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At ‘the Centre for. Building Studies (Concordial University,“’

Montréal), we are investiéat‘.ing the possgibility of incorpora- ‘'

-

ting phase ‘cha&;,ge materials in bn‘ild:}ng compoﬁents'for space .’

s -

heati;{g and temperature regulation applications. L

.

The thermal storage “moddle studied here, made from a

-

mixture of fatty acids, cement, and water, was easy to produce-
' " .

The nelting point of the fatty acid.mixture can be changed at’
]

R 4 ¥ .

Y

will between -52C and 70°¢.. Seve:ral comp'o'si‘t:ions were tested

-

-

vand the best compr"ess-ive streng‘th obtained 2 187 MPa after

curing the samples for 28 days, was Jimproved (to\4.4 MPa)

when high ‘early strength cement- was used instead of gormal
) -

cement. The tensile strength 0of the ‘same mixture was found to

be' eaual to 0.442 MPa after the same curing period. Add:{.tives,,

such as glass fibres and fly ash, prodfuced only minor, incre’ases

}

-

in strength. 'The compressive strength decreased linear.ly with

temperature, bet-wee.n<25°C and 100°C, at a rate &f 15 KPa/%c.

) . ' ]
The measured drying shrinkage is 503 larger than for cement



comparable to that of hardwoods. .

mortar and should.be considered in the design.of the’storage

% ; ‘ ) .‘ _‘ , '
systemnm. N

]

Samples subiected to 200 freeze thaw cvycles(-—?i C to 6 C)

‘and to 80 thermal cycles Ar ~30°% to 35 C) under U. V light

’ Q !/ .
(2.54- nm wavelength) ‘showed no spalling or damage. HoweVer-‘ ,
samples immersed in water and sub‘!ected to freeze thaw were" LI

-

severely damag'ed after onl'y 30 cycles.

i ~ -

N The fatty acid used a pressed stearic acid has a. meltding' ]

-

tempetature bf 56 5°¢ end a heat of fusion “f 144 J/g. J ts

thermal 'conductivity is equal to 0 190 w/(m QC) and,-its measured

'

specific heats are 1 81(when solid) and 2. 38 J/g. C(when liguid)
The thermal properties of the cured samples with 30- 407 fatty

acid By veight did not correspond to- ktho‘ae ot the pressed stearic

acid. An infr%red stud’y did not reveal the cause’ of this effect‘
> » ! .

.Thle cured samples had a hig’h thermal‘resistivity(5.32 m. »C/W), o

' . (-, Cay \
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. : CHAPTER I

INTRORDUCTION

Solar energy ‘i\s ansidered by many scientists to be an a%tgrna‘tive
"source of energy supply in several applicétions. Space heating an§ e
i coolipg gonsume largé quantities of electricity and fuel wh{ph could

évent;allj be replaced by enérgy fro@ the sun. QOne important aspélt oﬁ

solar heating is the ability to store heat when provided for later use

b when required.

/ ¢
Several building components containing phas%:fhange materials hav

¢

L

been proposea by researchers in the field of solar heat storage for house
heating applicatiogs.‘ The advantages éf such components over other sto-
rage systems are many. First} they do Po} need to occupy ngeded'living
space since they can be stacked to form walls and partitions. Also, b§

! varying the nature of the phase change .material, these components coul

-

~ be ‘made to\guit a wide range of climates. Finally, their double use 'as
partitions .as well as heat stores couid justify” their cost of production.

Hyﬁrated salts have been considered as phase change materials suit- ’

u

. able for heat storage because of their. low cost and appropriate thermal ¢

» properties. However, a few years of research have uncovered many un-~
_favourable charactgristics such as supercooling, incongruent melting
L . )

‘and gradual loss of heat storage capacity with thermal cycling. Research

is still going on to improve their Eroperties. Meanwhile, other materials
? . . R
have been proposed, including organic substances such as fatty acids and

paraffins. ' : .

Fatty acids are more expensive than hydrated salts but their,packag;ng

i

costs are lower. They also are thermally stable, do not corrode, and are

R




. presented in this chapter,

e . 2
Nt . . _ © .

not affected by thermal cycling.‘ At the Centre for Building Studiesk,

research is going on to investigate the possibility of incorporating

fatty acids in cement components to produce a compact module for heat

" gtorage. ' ' - SO .

R .

This thesis covers only the preliminary, stages of the experimental- -

» ’

research program beipg conducted to produce a feasible product. It has

been divided into. two separaté ’th compl‘ementary parts,
P;‘rt, l! (chapters 2 to 4) 1is a general review on solar energy and

heat étorqge ‘systems. Chapter 2 1s concerned with sczlar ,energy in general |

‘

and its particular uses for space heating applicatjions. Chapter 3 is
basically important in understanding the aspects of eﬁergy storage in

. Pata
materials used in latent heat storage. Chapter 4 deals with fatty acids, .

candidates (for latent heat storage, Many of their properties are

[T ]

Part ]':I describes the act\ual research performed on mixtures of a

\ .
commercially. available 'stea'ric acid, cement and water, and presents and - .

"

discusses the results obtained, - The scope and objectives of the experi-
ment, the pyeparation of ‘the samples and the testing procedure are all

described in Chapter 5, The results, separai:ed' into "mechanical and

14

physical properties™ and “thermal properties and infrared spectrometry
study" are dealt with in Chapters 6 and 7 respectively, A discussion
. - *

concludes each of these chapters, : :

®  The conclusions and recommendations (Chépter 8) are reserved until ‘
J / ‘ o . '
the end, These are hoped to form the .corner stone for the continuing

research in this particular field in the future. ) ’
¥ 4 . -

* Concordia Un’iversity, Montréal, Québec, Canada.
)

\

o
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CHAPTER 2 " .

- ' -
SOLAR ENERGY ~ A GENERAL OVERVIEW

. .
TN .
- s :
. a

4 /‘ * .
2.1 HISTORICAL REVIEW

Time after time, man has been confronted witﬁ the need to se%fch
for new energy sources due to the‘scarcities of fuel supplies, The

need of new energy alternatives has oJften spurred advances in solar
R .

architecture and technolo%?. But, when abundant new sources of fuel
were discovered, solar energy became "uhe%onqgical” and dropped from
sight. , In some occasions, however, no alternative fuels were Found.

N ~
Such was thg case in ancient reece and Rome, -

S ) ‘
Centuries ago, in ancient Greece and later in the roman empire,

forests were ravaged for wood, used in hpuse and ship~con5truction and”
for heating. Soon, many areas became totally denuded of’ trees and wood
had to be imported amnd i;s.use regulated., With fuel scarce and the

, sources of supply so far away, the ancient, Greeks and Romans turned to

-an alternative source of energy supply: the sun, a reliable, harmless,
chéap and renewable energy source. They learned to build their houses

and pYanned entire cities to take-advantage of the sun{s rays during the

moderatelyicodl winters and to avoid the gun's heat during the hot summers. !

Thus, solar architecture flqurished and people continued to rely on solar

d ~

heating and cooling for centuries.
L 4

o @ i
The knowledge of solar architecture was forgotten or deemed obsolete

-~

in the last century because of the effectiveness of recently developed

central heating systems and the still more recent availability of an

§ ’ .
extremely convenient form of energy: electricity. Bdt, in recent years,

e

the pﬁblic has once more become concerned about the répid depletion and

T e xahh e A e




o

]
[y

- reducing digcomfort.

2,2 HEAT STORAGE syssszus

\

] . .
escalating costs of fossil fuels)  Therevis also soqgﬂﬁgar about the

B 5 o . ¢ .
power. These concerns have once more focused.the attention on the
potential of using solar energy in new and varied forms to meet society's

growingvenergy needs; technological advances th several fields' of science.

and engineering now maie it possible to accelerate the use of solar

8

enérgy .to meet these energy requirements. ' W e
\ .

\  Solar energy is an iﬁ;grﬁittent energy source and its availability
\hffected by the day—night cycle, clouds, seasons and the chang;\\
weaéher. Its use as an effective energy source for heating purposes is
furtﬂfr complicated by the fact that the energy demand for. most heating
applications is out of phase with the availabllity of solar energy, The
v1ab111ty of solar energy as the ma;n energy source can hence be estab-
lished ogiy_by including a thermal store within the solar heating hystem.

In additibn, storing heat pr;duces a desirable characteristic, that is,

’

\
it reduces the temperature fluctuations inside the heated space, thus'
\ ¢ .

)

Solar ekergy storage is a\concept that has always formed part of the

solar hehting\goncept. K, Butti and J, Perlin (1) described a heat col- 'g

- .

lection and stotage technique, invented by the Greeks and passed on to

the Romahs. A shallow pit dug under the floor of a sunlit room would be

1 &

filled with brokgk\earthenware or other rubble and tohpéd by a mixture, of

dark sand, ashes aéd lime, forming an excellent absorher of solar heat.

-
. @ r
Al

» \ N -
With poor design, \the house or building could overheat even on winter

-

, days. There are many ways to store the excess heat for later use to offset

. i



. T e, : .
the use 8f, purchased fuels, The.simplest form of heat storage would

N -

utilize the structure of the house (og building) itself: .its wéils,
o floors, ceiling.and interior partitians. Dense materials such as
concreEE and rock can increase the quantity of stored heat with small

changes fh room tenperature, Light wood-frhme houses store little heat

o

,and‘would require ‘the addition of thermal mass, ,such as containers of:

{

. ‘water placed within the house or building, close to sunlit windows, -

] o

Other‘techniques include filling the voids in concrete blocks with sgnd, 5
gravel, concrete or water in vinyl corftainers, and the use of gravel or

rockbeds in the crawl space_beiow houses to .store heat frém'the circul-
ation_of overhéétedlroom air throhgh thé beds, ‘ !

The size of the optimal thermal storage system depends on the
.ﬁurpose for the golar heater. Therhal stores of small heat storage | Lo
capacitylcap-help neuprai@ze the fluctuations on tge load dide intror R
duced by minor interruptions in weatheé, iike'the appearance éf clouds,

' L4 .
Larger thermal stores can store enough heat wbile the sun is shining to

meet the energy demands for a 24-hour period (daily or short~term storage)

‘or a 4-month period (annual, seasonal-or lgng~term storage).
P ’ g g

e e

Short-term storage is used in a d%namic process with a daily charge/

discharge cycle and hence*modifies the response of the solar heating

y -

system. In the following, we will only be conceﬁned about short-term

-
I3

storage syétgms. Later, we will describe the techniques used to produce

and test a particular latent heat storage component éontaining hydrated

cement and a fatty acid.

, . Most short-term storage systems are used for solar spad¥ and domestic

“water heating. The appIiQation temperature of these systems generélly

g
varies between 20°C and 60°C. -

\
|
i
) |
" '
f
*
M o .
o
. ! ]
. v
i t
! §
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2.3 SOLAR.SPACE HEATING .
. )

The last few decadeé have witnessed a growing iﬁterégt in, solar

2 7

space heating regéarch.' In 1938, M,I.T. started a research program that
led to M,I.T., solar houée I which began operating in 1948, The major

components were rooftop collectors and a water heat storage tank, The
. . § : . .
heat collecting medium used was also water., The design called for

-

seasonal storage. The results, from a technical viewpoint were genefally
’ '

B ’

positive, but*gggff\if the economic énalysis were clearly unfavourable.
Space heating research continued at M,I.T. with solar hquses II and III.
Meanwhile, Dr. George LGf installed a collectorfof his own design on a

house in Boulder, Colorado, im 1945 and in 1948, Dr. Maria Telkes and

Eleanor Raymond built the first house with heat storagé in salt hydrates -

in Dover, Massachusetts (2), From 1950 on, research and construction of
“ [ - Lot

solar heating systems increased rapidly. ' ..

A large portion of residential and commerical energy consumption is

used to heat occupied space, This application uses heat at moderately

low temperatures, a fact that makes space heating one of the most cost-
{ L4

effective solar energy applications at the present time.

2
1

2,4 ACTIVE AND PASSIVE SOLAR SYSTEMS

Systems for solar space heating can be divided into two categories,

active and passive, Active systems have mechanical devices such as

phmps:or fans to convey'the heat between the solar collector, the heat
store and the space to be heated, Passive systems lack such devices, -

the heat being distributed through radiation, conduction or natural

\
o

convection,
In passive systems heat is transported by non-mechanical means.

The passive system operates on the energy available in its immediate

° -
LR \ v
3
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environment and does not require ext%rnal energy input such as élec;ricity

to power the fans and pumps which make écfive systems work. Passive sysi

. . 5. .
tems have several advantages over active systems. They are less prone to

breakdown, their maintenance costs are lower and no special installation

13 -
.

skills are required. Some of -them are also ¢theaper than active systems.
Passive systems aré more difficult to design. A poorly designed system
can légd to-ungatisfactory comfort conditions caused by excessive space

temperature fluctuations.

-

It is worth mentioning that the inside air temperature for comfort

‘e

in slab heated spaces is usually lower than imr a spacé heated by conven-

tional blowers or’radiators. The vertical temperature gradients are

also rqdhced, allowing for a lower thermostat setting while keeping the

‘ -

ankle temperature at a comfortable level, thus resultjng in‘lowerfhéating
costs. .

Both active and passive systems can use either air or water as energy
transport medium. The.advantage of ai; over water is that it is freeze-
proof and does not cause corrosion.. Also, airborﬁe heat can have a lower
teméerature than waterborne heat, since no-secbndéry heat transfer is
required, ﬁowever, its use requires large ducts.

’ .

Active and passive systems are simple in concept and yse, Three .

general concepts-are mé}nly associated with passive solar space

hd ®

heating. These are:

5
A, Direct Gain : ,

!
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With the direct gain approach, the space becomes a live-in solar

colléctor, heat storage and distribution system all in one. The design

©
o

of south-facing glazing (the collector) and thermal mass is critical and

the most common faterials used for heat storage are masonry and water.

