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L ABSTRACT

r

Energy Storage Composite Jwith an Organic PCM

Muslim Abbas Khan ® ‘

This research is primarily aimed at exploring possibﬂ\ities of
étoring an organic phase change material (PCM) in a composite. Phase
change materials have previously been successfully stored in gypsum

wallboard.

During the present research work certain ag§regate and filler
materials were selected after detailed laboratory tests as possible
constituents for the proposed composite. Absorptiqn of PCM and
retention there~of in materialy like expanded shale, volcanic rock',
activated charcoal, gypsum and verm1cu11te etc. was determined.
Efforts were made to prepare po]ymer concrete compos1tes from pre- PCM
impregnated aggregates, fillers and polyester resin but the results

were not promising.

Composite 4spec1‘\mens were then prepared u§ing coarse:- dg'g“re‘éates,
§ypsum, sand, cemen{), sawdu;st, vermiculite etc. and water. Sévera]
mix compositions using different proportions of these materials were
prepared. The gypsum%qete specimens so prepared were cured, déed
and]impr;gnated with PCM. The absorption capacities of PCM in the

specimens were determined and compressive strength tests, DSC analysis

infrared §pectroscopy'and thermal conductivity tests were performed.

- i - oy
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A
The tomposﬁte, depending upon the mix composition, is capaB]e of

storning 15-30 weight % of PCM. In order to ensure coﬁp]ete encapsul-
ation of PCM, the composite specimens were coatedlwith a film of poly-
ester resin., This, however, resulted jn lowering of the heat transfer
capability of the composite. Thermal conductivity tests showed great

improvement on introduction of aluminum powder in the resin.

The composite can be produced in the form of floor, ceiling or
wall tiles capable of storing heat 9/980-766 Kd/m?. The cost of such

tiles with built-in-eﬁergy.is apbroximate]y $iS.00‘per square meter,

- v =
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CHAPTER 1
INTRODUCT ION

1.1 GENERAL

The objective of this research work is to study the possibil%ties
of encapsulating a phase change material in a composite for conserv-

ation of energy in budeings.

»

Previous works on the subject of conservation of energy for pass-
ive heating and cooling of buildings has shown that phase change
materials can be successfully stﬁred in gypsum wallboard. Phase
change materials were introduced in % inch waltboard and no exuaation
of the liquid PCM occured below 25% by ’weight. For a temperature
swing of + 4°C, thermal storage capacities up to 350 kd/m? are avail-
able [1]. - The results o; PCM - imd?egnated wallboard sﬁow that
impreghgted gypsum wallboard can function as an inexpensjve means of
- thermal storége and reduction of up to 30% in space cenditioning
energy consumpt{bn costs.‘ A product of high latent heat/storage was

thus produced [2].

The institute. of Energy Conservation (IEC)/ of the University of
Delware has designed and constructed a modular collection and storage

unit, called 'thermal wall panel' for application 1in passive and

hybrid solar .system [3].

»  Another research work has’ demonstrated that porpoplastic wax
sheets could be made using paraffin, stearic acid or other waxes.
These sheets can absorb sqlar enerdy effectively so that a useful

inexpensive collector could be built [4].

T %
.‘J:ﬁ
-
]



1.2 DEVELOPMENT OF STUDY

- ge.

In the present research work efforts have been made to prepare a
new k1nd of composites, from various aggregate mater1a1s, f111ers and

polyester resin, capable of stor1ng a phase change mater1a1

In the first phase of this work, a numbgr of aggregate materials .

were selected and tests performed to st their absorption capacities

for the phase change materials. Thermal analysis were-eerformed for
analysing transition temperatures and heats of fusion and crystalliz-

ation of the phase change material inside the aggregates.

It was now'possible to choose some of the dependable materials
having good absorbing capebi]ities. In the second phase, ettempts
were made to prepare po1ymer-conérete composites using aggregates
impregnated with phase chénge material, ff]]e?s like sand and calcium ~

carbonate and po]yester resisn, the resin being a binder.

