal to 
"ki loj nu le per kilogram" 

heat conductivity, in Watt per metre per degree C (W/m°C), 
here used as an adjusted parameter 

heat-of-fusion, in kilojoules per ki l n~r;.1rn 

degree of hydration, in mol water per mol calcium chloride 

e lee t ri,, ,:ur.rent, Amperes 

joule 

kilojoule 

kilogram 

weight fraction nf liquid phase 

milli-litre 

millivolt 

mass of phase change material (in kg) in calorimetric 
evr1lnation experiment 

(Mass of) 11water equivalent" in calorimeter, here used as 
adjusted parameter 

heater electric power (~ 68 watts) 



Pst stirrer power 
calorimeter 

9 0 

(~ 0.178 watt) contributed in heat to the 

R heater resistance (4.204 ohm), used to calculate Ph= r2R 

RSBS Research School of Biological Sciences, at the A. N. U. 

s 

( s) 

t 

time 
point 

T 

Tref 

T T' w' w 

TV 

V 

w 

w 

wt% 

X 

Xs ,Xi 

ot,tit 

oE ,llE 

i.\T 
tc 

oh 

oM 

o (ti E) 

solubility - usually in gram CaC12 per 100 ml water. 

weight fraction of solid phase 

time, usually in seconds 

time over which measurements (usually 12 or 24) are averaged 

temperature in degree Celcius 

t emperature of thermocouple reference j unction 

present, previous water temperature inside the "vessel" 

the temperature at the vessel's metallic exterior 

volts, voltage 

residual weight ( in grams) of calcium chloride sample af te r 
complete dehydration (also used as subscript denoting "water" ) 

initial weight of (hydrated) calcium chloride sample 

weight percent ( i.e. percentile by weight ) 

(overall) weight fract i on 0 f cAlc lum chloride 

~e lght fracti on of calcium chloride in the sol id , liquid phase 

time increment per measurement, per "time point" (12 or 24 

measurements) 

Enthalpy increment over t ime ot, i.\t 

thermocouple temperature differential relative t o reference 

junction 

error in the h-parameter 

error in the M-parameter 

resulting error on i.\E. 
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