*

The‘use of large glazing has two disadvantages: glare during the day

and large heat losses during the night.

~

B. Indirect Gain , Lo " .
\ .
N HEAT SPACE TO
0= — ————7’/
NN STORAGE { BE. HEATED "
v

v

In this approach, sunlight first strikes a thermal mass which is
1oca.ted between the surt and space to be hgated. The sunlight absorbed
by the mass is converted to ‘therinal energy (heat) “and then transferred
into the Iliving space. There are basically.two typeé 01’3 indirect gain

systems: thermal storage walls and roof ponds,

C, Isolated. Gain ‘

£ —y
Ve \ COLLECTOR STORE BE HEATED

e

N\ O/ ‘ SOLAR HEAT SPACE TO

' \
C . 1
The principle behind this concept is to.isolate solar collection and

thermal storage from the living space, This allows higher storage temper-
e £
atures, The heat is drawn from the storage o:ily‘ when needed, The most '

o ’

common application of this concept is the natural convective loop system,



o

10 N ~
. M 4 s

that includes a flat plate collector and a heat storage tank or bed,

It is technically feasible to pro&ide 100Z of the energy needs of

a buildiﬂg by solar energy. This, however, depends mainly on the climate

and on the building losses and';s usually not the economic

optimum,

-
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CHAPTER 3 3

. - HEAT STORAGE [

»l .

N

T£ermal energy qéP/be stored in three.different ways: . ) »
~ Storage as’éensible heat;
- Storage as latent heat; and
~~Conversion into another‘form of energy, .especially thermo-chemicdl

-

storage.

3.1 SENSIBLE HEAT STORAGE . » ' 5|

For a rise in temperature AT (OC), the quantity of energy stored

as sensible heat is:

. Tz
Q = / M.Cp.dT =~ M.Cp. AT .
l
Ty
where, Q = quantity of stored heat, KJ; " . e

Cp = specific heat of storage medium, KJ/Kg.°C;
M = ‘mass of storage medium, Kg; and

AT = (Tz-Tl), the rise in temperature, °C. -
vy

The‘specific heat, Cp, varies with temperature and phase changes,

but its value is‘assumed constant over the rénge of temperatures suitable

»

for house heating applications. Often, the heat capacity per unit volume -+
is of greater intefést-thaq per unit -weight, Hence it is desirable that

the substédnce should have a low molar volume. For example, Magnetite ;

. -~

has the normalvheat capacity for rock, but on the basis of yolume, it

has, owing to its high density, a value which is almost as high as that
for.water, *as shown in Table 1 (3).
” " . . . . 1




.and air is\the usual heat-transfer medium,

e sl [ !
- N - L]
] ' 12 L -
. ' , \ - Ve
. .
%, L - o O .30 '
" SUBSTANCE |- J/(Kg. C) | MI/(m"."C)
e | e ]
| WATER® | 4200 » ! 4,2
/- ! |
MAGNETITE | 800 4.1
- i - o ¢
Table'l: Heat capacities\per’uhit weight, and volume of water and
. ¥ ' ’ N
Magnetite ' - a
L4 " .4' ’ L ¢
e . . ’ )

3.1.A " HEAT STORAGE IN SOLIDS

3
-~

Heat stores with solid material are often constructed according to

LT .
the principle of a packed bed. In such cases, the storage unif is

+ packed with solid’ bodies in direct contact with a heat—transfer medium

I

\

which fil s the space betwe \%the bodies, The materiadl is usually rock

1y

.

cher orms of heat stores with solids include the Tfombe wall and

[
~

in the élements’ forming the structure of the building.

.«
Table 2 includes some of the solid materials cg%@only fised in sensible

~ \

heat storage

.

heat storage.

-

x 5 Heat ° Heat Thermal .
. Density|capacity|capacity : 1
Matérial K fm3 Per—unit|per unit conductivity Ref.
- / & welght, |volume, W/ (g.Cc)
I J/Kg.C MJ/m3. .
, Rocks, . .
- (granite) 2640 880 2.32 1.7-4.0 4
' cedent, \| o . )
(portland)) 1920 670 1,29 0.029 - 5
. Brick, ) N
(building) 1970 " 800 1 1.58 0.70 5
Table 2: Properties of some solid media used in sensible heat storage.
Stm— 4 .
-~ u'
I\N_ N
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3.1.B HEAT STORAGE IN LIQUIDS

.
4 .’ "

Water is pgactically the only liquid which has been used to store

-

N

it

heat at moderate temperatures. It'is cheap,'easily available, environ- .
. . : s -

mentally acceptable, has-a high thermal capacity, and is backed by a

well-developed technology. Water has also a few‘aisadvantageg: a high

vapour pressure at increased, temperatures and a tendency to contribute

to corrosion in metallic containers in the é}esence of oxygen and/of

] N

salts in solutions. . . . .

<In systems using water -as a heat storage medium,: water is usually

s

also used ds the heat-transfer medium from the solar collector.to the
. : '
heat storage -tank, so that no heat:exchanger is required between collector

and storage element,
4

o N Y

3.2 LATENT HEAT STORAGE

A change in phase~is'sometimes accompanied by large amounts of heat

»
¢

absorption or release, even though no change in temperature occurs (Figure

1), This heat is called latent heat of fusion if there is a solid-to-

(

14 . “ . ’ .
liquid phase change and latent heat of vaporization in the case of a

2

’ v
s

. . ' \
liquid-to~vapour transition. ’ N -
/ . . ‘
“ - -'
a ‘ "o _o’ ) - " "
H - .
3 Tansition temperature’
@ 1{- . , o~ .
- — . — -
) “
=
=}
m +
= . \
,’ g
i Time

-

\ u

- Figure 1: Time-temperature curve at phasé change, wi th cons tant

‘power input
2
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the equilibrium temperature owing to such factors as reaction kinetics

14

Usualiy transitions from the solid to the liquid state are used,

not only pure melting processes but also eutectic and pefitectic‘trans-‘

itions, as well as solvation processes. Transitions within the solid ’

. ] .
phase, e.g. order-disorder transitions, are also in certain cases accom-

» “~

panied by considerable ia%;ﬁt heat (Table'3), and can therefore be used

\

for energy étorage. Transitions from the liquid state to the gaseous
st%fe are ‘generally associdted with considerably greater -latent heats
ﬁhan are the*changgs referred to above. It is, however, only in excepl

tibﬁal,cases that the storage:of thermal energy through vaporizatiod

¢

N

processes 1s feasible. The difficulties are connected with the degra-

dation of the active surface of the dessicant after a few hundred drying

- .

s

cycles.
~ COMPOUND , HEAT OF TRANSFORMATION | MELTING
TRANSFORMAT}ON ) " TEMPERATURE POINT
(Cdl/g. (J/g) - oc 1. oC
~ ' " 7
Pentaerythritol . 77.1 (322.8). ' 187.7 / 238
Pentaglycerine - 46.1 (193.0) 81 197
NeopentylGiycol 31.3‘(131.0) 43 126
b
Table 3;

!

Order-disorder ﬁeats of transformation in solid media (7%\

. From the thermodynamic point of view it can be said that in phase
3
transitions -of the second order, e.g. order-disorder tramsitions and

in dissolution précesses, the heat 15 released within a temperature

interval. = In prhctice, however, the heat cannot be produced exactly at

and impurities (3). , i

~— ~

e tpoms
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R In a melting process, the heat of fusion,AHf, is equal to:
AHf = Tf.ASf, in J/mole; | ;
where T, = melting temperature, in'K; and,

ZBSf:: entropy change at melting, in J/(mdle.K).

The majority of substances have at melting a Alsf—value which varies

‘between 7 and 25 J/(mole.K). Water has especially attractive character-
istics for heat of fusion storage, with a éle of 22 J/§$ole.K), low
' molecular weight and a 16w molar volume (18 cm3/mole); however, its

_melting point (0°C) 'is too low for the majority of heat-storage applica-

' ’
%

tions,

3 - ‘
3.2.A IDEAL CHARACTERISTICS OF LATENT HEAT STORAGE MATERIALS
Pz

c ‘
The choice of a material for latent heat storage must be based on

an appropriate trade-off between the following characteristics:

1. An’ appropriate melting temperature with a small melﬁiﬁg range{

2, Similar melting and freezing curves; s B °

.3, A large heat of fusion;

\

4. A small degree of supercooling, Supercooling means a loss df,qhality

as the heat will £e7produgédvat g,temperatufefloyer\th;n the melting
point. It makes a gystem difficult to controlﬂand can,glsd';mpede
the withdrawl of heat at tﬂé Hesi£ed time, Af;er‘éxtensiyg investi-
Igations,'Dow Qhemiéal Co, found only. about 30 subétances‘which spont-
aneously had no supe;cooling worth mghtioning (7). Among éhese can
ﬁ@?bentioned waxes and long-chained faéty acidé,

Ry - '

‘fﬁere are sgveral ways to réduce supefcooling., The aqgition of

nucleating agents, the use of crystal-forming surfaces, mechanical

{ v ‘ - : .
stirring and ultrasound are some of these methods;

ab
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5. Large thermal diffusivity in bcth solid and liquid phases. The

/" thermal diffusivity, X , is equal to:
o = K , in m?/s A: . // -
Cp.d ) e "

. where K = thérmal coriductivity, in W/(m.OC);

Cp = Specific heat, in J/(thoc); and

. © d = density, in Kg/mB. - C .
A high thermel diffusivity means that the material rapidly cissipates

temperature gradients. A phase-change material with high heat capa~
- ”

v

"city is preferrable for situations where the brimary concern is

\
energy storage and where p0551b1e large temperature changes would

present no deleteéxious effect (8);

-

6. ,Small volume changes accompanying phase cHange and temperature rise.
This requirement is made because of the ‘danger of containet ruptdre;‘

7. Reversibillty,’in multl—component systems several phases are in
equilibrium with one another and there is then a risk of spontaneous
and irreversible phase separations: Phasefseparation is a consequenq
ce of diffetences in éensitylbetween the different phases, The re-

versibility depends on whether the material melts conmgruently or not
. ' v . <
- and how the phases formed separate spontaneously from one another.

Congrueht melting means that only one solid phase is involved and

1

that 'the compbsitions of the solid phase and the liquid are constant

. A\ . - e
througﬁout the phase change. In incongruent melting there are more

than two pheses in equilibrium with one another. . The solid phase

7ot - . ' -
may melt to'a liquid of different composition, while at the same

- -

J time a new solid phase 1s formed with a third ccmpositionn The

* temperature for incongruent melting is called the peritectic temp?ra-"
. , ] 3
ture; ‘

1

A1 -

. .
e b 3 334 oo b 5
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&

8., Thermal and chemical stability after many freeze-thaw cycles;
. L
9, No reaction between the phase-change material and the container;

10, The rates of thermal ekpansion-in the solid and liquid phases should .
. . .

'

not be very different}

il. The phase~nhange material shoulL not be toxic, flammable, explosive,
’I

or corrosive;

12, Availability and low cost;

)
r

13, High rate of crystal growth, Thé more complicated the crystal struc-

ture is, the more difficult will be the formation of crystaIS'

. -

14“ ngh thermal conductiyity; the thermal conductlvity in the solid phase -

and the heat transfer between the melt and the heat exchanger are
;
often g¢ritical.

3,2.B PROBLEMS ASSOCIATED WITH THE DESIGN OF LATENT HEAT STORAGE SYSTEMS S
- \ '

\The design of systems utilizihglheat storage materials ptesents many
prablems (8).. In nhaée chanée storage systems, separate fluid loops ate .;
needed to transfer the heat from the collector to the storage afement.
Also, expen51ve heat exchangers are sometimes required due to the usually
low thermal diffusivities of the phase change materials. The corrosion of
the container, the eventual desgruction by repeated thermal“&ycling of the
catalyst added to overcome supercooling, and incongruent melting are some
‘of the problems which are encountered, Specially insulated containers may
also be required if the storage temperatures are significantly different

. from ambient.

By
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3.2.C EXAMPLES OF LATENT HEAT STORAGE MATERIAﬁS

LI

A. SALT HYDRATES

. . -,
# v

. Salt hydrates are salts with. water of crystallization. Many of them
: .
hgve appropriate melting temperatures and large heats of fuqiqn.' Salt hy-
drates, however,.are not single-componernt systgmszlnd'there is therefore a
risk of formation of undesired phases and phase separation. ¥For reasons
of costs, only a few salts can be considered for use on a large scale,

Supercooling is usual in the.case of the pure substances but oftem it has

been possible to reduce this through additions of nucleating agents (Table

8.
HEAT OF FUSION SYéTEM NUCLEATING AGEI"I'I.‘
N’zsoa'lf’azo i Borax f
; KF.AHzo Pumice, dry ice
CaClz.éuzo Sr012.6820, Sr0 ,
Zn(N03)2.6H20 Mg(NO3)2.6)HZO’ -

Table 4: Examples of nucleating agents added to reduce supercooling

~ ’ 4 "
Two commonly used salt hydrates are biiefly discussed below:

[y

1. Sodium sulfate decahydrate (Na,;,S0,,10H.0 - Glauber's salt)

This salt is a byproduct of the potash pfoduction process and has
two good characteristics: a high heat of conversion (215 — 253 J/g.), and
a4 low price. Its conversion temperature (peritecﬁic temperature), 31° -

a

32.400,'a110ws it to be used in a central storage. Glauber's salt melts

incongruently and gives a saturated solution as well as water-free sodium .

sulfate, The ingongruent melting and ﬁ%ase separation are the two majot

v

problems associated with this salt hydrate. A few researchers have made




v
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some progress’ in solving these problems after several decades' of re-

search, It has also been noticed that its heat storafge capacity dec~

reases with thermal cycling. -

2. Calcium Chloride Hexahydrate (CaC12.6H20) o .

CaCl,.6H,0 is a byproduct of the Solvay process. Its heat of fusion

2°72
is 170 - 190 J/g. and it melts pseudocongruently at about 29.8°C. ‘A '

tetrahydrate (CaC12.4H20) is thermodynamically stable within a tempera-
ture of about 2°C above the melting point of the hexahydrate. The major
problem with the system is t*'nat the dissolution of any tetrahydrate_

formed takes place very slowly, even at temperatures exceeding the inter-

L DN

val where the tetrahydrate, is no longer stable. After a number of

12

melting and crystallizq,tion cycies, a phase sef)aration therefore gener-

ally appears. Tetrahydrate formation and precipitation reduce the heat-

B

sto‘ra’ge' capacity after a number of cycles. To preve%i't the formation 'of

i . , . M
the tetrahydrate, active components, such as C&(OH)?_', diatomaceous earths,

and SrCIZZGHZO, are added.