In the third phase of the research, specimens were p#epared like
ordinary c@ncretes from aggregates, fillers and water'using different
mix compositions. -No phase caange materials were introduced ae this
stage. The sﬁecimens 'were allowed - to dry and cure Before being
1mpregnated with the phase change material. A thin:film of polyester
resin was then app11ed to comp]ete]y seal-off the composiﬁ@! Strength
tests and thermal analysis were.performed on various spec1mens in the

fof]owing state:

1) Plain specimens with no phase change material or poly- -

ester resin.
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2) Specimens impregnated with phase ‘change material.
3) Sﬁecimens impregnated with phase change material and

codted with polyester. resin.

_ Chapter 2 of' this report deals with the study of literature,
origin, selection, avai]abi]ityl and properties ofj aggregaaes and
fillers. Sinée the aggregate materials constitute a major portion of
the composite, the selection of such materials'combétib1e with the
requirements(of this fésearch work was an gxtreme]y important aspect.
The'#(dgregate and filler materials for the proposed composite have

dual purpose viz:

- provide necessary strength to the composite
- to ensure perforimnance properties i.e., absorbtion as °
well as being capable of-retaining a phase change mater-

ial for thermal storage.

3

A number of phase change materials such as fatty aciés are avail-
able in the market. Fatty acids are already known éommercially
important products and are in extensive use in cosmeticé, pharmdceuti
ical, textile, plastic and automobile inddstries. A detailed sgudy of
such materials was conducted by the Centre for Building Studies and a
report tif\ed “Energy Stqripg‘waleoard“ prepared. The saifeht feat-
ures of ﬁhis repogi on phase cha?ge materials have been adapted in

-

Chapter 2.

As per recommendations of this study commercial Butyl Stearate,

henceforth referred as PCM, was used as the phase change mater{al

*
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throughout this research work.

Since polyester resin is proposed as a constituent of our

composites, a brief résumélof polymers is alsuv included in Chapter 2.

Experimente1 work on absorption of PCM in aggregates has been
summarized in Chapten 3. The aggregate materials were impregnated ’
under different conditions of temperature and pressure. Certain
materials like shale, volcanic rock and activated charcoal showed best
results when impregnated at 70 C under a.vaccum pressure of 50 mm of
wvevecur:;/. Hardened and dr1ed gypsum pastes showed greater absorption

when the water: guypsum ratio was increased, while expanded verm1cu1-

ite would absorb large amounts of PCM even at room conditions.

After the preliminary research, certain materials were available
T

which had sufficient absorbing capacities were selected for further

investigations before these could be used as composite constituents.

Chapter 4 of this thesis takes un the “Composite” in which the
experimental work on preparation of specimen composites with varios
combinations of materials have been'-eescribed in detail. Se/eral
tests such as absorpt1on of PCM, compressive strength thermal/hnaly-

sis, infrared spectroscopy, spec1f1c heat and thermal cgnﬁuct1v1ty
4

were performed on various specimens. The chapter inc1u19§ details of

. - all the tests performed and the results obtained. Cosf/analysis of a
A . y
specimen tile has been worked out in Chapter 5. ’/tonclusions drawn

.from this research work and some suggest1ons ’for the future are

/
/

described in the final chapter of this thesis. '

AT




CHAPTER 2 ,

SECECTION OF MATERIALS

2.1 INTRODUCTION

Aggregates"cohstjtute almost two thirds of the volume of any
concrete mix and they not only influence the strength of the composite
but also affecg its other properties of which the performance propert-
ies are of greatest importance(for the present researchuork. The

selection of }he aggregatfjnmterials'is determined by several factors

such as:
- size : -
- shape and texture |
- avaifability .
/ &
' . Q
- cost ‘

cohposition and compatibility with the particular requirements.

Aggregates and fillers have been ‘usually considered as cheap
extenders or diluents which are dispersed throughout a mix Jargé\y for
economic reasons. The primary objective for use of these materials in

the present research work has been to impart certain functional pro-

berties to the composite rather than being materials simply forming

bulk mass of the end product. N\

2.2 -GENERAL CONSIDERATIONS

2.2.1 The Particle: Size, Shape & Texture-

The particle shape and the: manner in which the pariicles are

\
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packed together are important considerations for selection of” any
aggregate material [5]. The size of the largest aggregate wi]i be
’contro1]ed by the thickne§s of tﬁe composite so as to provide suffic-
| *ient cover. Most fillers and aggregates are u§pa11y ﬁi;eralg which
are ground rock or ores processed to obtain materials in different
forms and sizes. These may range from fine powders of gypsum and sand
to solids 1ike cruitii: stone or £he irregular shapes of expanded

vermiculite. -

Aggregate shape and texture also affect the workability of ‘the
mix through their influence on the pa;te requirements. Sufficient
paste is required to coat the aggregates and to provide 1ubrication’to /
decrease interactions between aggregate \particles during mixing.
Natural sand'1§ui gravel are spherical in shape, well rounded and
compact. Crushed stone is angular with sharp edges and corner§ and
. rough surface textyre. ‘fhe';urface texture of aggregatés is impor;ant
for workability as rough surfaces require more lubrication .for move-
ment than smooth surface materials. There -are no spécified tests or
detailed, definitions prescribed by ASTM for surface te*tdre and part;,
icle shape. A classification system of BS 812 :Part 7 (Table 2-1 and

2-2) provide classification system for aggregates [61].

2.2.2. Chemical Composition [5] .

Chemical composition of the candidate materials is important con-
sideration towards their use in this research work. The requirements

of the composite are such that any chemical reaction between its



. TABLE 2-1

Classification of Aggrégate Shape (BS 812: Part 1) [6]

3

—

Classification Description . . Examples
" %
Rounded Fully water-worn or River or seashore
shaped by attrition gravel; desert, sea-
n shere & windblown sand
Irregular Naturally irregular 1 Other gravel; sand or

or partly shaped by dug flint
attrition having ;
rounded edges .
. t
Kﬁgu1ar Possessing well-defined Crushed rock of all
. edges formed at inter- .types; talus; crushed
" section of ‘roughly planar slag
faces

FYaky - Material of which the - Laminated rock
thickness is small
. retative to other two
" dimensions -

A

Elongated Material usually angular
in which length is much
larger than the other two

. | ~ dimensions _
-F12ky and Material having/length much .
~ elongated larger than the width and

the width much 1grger than
the thickness




/.

TABLE 2-2

Classification of Aggregate Texture (BS 812: Partl) [6]

" Surface Texture

Characteristics

7
.

Examplés

Glassy

'Smooth

Granular
5]

Rough

Crystalline

Honeycombed

anéhoidalﬁfracture

Water-worn or smooth
due to Tracture of.
laminated or fine-

grained rock

Fracture showing more !
or less uniform rounded

grains

Rough fracture ‘or fink
or medium grained rock
containing no easily
visible c¢crystalline

constituents

Containing‘easily

visible crystalline
.constituents

With visible pores
and cavitiis

Black flint,
obsidian and

Gravel, chert
state, marble

Sandstone, oolite

Basalt, felsite
1imestone °

& ;

N

Granite, gaBbro,
gneiss

Brick, pumice, -
foamed slag,
clinker and
expanded clay
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constituents and the phase change material may render it unfit for the
purpose of a thermal storage mass. It is desired that the filler

materials+—should ha%g\no chemical react1on what-so-ever with the phase

,.ﬁ*ﬂ"( .
change material. 5i,ﬂ/

. 2.2.3 Physical a

' Density of the materials to be used is a fundamental and, import-

»

ant ph}sica] property since it affects the strength of the composite
and also has direct pffect on-its cost. General rg}es which apply are
that dens1t1es for solids vary from organics to metals in ascending
order. Porous\or ce]]ular fillers fall in the lowest density range.

Dry and non absorbant materials .like gravel, crushed stone and sand

'prgvide density and strength to the composite.

c
-

Densities of some of the aggregate materials are presented in

.

Tab]e 2'3.

Hardness or the resistance to wear is anothen fmportant physiédl
property to be considered in aggregates in concrete for use in -roads
and floor surfaces. Mop s scale (Tab]g 2-4) which rates one material
aga?gst another f;r its abiljty‘tp sc;atcg or to be scratched by an
adjacent member jn the series éy 2 kn1€e~qt~fjlc is a use ful qprasive-

“ness index- [5].

toe,

Porosity -of the filler materials is by far a very important con-

sideration for the presént research work, The absorption capacity of

’

the fillers for the PCM and their capabiliLy to retain the same was
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comprehensively studied and tests performed in the laboratory for
confirmation.
! £
TABLE 2-3 _