B. 4ORGANTIC COMPOUNDS

Organic compounds can be used for hea£-é,f-fusic;n storage from room
‘temperature up to several h;mdred (iegrees. . Usually, single-component
systems are used ahd melting therefore takes place congruently. Super-
cooling is often moderate and, on a weight basis, the heat of fusion'
can be quite high. Oxid‘ation and polymerization Eap become a problem
after long@'use and fire risk is an obstacle to many applications, Som;e

of these materials wili be discussed in more detail fg" Chapter 4,

In Table 5 we compare most of the thermal properties of common phase

. . ! S




Meltd H £ Hea s
- elting est o storage
Chenical
"acerial Group te=p., fusiom, density,
: forzmula c KJ/Kg Nl/m”,
Sodium sulfate 4 hydrated )
decahydrate N-zso‘.,mnzo salc 31-32.4 215-253 300-372
i .
Sodium thiosulfate // .
p;nuhydnc({ Na,$,0,.58,0 . " 48-50 200-209 335-346
‘ Caleium :hlotidc\ :
hexahydrate \ CICIZ.SBZD " 27-39 170-190 285-~323
Disodium pholsphatn
dodecahydrate Na,HPO - 12,0 " 34.6-36.5 264- 281 403-427
| _——"Barium hydroxida .
octahydrate 3a (OH),.8H,0 " 78-82 263-300 657
Sodium carbonata .
decahydrate N£2C03.10E20 " - *32-36 247~-251
Magnesium chloride ’
hexahydrate chlz.GHZO " 117-120 165.6-172 250 ,
Mixed calcium & magnesium '
., hydrated chlorides Cac12/ngc12/ulo- " 25 175
Mixed sodium & zagnesium -
luorides NaF/HgF,n Fluorides 832 615-625 1290-1370
Glauber's saltans .
(eurtectic) * - 13 11:6 21S
Sodiua hvdroxide NaOH ' base 318-320 159-315 ,284-555
, Ice H,0 - 0 N 305.8-308
Cross-linked, high density '
' polyethylens polyner 132 230 207
A,
i
. Octadecane clSHBB paraffin 28 244 188
elicosane CZOH“ . " 37 ) 192
eicosene . 020340 olefin L
Paraffin wax mixture of 23,24825
i C-atoms paraffins paraffin 50~52 167
Laurie acid ‘CHJ(CHZ)IOCODH + facey acid 44-47 178-183 158
Stearic acid CHJ(Cﬁz)MCOOH W $9-69.6 199-240.8
Pressad stearic acid
(EMERY E400) - " 56.5 144 119
- paraffin 47 209 161

Paraffia )/lx(Sunoco P-116)

\

Table 5

.

“

Properties of a few phase change materials
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Denaicg, Thermal couduccivi:y; Specifie ’hu: Thermal
Kg/n W/m C R/ (Kg.C) diffusivity, References
salid 1iquid :sol:l.dv liquid solid™ 1iquid xlO'Euzll.
4581460 1330-1460 2.2% . 1.76-1.78 3.30-3.31  0.87 4,29,30,31,32;
. . 33,34,35
550-1730 1660 0.465~0.570 Y 2.39 4,%5,29,30,31,
- . ot 32,33,36,17
134-1800 1560 1.09-1.10 0.54 L.44-1.46 2.13-2.32 Q.44 4,30,31,31,34,
. 38,39,49
320~1522 1520 0.512 1.55-1.70 3.18 0.21 15,29,30,31,33,
34 .
2180 - 1.7 32,33
40~1442 ’ 1,88 3.35 ' 31,33
60~1570 16442 1.59-1.72 2,24-2,85 C6,33,49
oo 18
2570 2090 4.2~-8.4 é;'i,_.es 1,42 1.38 1.72 32,40,41
1470 . 1.42 2.68. 4,36
2030 1760 0.92 0.52 2.00 2,09 0.23 ' 32,42,43 .
17-920  998-1000 - 0.62 2.16 2.09-5.27 4.18-4,22 ©.13 4,49 :
960 900 0.36 0.36 2.50 2.50 0.15 4,44
! -
756 0.13% 1.45 1.70 38,45 '
0.18 18
' ) 38 .
8B40 770 0.20 1.67 0.14 46
- 870 0.151 0.111-0.147 1.60 15,47
0.160-0.172 N 13,‘34,47
-+
949 823 0.19 1.8 2.3 0.11
820 770 0.14 2.89 - 2.5 0.06 4,48
+ 51fl0/49 (2 by weigne) '
»%  §7/33 (I by veight) ' .

#x%  composition (I by waight): NI250‘.10520(76.51),NIC1(6.7X).NB“CI(é.ZZ).

borsx u:xclu:é:(2.61).:h1:kcnu(7.91) ,boric acid(1.8%),and tatra-: ° ;
s @ )

4

(wdiue phosphate (0,.3%).
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chénge materials, including salt hydrates and organic acids, to the pro-

perties of water. ' . . . .

3.2.D ENCAPSULATION OF LATENT HEAT STORAGE MATERIALS

. -
~

~—

Ao MACRO AND MICRO—ENCAPSULATION . '

. . ¢
In micro-encapsulation, millimetre-sized units are used to increase

the contact between the different components of the heat-of-fusion storage
system, When larger units are used, the term macro-encapsulation applies.
Micro-encapsulation is used to eliminate phasé separatioms in incongruent

heat-of-fusion systems. As the units are extremely small, the diffusion

distance is shortened and a higher degree of reversibility is achieved.

. >
v

Encapsulation in small units can also be used to protect the storage me-—

dium f;‘om unfavourable reactions with external reagents, or to easily
.transport the storage medium in a mc;re‘ convenient fort;x. § .
In addition to heat transfer, the changes of volume upon melting/
solidification and tﬁe compatibility betieen the/stor‘age medium and the;
encapsulating material are factors which are consoid_ered in encapsulation.

Salt hydrates and organic substances can ‘sometimes . be stored in cans,

if oxygen is excluded to avoid” corrosion, Certain organic acids are not -

'
. 1y

corrosi\(e and do not have any effect on metals, Plast:‘ic's are of great
interest in low-temperature heat—of-fusion*storage. Howev.er, their thermal
conductivity is low, and organic acids have in éome casés a tendency tod
dissolve pla;tics or react-in othép irays with them. Also, water difus;s
through-the. majority of ‘plastics,'rgsulting in concentration changes and

loss of storage capacity for salt hydrates, o

*The Dow €hemical Co., (9) has investigated the macro-encapsulation of
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phase-change materials and, found many interesting results, A mixture of
stearic and palmitic acids melting at 60dC, for example, was found to be

compatible with sulfonated polyethylene while high density polyeth&lene v

[T

was found unsatisfactory for the encapsulation of the mixture.

"

B. ENCAPSULATION IN PREFABRICATED BUILDING COMPONENTS

5

This form of storage has the advantaées of réducing the cos%iof

installing the'heat—storage units, and from the point of view of appear~

4

ance, The-matrix can also speed up the-heat transfer to the centre and g

©

re;duce the difference in heat transfer rates for melting and freeziqg.

On the macro level, it is easily possible to encapsulate the storage

y

medim? in plastic-lined cavities created in construction materials, such
as concrete, for example., Also, it is in certdin cases possible to re-

place part of the aggregate that constitutes 80% of the weight in a cén-—

crete mixture with a heat-of-fusion medium, - One suc'ﬁ mdterial is

>

"Thermocrete'*, a foamed concrete block filled with calcium chloride °
hexahydrate and sealed with a plastic coating (1(5, li, 12).
s .

3.3 THERMOCHEMICAL ENERGY STORAGE

Energy is stored by breaking some chemical bonds and replacing them

t

with others in a chemical reaction, If the reaction is reversible, heat

‘is ‘sfored when thg' reaction is driven in one direction (endothermic re-~
action) and discharged when proceeding in the opposite direction (exo~
« thermic reaction), )

It is sometimes possible that charging and discharging take place

at the same tempera‘ture, creating characteristics in the storage function

* Registered trademark of ‘Suntek Research Associa;éso

» "\
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which_resemble those of latent-heat storage;
1f the endothermic reaction requires a catalyst, the reactants a;lje
- . : )
stored separately and brought to react in the presence of the catalyst

when necessary. The same is done with the products, to generate the

energy stored when required. °
%

Insulation is not required for the storage of the reactants and

products, since no heat leakage will ever occur, ‘and the energy content

) )
will not be affected by the length of the storage period,
Chemical reactions produce large quantities of heat, making long-
distance transport of stored heat to the point of consumption economic-

ally attractive, Large entropy <hanges are desired to produce the re-
\ quired quantity of heat. Molecules which dissociate into many molecules
. - - Q "

of gas can give rise to high entropy changes. One such reaction is the

- decomposition of ammonium hydrogen sulfate with AS =~ 450 J/(mole.K) .‘,g‘

- »

NH4H304=NH3+ H20 + SO3

Other promising reactions include decompositions of ammonium car—'
bonate and ammonium bicarbonate at temperatures of 60° and 80°¢c respec-
L EiVE.Iy,
3 3t }‘lzo + CO2 T

NH4HCOB= N§l3+ ) H20 + CO

(¥H,), CO,==2NH

2

These reactions seem to take place completely reversibly.
Thermodynamical heat storage is a new science and intensive re-

search and development work are still required in many quarters; the

results obtained.so far are promising. .

]
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" CHAPTER 4

FATTY ACIDS

Many researchers have alreaﬁy considered fatty acids as possible

candidates for heat storage,

and animal fats. They are diyided into:

-~

.

- straight-chéin saturated acids (alkanoic acids);

- straight=-chain unsaturated acids; and

_~ branched~chain and alicyclic'acids.

.

»

Fatty acids occur abundantly in vegetable

-

The majority of fatty acids are straight-chain compourds. In the

following, we will consider only alkanoic acids. These acids are satu~

rated fatty acids coﬁsiqting (except formic) of anm alkyl «chain and ter-

minal carboxyl group. ihey are conveniently represented by

R-CO0H, dnd all‘meﬁbers above acetic by the foemula CH3—(CH2)Q-COOH._ A .

few examples are presented in Table ‘6.

[

’

the formulé

i

v

J

J

Chafh Systematic Common '|Formula ‘Density M.p.,'C' B.p.,'C
length name ‘name weight (liqgid)
. Kg/m~.
12 dodecanoic lauric 200,31 883 24.2 29@.9_
16 hexadecanoic| palmitic 256.42 853 6%.9-63-1 351.5
18 | octadecamoic| stearic | 284.47 847 |69.6-70.1| 376.1
I20 eiconaﬁoic avachidic 312.52 - 75.3-76.1 204.0

Table 6: Properties of common straight;chain saturated fatty acids

(13, 14)
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4.1 APPLICATION TO LATENT HEAT STORAGE -

N

saturated fatty acids found in nature.

acid (10

@

17) have already been used in prototype solar systems.
L .

4

‘Lauric, &tearic and palmitic acids are thé most widely distributed

Their

use in solar heat storage has also been mentloned by a few authors (7,

15, 18).

considered in heat storage.

iy

Palmitic acid, on_ the other hand, has not: been seriously

D
i

However, it is present in large porti
N pa . . s

ons

B

lLauric acj.d (15, 16) and stearic

Stearic acid . ‘ ‘

in the conﬁnercially available stearic acid *@d thus indirectly forms

(] ) P” - !
part of stearic acid heat storagaevsystenms. ‘\, . . -

{
¢ ’ ! /
. .
’
»

Lauric acid . . L

, N
i Y o 7

lauric is the saturated acjid f_ourid most ab n&antly in nature. It

is a crystalline solid with a ‘faint “fatty odor. | It is practically .in-
- v ! +

soluble in water (0.0055 g/lOO'my’ of water at 20°C) ,’ f(reely soluble in

diethyl ether, but less so in ethanol (1 g/2 ml) and propanol (1 g/2.5

1 v

ml). Its principal use is as ingrédient of coconut oil bage soaps,

OnLy

-

Laurié acid exhibits excellent ﬁlelting—freezing characteristics.
a small degree ot supercocling (0.5-1.5 K) has been observed (15, 19).

It also was not particularly affected by 130 thermal cycles (15).

R i ),

[

. > ("
‘Stearic acid Y13) is the highest molecular weight saturated fatty

-

acid éccurring abundantly in natural fats and oils.