Densities of some Aggregate materials [6]

Type of Aggreéate \ Density of Aggregate
kg/m3.
Expanded Vermiculite 64-240
Pumice 480-880
Natura]‘Agsregate ) ‘ 1360-1600 «
Expanded Clay or Shaél : 560-1040
Volcanic Rock - 850-1250

]

. 2.2.4 Thermal
*——-—-—

As stated earlier, the primary objective of this research work is
to study possibilities of production of thermal storage compos?te for

conservation of energy in buildings. o

Since the composites will be exposed to thérfial influence, thére-
fore these properties are important to the aggregates and fillers.
Thermal conductivity (K), which is the ability ‘Sf a material for
transferring heat through the material from a region of higher temper-
a’tur:e to a region of lower'tempe%f,ure, is of great significance for

- ' .
our proposed comp051ﬁes;
»
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TABLE 2-4 -
Moh's Scale o}'Hardness [5]

©

, Value ' Material .
. 3 ¢ .
Softest 1 - talc, vermiculite 1.5 )
2 kaoline, gypsum, tin, micd 2-2.5
. serpentine asbestos 2.0-5.0
P fingernail 2 :
LY )
-3 calcite, barite, copper, gold,
anhydrite 3-3.5 .
) 4 aragonite, flourite, iron 4.5
5 tremolite 5-6, wollastonite 55,5
steel knife, window glass 5.5%
6 d feldspar 6-6.5, nepheline 6-6.4
S titanium droxyde pigment 6-L.5
file steel 6.5 .
S VT silica, 21rcon 7.5
8" topaz
r ' Lo
g9 corundun {alumina)
Hardest 10 d1amond’ -
.

" 2.2.5 Economics
4 ' .

. _ \ .
:The cost of the end produtt 1s greatly influended by the thotee

I’y o hd Q l Ky
of fillers and aggregates to be uysed in the composite furming, (ot
° Y ' L
®_ .
per unit weight of the composite w1l depend upon the type, density
. S

* . ~ e
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Al
i

and other factors mentioned earlier. The cost criterion in selection
" yveOf fi]]ers, aggregates and phase change maferiqls will therefore be a

very‘imporpant factor. Cost of certain composite materials is shown

t

in Chapger 5.

-

»
’

Based on the criteria described in the earlier paragraphs of this

+  chapter, a.number of aggregate materials which could form constituents

of our proposed composite were selected for further Stests.

LI

The fo]lowjng paragraphs briefly describe general character-

! istics, bfoperties; and oﬂher relevant jinformation about the candidate
: N materia]s’for our proposed composite. The information contained here
is based on study«af the available literature on the subject.
By
\vY L .
) T L 2.3 AHEREGATES AND FILLERS
) 2.3.1 ,Expanded Shale [7] -

- o
clays, shales, andkslate etc. to a suitable temperature. After crush-

ing and screening to the desired size, these materials have been used

1

} . PoFous‘materia]s of cé€llular structure are produced by heating
|
|
|

as good 1i§5t weight aﬁ%regates. Exganded shale is basical]y\formed
from slate Qasfe. ' S1ape is the general name for microcrystalline
si]jcq&é{éécks'that can be sp]it a]ong\bgqallelﬂsurfaces into smooth
surfateq.sheéts. The major ﬁortién'of the mi;rocrystgls consist of
quartz; mfca, and clay .minerals such as "illite" (an alluminum silic- .

ate of iron, ﬁhgnesiunu and potassium) and “chlorite" (a hydrated

P
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2

aluminum silicate or iron and magnesium). Small quantities of calc-
ite, dolomite, felspar and iron oxide are also present in the rock.
As a matter of fact slate is a metamorphic rock which. has actually
been formed from shale which itself, is-a mic;ocrystalline seﬁimontry
ground-mass'deposited&maiﬁly in the sea. Shale may occur in loose or
consolidatgd form. In 1nose form, it has a structure like clay but_
contains large quantities of very finely divided quartz, mica and
other non clay minerals. Slate has been férmed from shale by direct-
ional pressure built up by intense foldiny of the shale depog?ts. A
a result sheets like crystals o% mica and cldy minerals have recystal-

1ized and oriented to form a hard state rock with a Yaminar struclure.