1

a’talline solid, practically insoluble in‘water (0:00029hg'/100 g of water

at 20°C), féirlif solul;le in chlbroforin (50 g/200 ml) and de\cre‘ési,ngly o

a . -
“ N

carbon tetrachloride, ethanol,

o

eoiuble in carbon disulfide, benzene,
and acetone. Its use in solar heat storage will be more completely *

3

discussed i n'the chapters to come..- -

s u

It is a waxy crys-

v

2

e

S e e s e
. .
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well-defined specifications, They constitute a primary source of stearic

° ‘and\oleic acids (22). 3 ,

N
26 ’ -

v

' The transition temperatures for pure lairic, palmitic and stearic .

acids are higher than needed for space heating. However, commercially

available fatty acids have lower melting points than the pure substances

. and some mixtures of these acids melt around 30°G, making them potential

candidates for heat storage in passive solar energy, The phase béhavior

. of mixtures of pure acidsW}s further discusgéd in Ref, (20).

A

4,2, COMMERICAL PRODUCTION . .

.. Originally, the fatty acid industry was clizziy allied with the

% . A . . .
candle industry.. The modern fatty acid producti industry began with

Chevreul's classical researches on the saponificatien of aiimal fats and

the separation of fattyvacxds, bepween‘1811 and 1825 (21)..

The raw materials used in fatty acids.production include'tall\oil,

M .

fish'oils,’ vegetable bils and animal fats, Tall oil, a‘by=-product of

the paper and pulp industry, hés become an' important raw material in the -

“

fatty acid féctory.. Fish and ofHer marine oils are hydrpgenated.andathén

conyerted into fqtt§ acids while the use of vegetable oils is ,confined
L y -~ .
mainly to soapstock resulting from alkali-refining these oils. Animal

fats, ;hic% constitute a large portion of the raw maéerials gﬁ the fatty
acid induétry é;e divided into four main tyﬁés: edible tailow, inedible'
tallow, lard, and inedible grease. By custom, animal fats that are sof-
gér, more unsaturgfed, and have a titer lower than 40,5°C are designated
greaées if inedible and 1ardiif edible, Animal fats are purchased using

s

3

~

\

\\ | Y . g
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*

The industrial ﬁroduc;ion of fatty acids follows in general the

"
L4

following steps: .

°

1.

Hydrolisis of fats, commonly known as "fat-splitting“. Fat-split-

«
“

ting is the process of decoﬁposing fats into acids and glygerol by i
. \- . : . ' ‘ I
subjecting them to a high temperature and corresponding préssure in

the presence of water, or to a relatively lower temperature in the

’

presencé of a catalyst., The use of an alkali to saponify the fat

and form a soap, followed by decompoéition of the soap and libera-

A

tion of the fatt& acids §g7acidulation with a mineral acid, is térmed
sagonification and was the first splitting procéss used in the fattyl
acid industry. - ~ N

Distillation: fatty acids originating frbﬁ different fat-splitting
operationg are highlx cglored and containwa—varieéy of impurities, »
as‘well‘as unhy?rolyzed fat, Distillation is the process by which

-

these imphrities are ldrgely or .totally eliminated.

3. Panning and pressing: this process is used to separate the solid

_ac{ds, in shallow trays or pans placed in rooms maintained at low

from liquid acids, which differ mafkedly in melting points and

éolubility characteristics. Essentially, the process involves the

crystallization of the solid acid fraction from a solution of liquid’

H

¢

.temperatures'(»u3oc). The solidified cakes obtained_are then sub-

’ '
jected to high pressures in order to remove.the, liquid acids.

This method is used principally for the separation of animal fatty -.

acids te commercial stearic acid and commercial oleic acid. Its use

in highly industrialized countries is being replaced by solvent-

‘crystallization processes. ' .
7 v

RO
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4,3 'PROPERTIES OF FATTY ACIDS
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~

4,3.A VAPQUR PRESSURE-TEMPERATURE RELATION .
A

-

Through tﬁb application of. thermodynamic priqciples, the vapour pres-

sure-témperature relation can be derived and brought to the form:

where p = vapour pressure in mm. of Hg. at any optional ébsolute temper- ~

are

Ln}p

ature T (°C 4+ 273);

=->\;/(R.T) + 1.751Ln T - (€ .I/R+C

>@:= molecular heat of vaporization at absolute zero;

R = gas constant (1.985 cal/ocs;

N\

€ = the temperature coefficient of the difference between specific

heats in the liquid and gaseous states;

C = conventional chemical constant,

The values of)\o, € and C for lauric, palmitic and stearic acids

presented in Table 7,

Acid ){ 'S c N, 1., T,

. cal/kg. K
lauric 23590 | 0.0349 | 11.408 | 13740 68.5 1L.574.6
palmitic | 26050 | 0.0326 | 11.568 | 15090 58.5 625.0
stearic | 27280 | 0.0317 [ 11.636 (| 15860 i6.0 647.0

Table 7: Calculated constants applicable to vapour pressure equation

v

for higher aliphatic acids..

&

v

The results obtaineé using this equation have been found quite

similar to results obtained by expefimental procedures, as shown in

Table 8,
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Temperature, Vapour preslulre, nm Hg.
Acid K- -
Calculated | Experimental
lauric | 484 Y 50 - 5
. %72 32 a5 -
465 27 .27 |
462 .23 Cu
i 451 N VY 13.2 ) ’
’ palmitie 498 ' .19.1 T2z, I .
‘ : 493 15.8 15:7
488 13.0 15.0
\ stearic 505 8.7 15.0 )

%

Table 8: Vapour pressure at different temperatures for several faéty

¢

4.3.B DENSITY, MOLAR VOLUME AND DILATION

acids according’to Lederer (23).

\

The heat of vaporization at any absolute, temperature T can be

Hedt of Vaporization )

approximated by the equation: .

A= (N +175RT-€1H0 - P/R). (13)

1

where P = critical preséhre, which lies between 30 and 40 atm. for the

higher fatty acids.

'

In addition to the values of >3,€: §nd c, Tab%e 7 contains values

for the heats of evaporation at atmospheric pressure, )\a’ the heats of

vaporization 1; of the fatty acids at atmospheric pressure in:.cal/Kg, and

the absolute boiling points of the fatty acids at -atmospheric pressure, Ta' !

.

~ : \

The molar volume, defined as the volume occupied by 1 mole of a sub-

stance, 1s calculated hy dividing the molecular weight of a substance by

s \

!

P R L ¢ 2 D s T

owtacs o ms +
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“«

®ts density. , Table 9 lists experimental and calculated values of the

molar volunme, Vm’ for 3 saturated fatty acids.

‘ . | Density, [Molar volume,Vm,at 80°C, cma. !
Acid ’ Kg /3 =
. g & o Experimental Calculated
lauric 883 ©236.29 ' 235.'.188
‘ palmitic .853 304.56 304 .88
3 A
stearic | 847 338.85 339.38

Table 9: . Densities and molar volumes of 3 fatty acids as liquids

é
»

The expansibilities and melting dilations of lauric, palmitic and

stearic acids are also presented in Table 10 (24, 25). ’ '

, Expansibflity Melting dilation
i
Acid ml/g/°C. observed calculated -
solid liquid ml/mg] ni/uole | ml/mg | ml/mole
lauric - - 0.143 28.6 - - ’

palmitic;0.00028| 0,00097 0.181 46.4 0.182 46.7

stearicL9.00026 0.00097 0.186 52.9 0.186 52.9

Table 10: Expansibilities and melting dilations of 3 fatey acids

|

4,3,C SURFACE TENSION

Between particles of a liquid, as in solids, there are attractive
forces which keep the liquid together, and these forces must be overcome
by external forces if the particles are to be separated, These forces are
mokecular in nature and are exefted over only very short distances. The e
evaporation af a.liquid entails overcoming these mole9ul;r attractive
forces and the‘heat required for evaporation ;s'a measure of the strength of
the force., Table ‘11 represgn;s the shrface tension of galmitic anq ,////

Stearic acids at different temperatures (26). ' -



‘Temperature, Surface tensioa, dynes/cm
d b palmitic acid stearic acid :
70 28.2 28.9
80 . 27.5 28.6
90 | 26.7 " 27.5
100 2601 D267 | .
) 120‘ ) 24 .5 o 25.1
- ' T 140 22.9 23.8
Table 11: Surface tension of palmitic and stearic acids v

4,3,D THERMAL PROPERTIES

A, Melting, freezing and heat of fusion

Despite modern techniques of chromatography, melting poiné, or the
related freezing point, is still a principal means of identifying, charac~-
terizing, and indicating the degree of p;rity of fatty compounds. Table
lé presents the melting and freezing points as well as the heats of trans-

ition of lauric, palmitic and stearic acids.

M.,p., | Freezing | Heat of fusion
Ac{d c pofgfifgf Kcal/mole (J/g)
) lauric 44.2 43,8 ' 8.75(182.9)
palmitic| 62.9 62.4 ©13.0(212.3) 3 |
stearici{ 6%.6 69.& 16,36(240.8) '

. r -
©. . Table 12: Melting, freezing points and heat of fusion of 3 fatty acids
(13, 25) i 7

1

% s ot sty oAkl Mo e
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B. Specific heats

/

Roughly speaking, specific heats are greater where the structural
order is less; where the molecular freedom is greater; hente they are
nofmally greater for liquids than for‘sélids. If, however, a rise in
Femperature involves a more than normal infrease in freedom, specific
heats may be abnormally large. Tﬁus, for long-chain compounds some

solids have greater specific heats than liquids.’

5

1]

* specific heats of liquids:

’ The specific heats of most liquid logg!chain compounds at normal

temperatures (250 - 100°%C) are abéut 0.§ cal/g.OC.“éihgleton et al,
(25, 27) reporteé that fér: ,

Palmitic acid, Cp (t = 63° to 92°C) = 0.4624 + 0.00175t;

Stearic acid, Cp (t= 70° to 78°C) = 0.4266 4 0,0018t.

The value for lauric acid was found to change from 0,513 to 0,776

in going from 50° to 250°C (28). ' ‘

* gpecific heats of solids:

V%or solid fétEy‘éEEE;:EQBEcIfic heats are mostly in the range 0.45 ~
0.50 cal/g.°C. Singleton et al. (25, 27) found that for:

Palmitic acid, Cp (t= -73°% to 40°C) = 0.3831 4+ 0.0013t K

Stearic acid, Cp (t= -120° to 65°C) = 0.4272 + 0.0018t

All the values of the specific heats given above are in cal/g.OC0 ’ .

¢
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CHAPTER 5% EXPERIMENTAL RESEARCH '

5.1 GENERAL

Building components containing phase-change materialg can be used
either as solar heat étorage; or as:ﬁhysical temperature regulators.
Theée‘can be distributed as passive storages throughout industrial and
office buildings to absorb.excessive internal heat gains and reduce,
cooling costs., They can also be used in Trombe walls to limit the rise

.
of wall temperatured to a few degrees, thus controlling overheating during
the day and red;cing night-time heat losses., -

Experimental modules containing phase-change materials have presented
' »

several problems. The époxy seal on Thermocrete, for example, failed

" during aging tests qu allowed phase-change material leakage (50). Also,
\ -

L

- in anOther experiment involving the encapsulation of Ca012:6H20 iﬁ con~

[

crete, the major probtem has been that the addition of the heat storage

material inhibits bonding between concrete and the aggregate (51).

5.2 MATERJAL SELECTION

In this experiment,;we(cﬂose a block made from cemént rather than /[
concrete, with a fatty acid phase-change filler material., = Fatty aéids
were chosen for three main reasons:

1— the phase-change melting point can be tailored to the specific
appli<;iion, anywhere in the range of -5 °c to 70° C, by changing
the components or their amounts in a mixture of fatty acids or théir
esters; | '

ii- for most of the mixtures tried, the surface temsion of the fatty

acid mixture, when liquid, was high enough and the cement pores ¢«
. L

/

s

/,
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»
’

were small enough that no liquid exuded from the pores. fhus,
no plastic cover is required. Since no waters of crystallization
are .involved in the phase-change material, and the fattylacid; are
virtuélly insoluble in water‘(section 4.1y, moisture has no effeat
on the heat storage modules, except in curing tpe cement; h
iii— this type of module can be made in two steps (mixing and curing);
rather than éhe five steps required fof'mAdules like Thermocrete
(mixing, foaming, curing, filling, and surface sealing), which
‘should lead to lowg} éabr@cation costs .and faster‘scalihg up to
mass production.

For budgetary reasons, a particular commercial mixture, EMERY E400*,
was chosen for’the many samples used in the various tests. ﬁMERY E400 is

a pressed stearic acid containing over 607 pure stearic acid. The second

major component 1s palmitic acid. This product also contains minor

_ quantities of unsaturated acids (oleic and linoleic). Its melting point

was found to be 56.5°C and its heat of fusion 144 J/g. There is very

little difference in chemical properties between one saturated fatty

i \
«

acid and another, so most of the results can be considered representative

for the whole group. The melting and freezing curves for EMERY E400 are -

shownjn‘figures 2, 3 and 4. e

. Two types of cement were useé. Type 10 (referred to as type I-in

ASTM**) is the most commonly used portlandacement in the conmstruction

industry, while type 30 (ASTM type III),'anwn as high early strength

'6ement£ is.used when alﬁigher strength in the early days of curing is

required. Both types .are producéd by MIRON Inc., Montreal.
* Product of Emery Industries Ltd., TForonto, Ontario,-Canada.

*% American Standards for Testing Materials. -




36

¢

00%d AMEHE JO Emuwoauw:u SurtTo0d/3urieay Byl :z 21n3Ty .

o) sunjypdsdus )

pit P91 PL go s ar PE p2 at e
! ; , Bf , B '@ °® e B2 | —~Lve-
r
i 1 .
1 . 1 po-
1 . !
1+ ,T:r
*n N - .t-n
+ . . fee-
- ONILY3H 1
i 4B
1 . 9N171003 2
4 Aum
: - 1Ay
T ‘ -
i . +po
" ' ' - Mm>. 150 UW«#LULNM.H; . -EMLMOLn_
. NIH/930 <& ™3°Y
U m D , 9N ¥ '81 °=21§5
. Tl PY3 AN3W3 refdueg

(M¥) moi4 o8y




PEnbrT~03-prTOS 9Y3

arr aar a8 ag

e+

" 00%E X¥TWA FO UOTITSUBII

mcﬂuzmwmummu,xmwm Uﬂsuwnuovzm ayx :¢ @2andryg

Qa) sanjoasdus | E
as 29 .&.m ar ge ) ae Bl a2

4
i
!
l
'
L
y

PRMUL SEDNIN SENY SN WY WU SN S D S W SN W S |
-ttt

- g 2A asa G)m.*nwolh'q.*f-ﬂ -EU(—WDL&
. NIW/930 2 ™3I°Y
asd - 9K ¥ -Z2 =S

. P03 AYIWI o(dweg

3

(Mu) Molg

o8y




9

o - NN - .
a7
. @ - 4 N
00%d AMEWZ JO UOTITSUEIY ,
PTTOS-03-prnbr{ 9Yy3' Burjusssadax yeod OTWISYIOX® 9yl :4 2IndTg
¥

) . Q) ULJJULOQEU‘F '

gat 76 [51:] aL /3 as ar %1 314 [} SIS o ar-_
B i e T e B e e e S et TN HE S (s PSPl S Gy U P SNV N UUUUN I Vi &
4 1y
+ .._.Q
4 4
3 . A 42t
T i
1 *4or”
<+ 4+
+ ° . +02
1 . , 1z
1 , 182

— e — b+ 2E

22N 350 ®Arjopuejul -E%LmDLL
: NIW/930 2 =32y

9K 661 ™=I5
PAY3 A3W3 eidweg

(Rw) mMal4 joey

ks

te




-

*

El

~

the experimental work and this can be achieved in two steps.

- 39

" ° EMERY E400 costs 1.23 can$/kg. if ordered 'in large quantities

. ! o ]

«(larger than” 20 metric tons), 1 Kg of ,cement costs 0.095 can$ for type -

10 and 0.105 °ca>n§ for type 30. - o
. - - -

i - | ," - a8

5,3 SCOPE' OF THE EXPERIMENT T .

" .

* There is practically no limit on the numBer of experiments required
¢ N o

to +fully study and understand the properties and behavior of a new mat-

‘erial.. It is then necessary to clearly define and limit the'scope of °

First, the

objectives of the ‘experiment’ should be stated.

. 2

‘These ob_jectlves defme

. whiqh material properties are important and which can be ignored .

" \these modules in l\ate“‘ht/he\atfstorage. In order to ‘meet these objectives,

a o

Second, restraints of many }cinds can also limit the experlmental work,
Thes‘e are gene'raily £ime énd the ayai"lebili“ty of test equinmento

Most Qf the tests end experiments that yere,performed to obtain,
the physical, 4n‘;echend.cal, and thermal properties of thé ne;v thermal sto—
rage module we*rer tlone at the‘ Matetials Laboratory, at the Centre for

B

Building Studies#*,

5 3.A OBJECTIW¥AM TEST PROGRAM

In tfis case, it was easy to define the objectives of the experiment

due to the nature and intended use of the tested material, These were

t
o

to obtain and study the mechanical,' physical,.and thermal properties

necessary to provide enough info;/'mation on the possibility of use of.
' L* <

* the following tests were done: -

5

,._...,...-c.,-,.m_,,




i=-

iii-

iv-

'cyoiing‘modes;l

mechanical piopertie§;

using either regular (type 10) or high early strength (type 30)

3 2

cement, find the cement/EMERY E400/water(C/F5;./w) ratio that gives

the best compressive,§trength for 'the heat storing blocks with a
. , ,

worthwhile amount of.fatty acid content; .
inyestigate the improvement in compressive strength achieved by
such additives as glass fibres of different lenéthé and fly ash;
find the tensile strengtﬁ~of;the strongest mixture;

determine the variation in compress% trength with temperature

and test for leakage of liqui; ynac1 5at high temperatures;

determine the effects of freeze-thaw cycling on the modulus of

K}

elasticity :and check for durability under different temperature-

a, -

El . ¢
é

physical properties; ’

L]

obtain the specific gravity, absorption and porosity of the mixture;

.

determine its drying shrinkage;

Thermal properties;

check for the stability °§ the melting\point'and heat of fusion of

-

the fatty acid uéed in the mixtures;

obtain the specific.heats; in solid and,liquih forms, of EMERY- E400

s 7
and two othey commercial stearic acids;

compare the thermal conductivities of the mixtures to those of

EMERY E400 and dried hydrated cement;

I; ¢ . .
study the interaction between the cement matrix and the fatty

3

N

-

acid filler, using infrared speotgometry.

)
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5.4 EXPERIMENTAL PROCEDURE )

.
¢ R ' ’

5.4.A, PREPARATION OF SAMPLES

In accordance with ASTM C305-80 (Mechanical Mixing of Hydraulic
~ . 1

- Cement Pastes and Mortars of Plastic Consistency), the cement pasté was
1 .

mixed with.either stearic-acid or sand in a blender for eight minutes.

'

For the reference cement mortar, a graded Ottawa standard sand, as defined

' .

9 : ‘ N ‘ ) .
in ASTM C109-80 (Compressive Strength of Hydraulic ‘Cement Mortars Using

~

50-mm Cube Spécimens), was used. It is.a natural silica.sand from

Ottawa, Illinois, with-a specific grading between no, 100 (150fn{1) and
' t i ! J'_ N Ll ‘ ’ .
> mo. 16 (1.18mm) sieves. The mixture was then poured into 5-cm cube molds,

7.62 x 7‘.6‘\2’x 36.10-cm molds, "dog bone" shaped molds (called briquettes), '

<and into 20,32 cm (diam.) x 2.54 cm (height) disc molds, ‘The mixture

v
¢

was cured in the molds for 24’ hours in the humidity chamber at 23-24°¢.

By then, the surfaces were strong enough for handling and the samples

A

were released from the molds and cured in lime-saturated water for periods

ranging up to 27 days, according to ASTM C109\\80.
1 \ ~ \

s v

5.4,B.° TESTING EQUIPMENT AND PROCEDURES - ‘ R

5.4,B,1, Mechanical and Physical Properties

The 5-cm cube samples #@re tested.to destruction for compressi;/e
strength in an INSTRON Model 1125‘méchaﬁical tester (Figuré 5). As a set
of 24 cubic samplés made froin_the same mixture were being cured,.three
to six aﬂt a time ’were removed for coppréssion testing, The range of
mixtures with EMERY E400 tested for compressive strength was from

C/F.A./W=1/0,8/0,60 to 1/1.0/0.70 (ratios are in weight). Increasing

the amount of fatty acid to more than t’he,weight of cement in the mixture

¢ . : .
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the INSTRON Model 1125 meéhanical tester

. TFigure 5:
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I

- produced extremely weak modules. The water content was chosen for best

workability. Two mixtures (C/F.A./W= 1/0.8/0.65 and 1/0.9/0.65) close

to the maximum compressive strenéth found in this range were chosen for

]

further tests.

V3

To test for freeze-thaw spalling and bulk damage, two sets of three

»

-

gfrallelepiped samples (7.62 x 7.62 x 36.10 cm) for each of the chosen
pair of mixtures were cycléd betwéen 6°C and -5°¢ upder a plastic cover-
ing, in an envirégméntal chamber (Model.C608, produced by Controlled
Enviroqments'Ltd.). Thﬁ cycle period was three hours and up to ZOQ
cycléé were used. A non—déstructive acoustic test procedure was adapted.
Using a SOILTEST Model CT—366C sonometer (Figure 6), the longitudinal
resonance frequency was-ﬁeasured after every 15 cycles in temperature.

The dynamic modulus of elasticity was calculated, according to ASTM

€215-60 (Fundamental Transverse, Loﬁgitudinal, and Torsional Frequencies

/
4

of Concrete Specimens),mhsing the following equation:'

Dynamic E= D.W. (n)2 , in Mpa

where W = weight of specimen, Kg;
n = fundamental longitudinal freaugpcy, Hz;
] D = 3.996'x 10—4 L, Sz/cmz;
b.t

L = length of specimen, cm;

1l

t, b= dimensions of cross-section of specimen, cm. .

\

This equation is slightly different from that given in ASTM. It

has been modified to give the value of the dynamic modulus of elasticity~

\

in MPa instead of psi.
4
Three parallelepiped samples were also tested for freeze-thaw resis-
tance in accordance with ASTM C666-73 (Resistance of Concrete to Rapid

Freezing and Thawing). Tﬁis test consists of immersing the sample$ in .

A A Sk ot e
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water subjected to freezing and thawing (between -10°C and 100C), in a

\

SOILTEST Model CT-110 freeze-thaw tester, and-then checking for the /

dynamié modulus of elasticity on the sonometer.
Four 5-cm cube samples were subjected to 80.thermal cycles (6-hour

cycles between -30°C and BSOC) under an ultra-violet 'light source

(wavelength ; 254 nm) to check for possible damage under severe con-
ditions. ‘ .
Three briquettes ("dog bone"'shaped specimens) of G/F.A./W =
1/0.8/0.65 were ;ested\tp destructipn for t;nsilg strength after 28
days o% curing, in accordance with ASTM C190-72 (Tensile Strength of

‘Hydraulic,Cement Mortars). - /

§ix 5-cm cube samples made from a C/F.A./W= 1/0.8/0.70 mixture
were tested to destruction for compressive stfength while being heated
" in the INSTRON oven, af 15% intervals,‘betwegnIZSO\and 100°C.  The
temperature was raised at a rate of O.SOC/min to ensure uniform tempera-
fure distribution in the gamplesf \

48 samplés (C/F.A./W = 1/0.8/0.65) cqntaininghglass fibres and 30A

v

samples of the same mixture containing different percentages of fly ash

were alsp tested to destruction for-compressive strength. A.J. Franklin
(52) recommends a concentration of 2.2 g. of fibres/Kg. of cement upwards,
with a preferred length of 3.2 mm to 28.6 mm, to improve the characteris-

tics of mortar mixes during &he critical stage of setting.' Based on these
recommeqd;tions, we used glass fibres 0.5, 1, 2 and 3 cm 1ong[in two
different concentrations: 4g and 8g/Kg of cement. Also, fly ash was
usea to substitute cement in the mixture in amounts equal to 5, 10, 15,

20 and 257 of the weight of the initial portion of cement.

Two 5 cm cube samples of mixtures C/F.A./W= 1/0.8/0.65 and 1/0.9/

0.65 were tested for specific gravity, absorption and porosity by weighiné

~
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o

the samples when dry, after immersion, and after boiling, on a SARTORIUS.
model 2472 microbalance. The test procedure followed the steps described
in ASTM C642-75 (Specific Gravity, Absorption, and Voids in Hardened
Concrete). 1In a&ditioﬁ, two 5 cm cube samples from a 1/0.8/0.65 mixture
weré kept on a blotting paper in a drying oven at 105°c. for 48 hours,

to determine if the fatty acid would leak from such modules when iiquid.
Two 2.54 x 2.54 x 20.32 cm parallelepiped samples made from the same mix-
ture were dried in air at an average temperature of 23°¢C for up to '2“5
_days.‘ The drying shrinkage of these samplés was measured with a SOILTEST

model CT-171 ldngth comparator, following the procedure of ASTM C596-75

. {(Drying Shrinkage of Mortar Containing Portland Cement).

)
c

5.4.B.2 THERNAL PROPERTIES AND INFRARED STUDY

AN

A DuPont 1090 thermal analyzer system was used td obtain most of the

¢ '

thermal properties. . The system was linked to a DuPont 910 differential

scanning calorimeter kDSC)_ (Figure 7). Differential scanning calorimetry
is the most k;:fi“ch_'f}'fjused ofhall thermoanalytical tec}miques. Among others,
the DSC can be used to study boiling points,)mel‘ting poi&ts, liquid cfy-
stal transitions, heats of feacti.on, specific heat capacity, purity,
glass transitions and reaction kinetics. .

Generally, the samples used with this modu.le weigh only a few milli-~
grams (up to\%\&out 30 mg.) and ar\e placed ir'm aluminum or COpp'er pax;s
which can eitiiﬂgr be crimped or 1ert open. The samples are generally

|[ s
N

heated in air,‘at rates ranging from 1°C/min. to ZOQC/miP.

The theru%grams' obtained’ can present a glass transition point, an

iy

endothermic pe;

N

t

b

C in Figure 8.
\

\‘k, or ’an exothermic peak, represented respectively by

points A, B an

/




i
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Figure 7: The DuPont 1090 thermal analyzer (back) and the DuPont 910

’
‘.

differential: scanning calorimeter (front)
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Figure 8: A thermogram showing‘the possi@le thermal responses

Generally, high rates of heating may coalesce two peaks occurring
adjacent to each ‘other. Ramachandran (53) recommends a rate of  heating
of 10 + J_OC/min. for clay mineral,studies:. . According to Mackenzie and
Mitchell (54), a heating rate of 8-12°C/min. is appropriate for n;)rmal
work. Pope a;ld Judd (55) also ag;ee on a heating rate of lOOC/min for
most applications since it offers the best compromise betw‘een quality of
resolution and time taken per experiment, For accurat;e temperature
measuféments, however, they recommend the lower heating rate of 2°C/min.
In our research, slower heatiﬁg rates were used where deemed necessary
to clearly separate adjacent peaks and higher rafes when no such accuracy
was required. o |

Disc samples (20,32 cm dtam. x 2.54 cm height) of EMERY E400,

.

hydrated cement and C/F.A./W mixtures 1/0,8/0.65, 1/0.9/0,65 and 1/1/0.65
were tested on a DYNATECH model TCFGM-N4 Thermal Condqctivity. Instrument
(Figure 9). In orxrder to remove the hygroscopic moisture, the C/F.A./W
and hydrated cement samples were dried for 48 hours in the oven at 105°¢c
and cooled in Aessicators for at least 24 hours bf./fo‘re the test was done,
The procedure used to measure the thermal conductivity (ASTM Cl77;76:
Steady-State Thermal Transmission Proper;;ies by Means of the Guarded Hot

: “
Plate) consists of heating two disc samples of ‘the same mixture, one on

o
.