AN -
Chips of slate waste are’crushed and heated to 1200°C to formm an’
T

expanded cellular product known as expanded shale. It has a densytty
of 560 - 1040 kg/m® and is an excellent aggreqate for Vight wetght

concrete.,

2.3.2 Volcanic Rocw

v

A1l minerals and rocks are girimarily formed by soltdificalton of
the molten silicate slag, called magma, which developed on the carth a

few thousand million years aqo. In large reytons thiy magma’ relted

- & ’
and solidified again and agatn when masses, already soitdified, wunb

to hotter regions or have been heated agatn by hotler maymay moving

i

upwards} This process {5 still repeated today. GBecause of preswyre
difference in earth's interfor, greal earth movements orcur periodiye,

ally, and consequently the pressure may change locally, 1.3 pressure

.
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drop occurs at a depth at~which‘the temperature is high. enough, 5
Targe mass of magma may be formed since a pressure drop 1owér§‘the
meltin§ péint of the rocks. Nowadays these m;gmas occgr main{y at é
depth between 40 aéd 100 km in the earth's qrus%. ﬁhen the pressure
increases the maéma can be squeezed upwaré, disgo1v1ng rocks ébgve it,
and selidify—again either as a result of the increa;ing pressure or by

“cooling [7,8].

Vo1éanic rock is a general name of the rock ma}eria]s ‘erupted
after a volcanic act%vity. Explosive volcanic eruptions give rise to
many pro@ucts shch as ;yroc1astic Focks which embrace %raﬁments of
different origns, many shapes and sizes, Some accumulations of
vdlcanic debris are uniform in composition and texture whifgxakhgrs
are heterogeneous mixtures. Pyroclastic deposits include fragments .cf
rocks shattered by explosions and materials derived from rapid cooling
of ejected lava. On final consolidation the coarser fragmentg mixed
with lava and volcanic dust form the agglormerates and the finé1y

q{viﬁed dust and fragments of rock form the tuffs.

The 'volcanic' rocks have 1loose packing, low density and high

¢
porosity and permeability.

2.3.3 Activated Charcoal

The ‘adosrbent properties of certain carbons have been known ‘since
ages, however, their manufacture began only during the present
. century. The expanding‘fechnology has eversince continued to find new

uses of carbon.
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2.3.4 Gypsum. [7, 9 L10) " ’ '

YA
f
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A}

A large number of carbonaceous substances are dvailable as start-

. \ X ,
ing materials for manufacture of active carbons. The present day

. production is_ based on coconut shell, wood, charcoal, lign1té, peat,

pulp waste, and bltum*nous coal A large surface drea per unit volume

{300 '2000 m2/g) is necessary to be created to produce an active
ca}Qon. Carbonaceous mqter1als such as wood and’ coal have a systom “of
pores but in their naiu}al state these pores are extreme]y small,

These pores can barely permxt access to nothing but sma\\ost gas mole-
cu]gs. Ihe art of making active parpon 'is therefore to enlarge these

pores as well as develop new ones. This is:accomplished by thermal

treatment in steam or other gases followed by some:chemical treatment

g . Lo

with or without the process of steaming.

-

Active carbons are used mainly in-the purification énd decaolory gz-

~— v

ation of 11qu1ds. = 1In thc sugar industry it finds fts use as decolor-,

. Pd

:21ng agent, in the pharmaceutica\s for concentrating componvntw and

to remove perox1des from the food stuff and odihln ofls, JU 15 also

“used 10 the water trestment and many other simxlar apnltcatien' (9},

[
.
[ -

Due to 1ts known high porosity, the material was tested for 1t
ahsorption—{capabilities for oyr -phase chanye material. and 1ty sub-

sequent possible applications as & useful material for therrg) storage
in buildings.

S

¥

The 1mport&nce of gypsum 13 based cq\izi fact that when. heated to

about 175 C and poudered 1t forms & solid mass when miied with water

4+

» .
] &
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. 4
and allowed to set. This phenomenon has been known since ancient,

times when Egyptians used’ the .material as mortar, wall plaster,

plastic arts and most of all for preservation of dead bodies. In the

middle ages' it was extensively used for decorative purposes in houses,

churches, memorials and in plastic arts. ) )
. A\ :

The mechanism of hardening of gypsum wii'critically studied by
Lavoisier in 1975. He d:scovered that gypsum is a salt that looses
three quarters of its water of crystallizatiom,on heating i.e. calcin-
ation of gypsum. The hardening of. calcined gypsum in presence of
water'was described as due to recombining of water in the form of

water of crysta]]ization. .