§
. Figure 9: the DYNATECH Model TCFGM-N4 tl'?mal conductivity instrument

Ty
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top of and the other below a heating plate, on one side while cooling
the other side. When both the hot and cold faces reach equilibrium, 1i,e,
LI

the hot and cold temperatures become constant, the thermal conductivity

ils then caiculated using a simple equation involving the current and

voltage supplied to the heating plate, the hot and cold temperatures,

»

and the area of the heater (Refer to section 7,2.C). In these tests,
the hot temperature was kept low enough to get a\}erage temperatures of
the samples in the range 25° - 35%.

&

tl

To study the interaction between the .cement and the fatty acid used,

infrared spectrometry was used. IR spectra for the EMERY E400, stearic

acid U.S.P., cement powder, hydrated cement and three C/F.A./W mixtures
were obtained using a Perkin Elmer Model 599B IR spectrometer, The
samples were prepared according to the pressed~disk method. This involves

suspending the samples in a suitable matrix, dry potassium bromide (XBr)

" in this case, by mixing the ground samples with KBr and compressing thé‘ '

mixture in an appropriate die using a hydraulic presls.'
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CHAPTER 6: MECHANICAL AND PHYSICAL PROPERTIES \ C
~ \

6.1 COMPRESSIVE AND TENSILE STRENGTHS _ .

Usingftybpe 10 cement, 7 mixtu;tes between C/F.A./W= 1/0,8/0.6 and
1/1/0.7 were tested for compressive strength, The results, presented in
figures 10, 11 and 12, show that mixture C/F.A./W = 1/0.8/0.6ﬂ5 has the
highest compressive strength, 2,187 MPa, ‘after 28 days of' curing. This
mixture contains 387 more water per unit mass than that required for
maximum strength in a cement mortar (565‘. The tensile strength of the
same mixture was found to be 0.442 MPa after 28 days of curing. The
cement mortar composition (cement/sand/water = 1/2.75/0.485 in Wéight)
was in accordance with ASTM:C109-75 and the water/cement ratio (W/C = 0.35) -

of the hydrated cement was chosen after the recommendations of P. Maslow

' (56)- '

As expected, the compressive strength of the C/F.A./W mixtures was

s
found to be less than the measured compressive ‘stréngths of the cement£
morta:: and the hydrated cement (Figure 13). The use of type 30 cement
inctreased the compressive strength of thg cement mortar along agter 28

days' of curing by about 177, a value higher than the 107 mentioned by *

Maslow (56), while the compressive strength of C/F.A,/W= 1/0.8/0,65

" doubled, after the same curing period, to reach 4.4 MPa (Figure 14),

v 2 1

This strength is comparablé to that of lightweight aggregate concrete,

to Siporex, and to lightweight clay bricks (57, 58, 59). )

The sddition of glass fibres to the same C/F.A./W mixture, made
with cement type 10, gave only a small improvement (~15Z) in compressive
'strength after 28 days of curing ‘(Figure 15). The best results were

obtained with. 2-cm long fibres. Doubling the concentration from Zzg to'8g

LN
§

M
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C/F.A/W:1/1/0.70
.C/F.A/W:1/1/0.65

Figure 12:

~
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.

Compressive strength of two C/F.,A./W mixtures

(fatty acid/;ype 10 cement rﬁtio\J
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of fibres per Kg of cement made virtually no difference toe1he compressive
Yo
sféength;‘
Replacing a portion of the cement by fly ash in the composition of

the mixture caused a 257 increase in compressive strength after 28 days

v

of curing, when the  portion replaced was equél to 20% of the weight of the

\

cement, The tensile strength, on the other hand, increased by only'3Z.

As reported by Kovacs (60), the addition of fly ash reduces the initial

\

strength of the cement, The difference between strengths of plain port-

land cement and fly ash ‘cement gradually disappears with advancing time

of hardening and the strength of the latter eventually exceeds that of

A

portland cement.

As expected, the compressive strength of the cured,sémple decreased

.

linearly with increasing temperaturé (Figure'16), at a rate of 15 KPa/°c.

At 100°C,~the compressive strength was less than half of its value at

’

~~25%. Also, no seepage of the liquid fatty acid onto the surface was

observed for any of these samples, or for the two samples kept at 105°¢
for 48 hours-in the oven,

'In addition, an experimental error, causing the lime-saturated water

in which a few test specimens were beirg-cured to reach a temperature of /”‘\\

over 50°C for about‘8 hours, yielded interesting reéults. The speéimensf
(3 days bld)‘swelled and cracke¢;‘wh}1e their porosity increased and
their strength decreased drastically. ﬁhe cubes and briquettes were

easily crushed by, hand (Figure 17). o

)

.

6.2 PHYSICAL PROPERTIES

The mixture of cement and fatty acid;producéd a 1ightwei§ht material

which, after drying and immersion, remained floating in a water bowl., Only
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Figure 16: Thé variation in compressive strength of C/F.A./W = 1/0.8/0.70 !
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.Figure 17: 3-day old C/F.A./W samples showing cracks and deformation,

after being submerged in water at 50°¢ for 8 hours -
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after boiling for 5 hours did the speéimens settl

61

-

The values of the specific gravity and the porosity presented in table

e below the watetr level,

%

13 show that the samples tested have a high degree of porosity (about 407%).

A section through one of the samples shows a multitude of little hollow

spheres (average diameqef== 0,4 mm), These could have been formed by the

t

lining of the inside of the pores with fatty acid material, due to surface

tension forces between the fatty acid and the cement mixture. (Figure 18).

oven dry weight, after 48
hours at 1059C, g. .

saturated weight after
immersion for over 2 weeks
in water, g.

saturated weight after imm-~.
ersion in boiling water for
5 hours, g

apparent weight in water,
after immersion and boiling,

Bo ’

absorption, during immersion,
A

absorption, during‘immersion
and boiling, 7

bulk specific gravity (dry)

bulk specific gravity after
immersion

bulk ,specifiq gravity after
immersion and boiling

apparent specific gravity
volume of permeablé pore

space (voids), measured
after immersion and boiling,Z

IC/FuAo /W = 1/0.8/0,65) C/F Au/W = 1/0,9/0,.65
(volume 125 cm3) (volume 125 cm3)
121.0 122,1°
: 131,.2 133.1

177.0 183.5 ¢
35.9 - 38.9
' 8.4 9,0
46,3 50,3
' 0.86 0.84
. 0.93 0.92
1,25 1.27
\ .
1.42 1.46
39.7 42.4

°

TABLE 13: Results of the specific gravity, absorﬁéion, and porosity tests

.
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Figure 18:

scale: 1 cm,

L .
section through a cured C/F.A./W sample showing a large
ibmber of little hollow spheres .
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3

-

As sﬁown in Figure 19, the dryingffhrinkage of mixtPre C/F.A. /W=
1/0.8/0.65 is essentially cbmplete in two weeks.g The maximum observed,
0.3352, corresponds to'about 1 mm shrinkage in a 30-cm block. This . .
value 1s qpout 507 larger than the drying shrinkage of plain cement

mortar (0.21% after 28 days) (56).

6.3 DURABILITY .

No discernable decrease was found in the dynamic modulus of elast- .
icity during temperature cycling between -5% and‘6°C for mixtures
C/T.T.A.I/W:= 1/0.8/0.65 and 1/0.9/0.65 after 200 cycles (Figufe 20)l
However, the samples with more fatty acidyshowed éigns of incipient

spalling affer about_lSO cycles. Flakes of solids were easily peeled

off the top face of these samples by the end of the experiment (Figure

21).

The parallelepiped samples that were tested for freeze-thaw resistance
whenﬂcompletelylimmersed in water became soft and showed various degrees
of swelling after only 20 cycles. After 30 cycles, the samples were
badly damaged (Figure 22) and the‘t;st was then ended.

The 5-cm cube specimens kept under the ultra-violet light source
did not show any sign of damage after 80 cycles between -30°C and 35°C. -
No sigpg of sgglling or cracks were found. .

r,

6.4 DISCUSSION

The results obtained show that the mixture C/F.A./W= 1/0.8/0.65

[

gives the best compreséive and tensile strengths. The principal charac-

teristics are:

/.
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i- light weight, which facilitates transportation and hanflling of-=2*"

o

the modules;

'

\ o
ii- strength; in this case, it was found to be worthwhile to use type 30
! : ! .

cement instead of normal cement in the fabrication of the modules.

» The compressive strength resulting from this substitution (4.4MPa)
allows for the céns‘t:rucéidn of higher walls using these modules,
It shoulﬁ be noted that the strength of such a wall is also affected,

LY
by workmanship, the strength of the mortar, the thickness of the

»

- mortar joints, the height of the unit module, the age of the mortar,
and different other fa'ctors; Several equations attempting to

. ) N\ ,
relate thé strength of the wall to the st&;engt:hs of the unit and

the mortar are presented-in rngence (67) . These empirical '

formulas are based on test resiylts, but can still be useful in >

v

Ri‘acpical applications.

Three of these equations are:
Ky= (VI+ 0.I5K - 1) (8+ 0.057K)
Ky = 2 VK 4+ 3 VK - _ . -
.8 K ~ .o )
Ky= 0.45 9\/Kn; KZ ' e

In these formﬁlas:

¢ K‘M = strength of wall, in Kg/cm . , &,
Km = strength of mortar}c,(in Kg/cm
K ._-_- strength of modules, in Kg/cm2 .

s
To obtain KM in MPa, we have to multiply by 9.80665 x 10_2. Using

these formulas, we can :find‘ that it is pﬁsi‘ble"fo build gxon—be'aring .
& / .

[
.

walls of 'considerable'heights‘. .
" It was also found that the addition of g}asé fibres or fly ash did =’
» . : ! ) - . " «
not improve the strength of C/F.A./W mixtures appreciably.

' .
.
‘
\
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durability; the resispanée of the“modules to up to 200 tempgratdre
cycles .(between —SOC and 6°C) when covered with plastic and to 80
cycles between -30°C" and 3506 under an‘ultrafviolet light‘soﬁrce
prove that these mixtures are not easily affecged by ‘thermal cycliné
undér low-moisture conditions. However, the failﬁre of the samples
after only 30 cycles of freeze-thaw testing when fully submerged
in water indicate that these materials camnot be used for outside
walls in cold climates due to the risk of aamageAgausea by a com-
bination oé high humidity levels and wi@e temperature variations..

~

This restricts their use to moderate and warm regions if they are

. < .
to be used in outside walls. However, they can be used as indoor

heat storages in all climates.

For applications in buildings, the occurrence.of temperatures
higher than 50°C is unl}kkly. At‘SOOG, the compreésive strength -
of the heat storage modules had-decreased about 357 below the room
temperature value., This decrease can easily be accounted for in:

the design of the heat store. ‘
&

~ '

A

”
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CHAPTER 7: THERMAL PROPERTIES AND INFRARED STUDY

A\

. ! ’ - [ ‘1-!) \
7.1 DIFFERENTIAL SCANNING CALORIMETRY':{DSC).:

.
£
ol b

" If a sample and' an inert reference are heated at a known rate in a con-

3

Differential thermai analysis (DTA) techniques éo;stitute aipéwer—
ful tool in deterﬁiﬁing the transformations in physical or chemical N
Qtates occurning'aufing'the(heating or.cooling of a substance, a;d
geasuring‘the heats evolved or absorbed during these transformations,
Ihese techniques date béck to 1887 when Le phatelier devised- a h;atiqg‘,
curve method which he employed in hisygtudy of clays_anq other minerals
(62). Differential séanning calorimetr& (DSC) 1is one of the most coméoply

. ]
used of these techniques. Its principles of operation aye quite simple,

trolled environment, the increase in sample and reference temperatures

will be abaut the same (depending on specific heat differences), unless

. a heat-related change takes place in the‘sample. If this change ddes

take place, the sample temperature either leads (evolves heat) or.lags

In DSC, the temperature
. . N
difference betﬁgen sample and reference from such a heat change is

(absorbs heat) the reference temperature.

directly rélated to the diffe;entid{ heat flow,

The DuPont 910 DSC system includes a celi base module and a
DSC cell. The system's measuring unit is the DSC.cell which uses a
constantan (thermo-electric) disc -as a primary heat ‘transfer element.

A silver heating block, capped with a silver vented 1id, encloses :the

constantan disc. A selected sample and an inert reference are placed

in small pans which sit on raised portions of the disc. Heat is trans-

[

ferred through’ the bonqtantan disc to both the 'sample and the reference
. P

pans. Differential heat flow to the sample and reference is monitored
o +




!

.0f drying, the amount used, particle size and _crystallinity, packing

0 , 71

by the chromel—constantaanief)thermocouples formed at the junctions
of the conﬁtantan disc and the\chromel wafers welded to the underside
of the two’ raised portions of the disc. Chromel and alumel wires are

. A
connected to the chromel wafers at the theﬁmocouple junctions to

measure sample and reference temperatures.

The analysis grograms we uded in.the tests were devised to calculate
"heats of fusion, heat capacities, and measure onset and peak temperatures.
. - | -

The onset temperature is the temperature at which the curve deviates

>
from the base line to éive en endothermic or exothermic peak. There
are a few difficulties associated with the determination of this tenper—‘
ature, such as the shape of the peak and its width. The experimental
peak width, for example, varies‘with the heating rate and thus the

location of the onset temperature may be shifted at high heating rates.

Peak temperatures, which are more easily fE}roducible, are therefore

‘used in comparison studies. They are usually taken as the meltingﬁ ~

~

Y

temperatures.
\(
The thermograms obtained in ome laboratory are not easily repro-

duced in other laboratorigs due to the many variables that should be

“w

accounted for. These variables ardé~either instrumental, or due to.the
1 ! .

.

sample, The instrumental factors include, among others, the size, shape

3
and type of the sample holder, the diameter and positioning of the thermo-

o

couples, the furnace, the heating rate, ang the sensitivity of the re-

cording system. The variations in the sample may be due to th%7method

v
i

density, thermal conductivity and heat capacity, swelling aniféhrinkage,

etc,, "

-

[

R
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7.2 THERMAL PROPERTIES OF THE FATTY ACID USED

[ ]

7.2.A. THERMAL STABILITY
‘A sample of EMERY E400 wés cycled betweenloo and 70°C for 50 times

using a heating rate of SOC/min. A drop of 1.3°C in the meltiné point \

was measured between the first and second thermal cycles, accompanied
- -x\ i

N
by a decrease of 7 J/g in ths heat of fusion. From the second and up

—

to the 50th melting = freezing cycle, the sample exhibited good thermal

stability, its melting temperature averaging 56.5 + 0,3°C and its heat

of fusion 144 + 3 J/g (Table 14). .
Cycle |Melting point, °C | Heat of fusion, J/g -
1 ST 152 |
2 56.7 145
10 56.3 147 .
20 : 56.7 145 - !
30 56.2 - 142 Coe
40° 56.5 142 c
50 56.4 144 , .
Table l4: Effects of thermal cycliné on thc;_ properties of EMERY E400 ‘ {f :

The initial change can »i)e attributed to many factorgo These include
the presence of volatile impqrities which require extra energy to evaporgte;’
this possible explapna\tion was later d;opped when no .loss in sample weight
was measured between first ;md second cycles, The higher melting point | ¢
of the first cyclé may be due to the packing of the fatty acid in the pan.
The presence of air pockets in the acid powder before tﬁé first melting

. &
may have impeded the heat flow fhrough the sample and thus caused a time

delay. before reachgng the maximum rate of melting.

\ . ' '
The values of the melting point and heat of fusion of EMERY E400 b

reflect the de'gree of impurity of this acid when compared to the published
values of the melting point-(69°-69.6°,C) and heat of fusion (199-240.8 J/g)

of pure stearic acid.

-
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13

The heats of reactions are equal to the areas under .the endothermic

'

or exothermic peaks, whatever the case may be. These areas are calcul-
ated on the DuPont 1090 Thermal Analysys system b}; the usé of a data .
analysis program. The variations in the values obtained depend on the

operator's choice of the 2 boundary points, a and b on the base line,

" which limit the area to be calculated (f‘igure 234A). The choice is not

always as easy as presented in thisl figure as the peak takes different

éqd varied shapes (23) (Figure 23, (B) and (C)).

AN

Figure 23: Some of the possible shapés of endothermic peaks

-

7.2,B. SPECIFIC HEAT CAPACITY

On the 1090 Thermal analysis (TA) system, the ‘heat capacity is
obtained by comparing the heat flow difference between sample and
reference under 'blank' and 'sample' conditions., A 'blank' run is

obtained by heating empty sample and reference pans, Under the 'sample'

' condition, the same procedur? is repeated, under identical conditions,

but with a weighed sample in the sample pan. At any desired temperature,

-

the heat capacity, Cp, can be calculated as follows: -

Cp — [:60,E. Ais]‘ AY , in J/g. °C

Hr m
where, N

E = cell calibration coefficient, obtained from calibration runs; on

s standard reference samples;

%



commercially available stearic acids are presented in table 15,

S )

Ags= Y - axis RANGE setting, in -mW/cn;

Hr= heating rate, in °¢ /nin;

AY— difference in Y-axis deflection between sample and bl_ank

curves at temperature of interest, in cm;

n= sample mass, -in mg.
The results obtained at 20°C and 70°¢ for EMERY E400 and two other
Three

samples of each product were tested and only the average values of Cp
are reported. The specific heat was measured at the second heating
éycle, using a heating rate of SOC/min. Lover heating rates are not

recommended siné;e AY decreases with decreasing heating rate and the error

in its measurement increases.
Cp, J/g. °c
"1 Stearic Acid P g 5 '
. - So1id (20°C) | Liquid (70°C)
v = v /
EMERY E400 ‘1.8 T 2.38 AL
U,S.P.* 1.67 2.42
% ! F '
Triple Pressed*¥ 1.74 . 2,68
Table 15:¢ Measured specific heat capacities of 3 commercial stearic
acids ‘
* Product of American Chemicals Ltd., Montreal, Qu}bec, Canada
*% Product of J.T. Baker Chemical Co., Phillipsburg, N.J., U.S.A. i
: - |
7.2.C. THERMAL CONDUCTIVITY AND DIFFUSIVITY
The value of the thermal conductivity is qi:tained using the . |
- ‘ A . : U
following equations |
q 1 . o, ‘
= - W . .
k=T |@D + @D » in F/n.7C3 , o f
( Ax)top (&x)bo ttom ' ) . /!
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) whgre q — voltage (volts) x current (Amp.)? in watts;

+ A= area of main heater, in m2;

AT — sample temperature difference, in c’C; N

AX = sample thickness, in m.
The thermal conductivitf of EMERY E400, obtained at an average temperature
of 25°C was found to be 0.190 W/(m.dC). Low values forthe thermal
;:gnductiv,it,‘y ‘are an‘unfavourable characteristic of organié compounds
when o;ompared to the thermal cor‘xductivity values of éalt hydrates (table
5\ | \

The calculated value of the thermal diffusivit}" of solid EMERY E400,

'

0,11 x 10“6 mz/S,' is close to the thermal diffusivity of ice 'but also

lov when compared to salt hydrates.

7.2,D., MIXTURES OF PRESSED STEARIC AND LAURIC ACIDS
Wy

\
Stearic acid P.5.P. was mixed with latric acid in different molar

weight percentages. One particular composition, 30Z stearic 70Z laurie,
wvas found to have an apprgpriate melting temperature for house heating
applications, Its peak temperature and heat of fusion are preéente'd. in
table 16, along with those of stearic and lauric acids. The thermogram.
of this mixtufre (Figure 24) showed only one endothermic peak, while most

of the other mixtures presented two ‘endothermic peaks (Figuxje 25). ,

Hlt.ll'ill Heating Peak Heat of
. rate, temperaturs, fusion, |
i , C/=min C : ilg
staaric 0.5, P, 1 51,6 216
lauric . 1 &1.5 189
7021 auric-30%stearic 1 ™ 31,8 197

Table 16: Properties of stearic U.S.P, and lauric acids and one of °

?Aeir nixtures. .
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7.3 PROPERTIES OF C/F,A,/W MIXTURES ‘

7.3.A CEMENT POWDER AND HYDRATED CEMENT

The thermogram of cement powder (Figure 26) presents two distinct
peaks at 122° and 434°C in the 20°-440°C range and a shallow endothermic
depression betw.e*:en'GO0 afld 300°C,. with a peak at approximately 170%¢.

The 122% peak could be atfribut;ed to ioss of the hygroscopic moisture
that was not completeiy removed after drying the sample foxr 48 hours
at 105°¢, "I‘he flat endothermal depression at around 170°C andthe 434°
peak could be attributed respectively to the gradual dehydration of
gypsum and to the Ca (OH)2 formed du;:ing exposure Ato air, as ez‘cp]‘.ained
by Ramachandran et a’l. - (63),

The thermogrém of hydrated cement (Figuré 27) presents two coales-
cent peaks below 200°C, at about 1230o and 190°C, These peaks could be
equivalent to the peaks ..me,ntioned by Ramachandran (53), The firs;t, occur-
ring at 1300—1400C, is caused by the desorption of capillary water from °
the lime-silica gel, while the second (at 195°-200°C) represents the

dehydra(pion of the SO3—poor member of the solid solution approaching

. 4€a0.A1,0,.13H,0. The endothernal pesk obtained at 390°C might be due

I

to the same cause as the peak obtained by Ramachandran at 4150—430°C, ‘

that is, the dehydration of Mg(OH)z.

7.3.B.__C/FiA. /W MIXIURES

Samples of three mixtures (C/F.A./W = 1/0.8/0.65, 1/0.9/0,65 and

1/1/0.65), cured for 28 days and oven-dried at 105°C for 48 hours, were

heated at a rate of SOC/min. in the DSC cell, The samples were.obtained

by grihding chunks of the mixtures into powder, Tw«i samples of each
mixture were chosen to ensure uniformity in compos ition., It was estim~

ated that 30 = 407 of the weight of these samples was fatty acid. The .

pl

thermogramé obtained were quite similar in shape (Figure 28) and showed
4 -
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. .
the following characteristics: ] : N

. L - -
1. The absence of the endothermal peak around 56.5°C corresponding to

N ’ .
. .

2, The appearance at about 40°C of an endothermic dent- of ul}known

the presence of the fatty -acid;

.

: origin.‘ This endotherm, shown in figures 29, 30 and 31, is accom-

panied by a very small amolint of heat agbso(rption which could not
\beoatt.r'ibuted to the fatty. acid .havif.nﬂ/ as found earlier, a heat |

P4

of fusion of 144 J/g;
: L85,

3, An endotherﬁx.at‘approximately 115°C, corresponding to, the dehydrdtion.

] of the sample; and- . . -,

4. A transition occurring betweer 170° and 190°c (Figire 28). The

transition was accompanied by the release of heat and smoke, and

the change of state of the sample from grey powdegr to a compact,

¢

dark and 'élasa_sy ‘compound,

The thermal conductivities of these mixtures (at ~30°C) were;found

. g .
to be slightly lower than, the value obtained for'solid EMERY E400,

These values, presented in table 17 with those of EﬁEl‘OO and hydrated,

y ’, cement, ‘;how a slight decrease with the additic‘m— of\ the fatt»y acid. !
Material Therm}-il ) average temperature
P conductivity, K at which K was
‘ - (W/(m.9C)) * measured
) o Hydrated cement / ‘0,710 ‘3‘0 N
' - 1/0.8/0.65 ° 0.187 32
' . 1/0.9/0.65 0.180 %
) 1/1(0.65 0,153 30, A‘
- EMERY E400 0.190 25 -

C/F.Ai‘TIW' mixtures -
vl

4 .

v /' . ‘ .. N »
Table 17: Ih_erm71 conductivities of cement, EMERY E400, and 3

&




¥

d 193em wwumn:ummlmsﬂm uy Surand jo sdep gz

1333 ‘69 0/9°0/1 =M/ V'd/D PPIip-uaa0 jo weadouwasy]

o

1627 mumwwm

S e .

.

+

rr-

-8 oy~

L g B

2 "E-

Lg 2~

|8 "1~

*

— +

c0 @78 "B/t
¥

‘O 9°rI

——

*&..N> ) C%.uuo.o.'.ﬂcu. !H“Lmo«.n_
~NIH/930 S

3oy
.xyg -

~R/V/3 -reduog

2

(R™) Aald o8y




; - ) . Y . oo, . V
\w/ L o, 1378M pIIBINIBS—PUWI] UL mcﬂu:umo skep .gz-

- » ) \ - i ) N S
/ . " c1933R €6970/6°0/T = M/°V"d/D POTIP-uaA0 JO Em“mazwmsy 20 210314

¢ -

- \
. . - - " . I
. * .

. i . 1,) ®unjpaedus|
BEl g1 oIt 28t 88 - 28 B 80 e ar 2E a2

Iz A o t : . - 3.8°18 18°1-
S : — — e : r s, .
- . 4 + + + + +

s 3 3 + +

—

L. - - . B'2A 350 wAtjomaequl rwouboug

o . ) ‘NIN/930 & *™3°H
| . 3sd -9y 191 w=ig
o ) . €0 '9/6 '8/1-A/V/3 m{dwog

3

. - . . ’ %




3

N n
. 193em pailein)¥s-awI] Ul SuTand jJo sAep g7 | .

I233e .mcuo\ﬁ\.ﬁ uZ\.<.h\.u.umﬂuulﬁm>o jo. weadowasay] :1If 2an314

’

: (l,) worjosedwe)

+ + + —+ v~ .q, o.-. b . @ 2A 3sd ‘).«&8 Ul -lﬂ..bﬂt&
) . ) ‘NIN/930 & **3rY
J m d s ¢ ‘oM €€2 ™IS
- . SO B/1/1-A/Y/D weldweg
3 ~ e N ’ t ’ -
. .- _ .

W) w014 3oy

.



Y

EMERY E400 (Figure 32) 'corresponds_t:o published IR spectra of ‘pure,ste'ar;c

-

‘great extent to a published spectruxﬁ (67) of the same‘material. The *

86 a . . 2

' . ~

The results.of the thermal analysis of the C/F.A./W mixtures led us to .

v - ) L4
PRI -

believe that a ppssible chgmical reaction might havé taken place between

the weak organic acids composing EMERY E400 and the lime présent in the -,

- q .
cement composition., Infrared absorption spectrometry was then used to.