. Gypsum in its natural form is a constitueot of sea water which
contains about 0:14 % by weight of calcium sulphate. Solid ﬁ;psum is
widely distributed occuring commonly in beds composed of almost pure
gypsum. In Canada, on ‘the island of Nova Scot1a‘gypsum is. found close

to the surface over a 1arge area of about 1000 square kilometers.

Gypsum 'rock consists of ‘a white crystalline mass 'and is the
principal commercial form of gypsum. Gypsum - is calcined at temper-
atures between 120 - 160 C to remove about- three quarters of 1ts water
of crysta111zat1on. The resu1t1ng product 1s the ca]cﬁned gypsum well

known as "Plaster of Par1s“.‘
.

< In the present research, gypsum powder has been one of the pr1n-

o

cipal constituents of our proposed compos1te, it wi]l therefore be of

-
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interest to Jook into some of its physical and chemical properties.
Calcium -sulphate dihydrate, the common.natural form of gypsum
forms colorless crystals, has a, density of 2.3 g/cm’, and a hardness
of.1.5 t& 2 on the Moh's scale. The naturally occuring masses of very
small crystais are white or very nearly white. The solubility in

water is 2 g/litre at 20°C (in terms of CaS0,).

Gypsum is relatively inert towards chemicals such as acids,

alkalis and oxidising agents. This property has been one of the big

‘factors for selection, of gypsum for this work as it will be seen fin

the subsequent chapters of this thesis that how important it is to
ensure no chemical reaction between the phase change material and.,the

rest of the constituents of the composite.

!

On heating to l@g\\ 130°C the hydrate (CaS04 2H20) expels water

‘and is converted into the \hemihydrate (also called calcined gypsum,

Plaster of Paris, plaster, CaS04 0.5420).

The hardening of gypsum is based on two processes:

- the chemical procéss of combining with water to form
calcium sulphate dihydrate, and ad

- the physfcal process of crystallization of the dihydrate

from the aqueous solution,

Exper iments show that 40 - 50% of water by'weight'dY calcined gypsum
is required to obtain & hardened product with a setting time of about

5 minutes.
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w4 The compressive strength of hardened gypsum depends on the
quantity of water ‘used in tﬁe paste as well as presence of other

fillers.

Gybsum finds its use as a building materiél in a variety of ways
such as: ' } ,

; It -is used as a rgtarder in cement to prolong setting
time of concrete and mortar [11].

- A number of prefabricated building products like gypsum
wallboard, wall panels, floor tiles, and bricks are
manufactured from calcined gypsum.

- Insoluble anhydrate or dead-burnt gypsum in finely
divided form is constituent of plasters which form a
.hard mass with high compressive strength. Plasters of
insoluble anhydrite are used in f]oofing for production

of imitatipn marble, -

2.3.5 Vermiculite [9,12]

, Vermiculite is the name of a group of miperals consisting of
hydrous magnesium a]umino-si]icéte :and hydrous ferro-magneswum
a]umino-s111cates, which have been formed by a1terat1on of the mica
<'m1nera1s biotite apd ph]ogopxte. S1nce mica is a parent material, it

is important to know more about it.

Mica is a well known common name of a group of alumino-silicate

m1nerals forming flat crystals w1th a ‘remarkable c1eavage, which
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permit the crystals to be split into thin films. Tﬁe name mica was
first used in 1546 by G. Ad?ico[a, but Romans knew the product.so well
that it was used aS a costly glazing material. The mica mineral's
Siotite and muscoyite are essential constituents of igneous rocks ;s
granite,.of metamorphic rocks and various sedimentary deposits formed

from igneous and metamorphic rocks containing mica minerals.

ﬁconomip deposits of mpscovite which contain large crystals of
these minéréls are only found in grénite or acidic pegmatjtes. The
larger crystals of mica‘Aare often called "b09ks" because of their
highly developed c]eavagé and 1am{nar structure (Fig. é.l). .The name
~yermicuH-»te is derived from the Latin "vermiculus” meéning little worm
and was given in~1824 to a mineral occqr1ng in Massachusetts because
of the fact that a small ﬁaftic1e of it could be expanded on heating

3
to a worm-like thread.

In the USA, vermiculite, resulting from alteration of biotite {s
found in basic or ultrabasic igqéous and ﬁptémorphic rocks or at
contact surfaces of these rocks with acid rocks. Irreqular concen-
trations containing\hp;o 95% of vermiculite and having a length of

300 m and width of 6 to 30 m are commonly found in thgifarocks.

_Vermiculite is -mined by open-cast methods as well a; through
v underggound mining in cergain places in the U.;.A. The crude materia)
from thgse‘débosits varies ;n sfzes from almost dust to plates or
books several sqhare inches in area and is mixed with vartous rocks.

The crude product {s screened {o size at the mine, afr-dried 1n a
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rbtary kiln at a temperature of about 80°C and pass:ed thr,ough‘

crushers., The soft and flaky vermiculite passes thr'ough these without
much destruction - whereas rock. fragments are crushed to ‘ust and

removed by air separation. .

e
1

Vermiculite, like mica, forms flat 'brysfais with good cleavage.
Its col br"varies from yellow through various shades of brown to black.
The hardness of vermiculite ranges betWeen 1.5 'to 3.0 on the Moh's

scale.

Vermiculite has a capacity to expand' when heated to high temper-
atures.  On. heating the water of crystallization 1is liberated and
gvaporated. The evaporating cleaves the vermiculite. crystals into a
number of layers, and the vermiculite» expands at right angles to the

plane of cleavage. This process is called exfoliation.

Hydrated magnesium iron aluminum silicate when heated to about

1100°C is capable of expénding six to twenty times. The platelets

exhibit active curling movement when heated; hence the name "expanded

-~

vermiculite"s Figures 2.1, 2.2, 2.3 and 2.4 show vermiculite in the

" normal state and how it looks like after expansion,

Vermiculite has crystalline structure with high porosity and high

'void vol ume to surface area ratjo. The density of the material is

low, ranging from 56-72 Kg/m® for 16 mm to 104-160 Kg/m® for 0.5 mw

51 zes.

It is insoluble in water and all the known organic solvents. The

absorption capacity of vermiculite for 11‘qu:1d*s ranges betweer” 200-500%

’
13

L4
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dépending upon the particle size. This property was extremely import-
L} (

‘ ant for selection of vermiculite for use in this research woriﬁl

Vermiculite has been used for light weight concrete aggregate, in

&

insulating concrete, fire proofing, refractory, filler in rubber,

. paint and plastics, absorption of oil spills and packing [12].
] .

Wood séwdust, burnt clay bricks and certain other materials were

also tested as possible constituents of the proposed composite.

2.3.6 (lay «

| Clay is a kind of natural earth which can be readily recognized.
When sub-divided and mixed with water it becomes coherent, sticky and
moldable. ﬁhen mixed with §ha]1 proportions of water the nﬁxtﬁ?e.
although still moldable under pressure, shows little or no tendency to:
adhere to the fingers. If ﬁixed with larger. proportions of water the
clay forms a suspension with water from which the coarser particles’

settle out fairly quickly but from which the finer particles settle

only after prolonged sedimentation.

" The most charactristic property of ‘clay is its property of plast-
icity or mo1dab{1ity. Plastic clays with proper addition of water are -

readily moldable into test pieces, slabs. or bars.

’

2.4 METAL FILLERS [5]
Wien polyﬁers are used in a composite, they enhance the adhés1vé
_properties, corrosion resistance, resistance to abraison, and also

maintain excellent electrical and thermal {insulation. In the present

<
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application, however, we desire a polymer with high thermal conduct-
ivity in order to allow phdase transition of the phase change material
=~encapsulated in the composite. The broblém of the 1nsuTat1ng prober-
ties of the conventional po1§pers can be overcome by introduction of |

metallic powders in the polymer to improve their thermal conductivity.