" 4 o

/ . :
investigate this hypothesis and the results are discussed in the next v

4 . -

,section, . ; A °

7.4. INFRARED STUDY. . ¥
- -_ ‘

= I?frar;ed ébsorptioﬁ was used to‘st.udy the ihteraction betx;reeh EMERY
E400 and cement in C)F.A.-/W mixtures., The infrarefl (TR) spectrum of
acid (641 65). T}:e most‘impgrtant characteristic of this spectrum {s the .
C =0 band occurring between 1700 and 1725 'cm—l (655. Other lese important: .
charaéte}'istics« 1inc]'_ude the C-H stretching at 21940‘ anci 2860 cm_l and a
broad 0-# band"in the 2500 to 3000 cm range. ‘ s~

; : s w5l
. IR Spectra of type 10

A - [} N ~ - - .
%ement in powdér and” hydrated. forms were also ’ "

obtained (figures 33 and 34). The cement powder spegctrum agrees to a . o

-

«

s"pe’ctrum of hydrated cement presénts 2 peaks at about 1000 cm"l an'c'l 500

— - N ' L ’ !
cm 1 caused ,by Si-0- stretching vibrations as well as a band in the 1400 - .

' curing period of 28 days (figures '35, 36-and 37). - In general, these

split of the C=0 band from the 1700 - 1725 em™ tq 1545 cn L and 1580 N

N - N ; 2_
1500 cm 1 range which ‘can be attributed to the 003 stretching mode. The

e e .
2. 5\

occurrence of CO3 can’be explained by the partial carbonation of Ca (OH)2
(69). IR spectra were obtained for mixture C/F,A./W=-1/0.8/0.65 ‘after
, .

16 and 28 days of curing, and for m{xture C/F,A,/W = 1/0,8/0.70 after a

spectra are similar in shape and are characterized ﬁy the shift and

B
. -

Lt , . . ) ) *
™ / ' - -~, ) . 1,
¥ . .o



. PN ) -
—e . . R *~ o s . - > “i - . R
- ’ s t. - 1 - .
- v - - -_ - . X
[ '
. - . - - . - - . .- , . .
CT .- . , K , .
- Q,
o L 004 A¥AWH Jo wnijoads uoyidaosqe ¥y :zg 2an8ig
4 A 4 ’ -
.1 0024 onslt 0002 00szZ (WD) 000E on“
' .
]
“ -
’
Gyt RS LS e
= Ot & k] s
. . ZrO1-661 "ON 14VHD . e EEWYE NMEE -
1 ]
. - - . <
. R v, . - - 1
N ., \ . . * - - f
~ . N !
RS . ! -
I
. . . ° 1
. - . . - . L
o~ - - -~



PN

«

.Hmwvzoa 01 °d43 quawad patip-usac Jo wniyoads to,.aumu,omnm ¥l “:gg 9unlt4g

009 (
7

W) 000!t
4 T

-

-

I

NIl

!

T

6 )

ot
Tro1-661 "ON LAVIHD

(%) NOISSIWSN'T YL




] ~ -
1)
k]
I
. .
- -
. L]
.
- 4
R
.
'
. . .
.
. ©
s
.-.v“ -
.
s &
.
. -
. .
,
.
.
w
y
e
€
.
’
.- »
-
° .
.
:

e ' - o T .
- ¢ °
T Juswed pajeipAy paTIP-UsA0 JO uniydads uoridiosqe ¥1 :ng 2and1g . _ A :
. . ,
T ) = . . ‘ .
008 (¥3) 2001 0071 ~ 06 { 0071 008! 005z ( wof 000€E 0ose = *_ovor .
i T 38 LU T N T T 0 -
W SHAA , (. .
- ! .
SHINOW ¥ ¥0d4 g3dn3 L : . -
[
AINIW3T (ILVHOAH L e
Bo .
0z .
e -
or :
z
m e
o0 ® - : .
o8
’ ~
: N -
i : i 0ol -
a8 8 ? T s sz - - T
Zrot-6617ON L3VHD , a EEWTIS NIMEIS
, i = ) , > - - .
N o~ ‘e ‘ N ‘ “ T
- » . ‘ ~, N - /f
3 / ‘ - .
- e - . =S
L} “ '
- - ) .0 ’ ) ! \..’
* » 3 . » -
. ¢ < . & haTs )
.- .t “ . - ~ - Y 4 vt N Nt «
. : L3 : T B . -



Ay
b b e S Y AN ST PR At A WP (AR oS £ dpe . o — . = s vz AP P Gy % i e T A g - p— e e ..tvl.ix N
B v o
. . . - .
r S 3 N
N , . )
. . ) L i
- : . . &
I93eM pajeanjes-suwl] ur 3urand jo sfep 9] 123IE
» . “ N
’ €9°0/8°0/T uB\..<.h\o. Paraip-usac jo uniloads uoridiosqe Y1 16 2an8ryg
. ) . - .
» . 008 _{, WD} 000t oor] ougt Dogl 005z (¥} 000€ oco....v
. SAvad ST 04 039ND
§8°8/8°8/1-R/V "4/3
’ oz
‘ or 4
o yall -
- £
. g
2
3
o8 ,
.q oor
. . ) s 01 8 . 114
ZrO1-841 "ON LYVHD ~ 5 H3WI3 Nidib3d ,
. ) N ‘ ~
A L N - » i
) ® N _ } . . e
Al ' ! . - ) » .
* Ll > °
- - ° 4 »
- : - .
- - - S - o




v

123em pIjeanies—awiT ut Sutand jo sdvp gz i91je
G9°0/8°0/1 = M/°*V°4/D PPTIap-uaA0 JO unijidads uorjdiosqe YJI1

ba

002 0052 {,wd)

19g 9an8ty

000t

0nsg

LLRN]

Lot

T

Wl

T

T

. SAYO 82 d0d4 03¥NI
S9°'8/8 °0/1

-R/Y 473

¢
1l

oz

or

(%) NOISSIWSNV YL

09

Ll

03

001

-. - v

N




92

I193es poleInles—aWf] ut SuTand jo sdep gz Ivije

0/°0/8°0/T = M/*V°d/D PSTip-usao jo wnijdads uoradiosqe ¥y1 :z¢ 2andrg

00Y {, W) nool _
0y | 0 2_5. {, W2)

."__:_..
LY

SAvVO 82 Ay0d Q33N
8L°8/8°8/1-M/V 47D

T !

b N v
T

3

(%) NOISSIWSNYYL



~

1& 93 B \./

ucm_l due to the possible formation of the\carbo%ylate ion COO™ due to the

ot 2

fprésence of the fatty épid and watsyfin the sys;pm. The bands which
' . *

?werq found im the hyd}ated cément spectrum (at 1000 cm—1 for SiO4 and -
between' 1400 and 1500 émil for Cd:) are still present in. the spectra
_Sf the C/F.A./W mixtures. ' ' Lo
. The results of the infrared absorption stu&& wvere found to be anon—

”clusive. In fact, .the possible shift and split of the G=0 band means

)

that a reaction at the carbonyl group did not occur and, if a secondary "

interaction gvér tdok_place, we were not able to reveal its -existenge

’

using the spectraiobtained in this study.

7.5 DISCUSSION

EMERY E400, like most organic compounds, has low thermal conductivity
' . ' . ~
and diffusivity, which is a disadvantage when compared to salt hydrates.
. {

It is also more expensive than most of these salts. However, it is therm-

3

ally stable, a fact that can make it cost competitive on a long-term basis

with less expensive heat storage materials.

) 1
Mixtures' of cement, EMERY E400, and water (C/F.A./W mixtures) did

p

not present the thermal characteristics expected from a latent heat
module because of a possible chemical reaction that has taken place
between the components of the mixtures. The infrared absorption study

[N - 7
was unconclusive and failed to reveal the existence of the reaction.i.

-

- The onl& clear indication on a ‘chemical reaction taking pla@e-betwéen

the fatty acid and some of the cement components occurred when liquid

i

fatty acia was mixed with cement powder. An appreciable amount of heat

I3

° -
was released, indicating an exothermic reaction.

¢ "

It was believed that cubes of fatty acid (avetage cube volume: 172

mma) mixed with the cement paste could help solve the*problem of the

.

N
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chemical reaction between the different components.

LN
‘ .

compound of reaction wouI;i cover and isolate the fatty acid cubes, thus

The ;es ulting

’

¥ £

7«

weight of the EMERY E400 cubes to ,x:l';e wveight of the cement in this new
sample was 0.8, the same ;s in the C/F,A./W= 1/0,8/0.65 mixture, Less
water was needed to make the cement paste ,(WZC:' 0.5). The compressive

strength of these samples, measured after 7 d‘ays of rlime-water ‘curing,

was three times ‘larger than for C/F.A./W mixtures, ‘However these

o

specimens present two major problems: ' 1gakagé of the liquid fatty acid .

9

from surface cells ahd other cells connected to them, and thermal stresses

in the séinplqs, due to the thermal .glxpansio’n of the fatty acid cubes,

)

. . .
" causing cracks in the cement matrix (Figure 38). .
. .
.
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'preventing further interaction with the cement paste., The ratib of the
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Figure 38: A cement cube containing EMERY'E&OO'chbes‘sHowing cracks,

L

and empty cells caused by 1ig£id fatty acid leakage
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CHAPTERZB: CONCLUSIONS AND RECOMMENDATIONS

L
-

8.1 CONCLUSIONS .

e n—s

. ' Several conclusions can be drawn from the results of -tha study

done ‘on the heat storage modules during this preliminary phase of re-

search., These are: ‘

\

i- Cement/fatty acid/water (C/F.A./W) mixtures: tan be easily produced

o ete o

and molded into any desired shape, Their‘pro&gction process being :

o e v oy ot St

the same as for cement mortars and concretes, AS\ext;a equipment
. * ,
. is required. The best mixture we found, C/F.A./W'= 1/0.8/0,65,

proved to®have an appropriates combination of light weight and strength,

: l ‘ . )
which should reduce transportation and handling costs, and permit

the stacking of the heat storage modules to appropriate heights.

bl

ii- The poor resistance of this mixture to freeze~tHaw cycling under
. " humid conditioms restricts the use of these modules to mild and

[ " warm climates if ‘used in outside wall compositions. On the other

[
'

. . , . ..
hand, they can be used indoors as partitions in any climate if the

et 2l LA Bl L e W P g o=

living sﬁgce temperature- is kept within reasonable limits, °

. iii~ The drying shrinkageiof'C/F.A./W:z 170.8[0.65, though 507 larger -,

R Y

, than that of cemént mortar, could easily be accounted for in thé '

- ‘ design of the heat stores.

) iv—- The use of high early strength cement instead of normal portland )
% ' 4 .
cement produced, the best improvement in compressive strength, which Cg
dncreased from 2,187 MPa to 4.4 MPa, These values were obtained

. . ' ‘ . .
h .- , after a curing period of 28 days. Additives, such as glass fibres - -
‘\ L]

and fly ash,:produced 6n1y minor increases in strength,

v- A commercially available pressed stearic acid (EMERY E400) was used

in the mixtures mainly for reasons of cost, Still, the cost of'lm3 . .

- * i,e. In terms of compressive strength.

. .
'
! .
.
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of C/FuA./W=1/0.8/0.65 is about 450 can.$, that is about efight

times the cost 6f the same quantity of concrete (65 c:émc,$/m3 .

[}

Pure substances are more expensive and their costs render tHeir

.use in heat storage uieconomical,

N a

vi- The thermal propertiés of C/F.A./W mixtures did not reflect the

¢

expected results,- This was probably due to a suspected chemical

i -

reaction between the fatty ac¢id and the cement, Infrared spectro-

metry was used to reveal fhe existence of such a reaction but, so

. . .
far, the analysis of the IR spectra did not provide enough infor-

\ -

mation as to the occurrence of any reaction, More advanced spectral

\

and chemical analyses are required to clear this problem,
vii- One of the most important properties of C/F.A./W miggures was their

thermal resistance (5.32 m(C/W) which was ~found to be equivalent to

]

that of hardwoods (maple, oak, gtc.) and four times larger than

that of common brick (l.39m.°C/¥>), making this material a good

thermal insulator.

)

i

8.2 RECOMMENDATIONS ‘ ,

The following recommendations should conclude this preliminary

o B

sf‘age of r,esearch on this particular heat storage module, and oper:'7 up
.new horizons for further research oﬁ the incdrporation qf fatty acids
;n buiiding components..‘ There are three main recommendations, .
i- The“firs't: consists of 'a detailed chémical and spectral analysis
tcla reveal the nature of the interaction between the fatty acid and
‘t:h:a0 hydrated cement components, If any chemical reaction is found .

to occur between the fatty acid and any of the cement components,

inhibitihg this reaction should preserve the thermal properties.of

’

O
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the fatty acid in the mixture,

ii~ The use of ‘aéid-res'istant cements should be considered. In this

%gse, macro~encapsulation of the fatty acid in concrete tiles or

panels made wi’t;h,\ these cements may produce, appealing prodt;cts in

terms\of. thermal properties, appearance, and cost. Furan-resin,

phenolic, and e4poxy cements have proyed‘to bg resistant to fatty .

acidsl'in general and to pure’stearic; acid in particular, -even at

Q? ) ’ . temperatures reaching 120°C (70)., These cements ar'ek more expensive
. than noruia?l. portla‘nd cement but, when mixed with sand, produce

\
pressivet strength, excellent acid, alkali -and moisture resistance

. polymer concretes of lighter wedght, increased tensile &nd com- '

and better strength~to-weight ratio than normal concrete.l
iii- The third and last recommendation concerns the macro-encapsulation
of fatty ‘acids in sealed plasti;: bags which could be piaced in hollowvj
modules made of cement or concrete, In\tl\xis éase, research should be -

N directed mainly to testing the resistance of these plastic bags to

1

ST - aging and thermal cycling. , -

°

o .
A complete economical analysis should be performed to assess.the

feasibility of these products in terms of production costs and useful ,

life, The first task, however, is to find a product that fits the

-

-

basic requirements in terms of heat storage through continuing research. *

v
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