Metallic powders are produced in large quantities for powder
metallurgical purposes. These powders can also. be used to impert
special qualities to plastics by enhancing their properties like those
of thermal conductivity, electrical conductivity anrd heat capac1tyf

¥

¥

A]mos£ all pure metals and most alloys can be obtained in powder
form. Iron is the most common metal in the use of powder metal for
fabricating . parts of automotive. equipment, . appliances. office
machines, power tools and hardwares. Copper and its alloys are exten-
sively used ;s powders in porous filters and‘gearings. Aluminum, a
liéht weigh£ corrosion resistant metal has been widéﬁy used for high

. tension électric cables, metal foils and a host of other applications
[13]. “The metal has low cost as compared to many other metals and has
high conductivity. vThe'use of aluminum in construction industry has
found huge consumption and the metal is now extensively used in all
construction projects. Alum{num powders 1is Svailab\e tn varfous
grades and sizes. These and copper pokders. when used as fillets can
greatly improve Eherma] properties of rksin bound’composites. Gold

and silver are also excellent candidates for the purpose but because

of their tremendous cost, would not -be considered for such use.
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v

Metallic fillers also improve physical properties such as impact

strength, reduction of mositure transmission and fire retardency.

-

2.5 PHASE CHANGE MATERIALS (PCM)

Phase change materials can be usSed for thermal storage in space
heating and cooling. Heat is stored and released by melting and
freezing of the phase change material by ufi]izing solar and internal
heat gains from 1ﬁghts and people. At Tower temperature; the PCM
freezes thereby releasing energy in the process and will absorb energy
walii it melts at higher température. This is the basic phencmenon of

storage and reléase of energy of the'phase chamge materials. -
»

The phase change materials which have been developed fon energy
storage from the vast number of potentia]=pr5ducts have a number of

important similarities. They all have the following basic properties

[14].

-

1J'§oth phases are condensed, either so1id§ or liquids.

2. The temperature of phase change is useful in energy
storage application, typically 0°C to 200°C.

3. Thé phase change process can be-repeated without loss -
in stoéag@ capacity. |

4, The latent energy of the phase change is substantial.

5. The materials are not expensive, highly \toxic. or

noxious.

Aléumber of energy storage materials some in the form of 'salts

[15,1§j are available in the market, Centre fér Building Studies of

LA

4

=3
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Concordia University conducted a detailed study of such maéegials
during a research projéct on enéqu storing uﬁﬁl-board. A portion of
this chapter regarding se]ectiﬁn of the phase change matgria\ has been
adapted‘from the report titled "Energy Stdring Wall-board (Phase 1),

Part of the Solar Energy Development Program. o -

2.5.1 Sélection Criteria’

/

The selection criteria of the phase change wate?ia]s were based

! 1

on the following considerations: »

J

Thermal Properties

Physical Properties

"Kinetic Properties .

Chemical Properties

Economic Factors

A. summary of each of these criterion fis described ip the following

!

~

paragraphs.

2.5.1.{ Thermal Properties

(a) : Transition temperature

The phase transition temperaturevof the material should be such,

(oS

~

that melting process should be ‘complete at its upper limit. For ~

storage and‘re1ease'of energy, a ranée between 1[—23'0 i9°considered +

most appropriate. "The initial melting and freeiing temperatures
* should be within 4°C of each other to prevent.eicursions outside the

comfort zone. : . -

?

» ot , ‘ c
- ¥
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“ (b) Latent Heat
In orde; to meet the thermal requirements of buildings with least
.aﬁghnt"of phase change material, it is essential that it should have
highest possible latent heat of fusion.
v (c) Heat Transfer Properties )
. The asiiity of éhé phase change material to transfer heat from
witﬁiq the mass in which it is encapsulated is a very important factor
- 5 rinfluencing its selection.
g.st}}z Pﬁysical Propert%es
’ (a) Physical Stability
When a phase chan.ge materiaT changes ,frou: one phase #0 the other,
it i; fesired that’thé composition of both phases must be identical
) under all ponditionsdof operation. As such the material should be

e

-such that the melting of components is' congruent and that they do not

seggregate during the process. ' ~

) (b)-Vapg; Pressure
Thé"phase change mqéeriai should have high boiling po%nt (above
e 200°C) in’ordgr to have low vapor pressure necessary for containment
of the material. o N
(c) Volumetric Change -,
The vo1ymetric bhanges associated with the phase change of the

"

. , material should, be such that no damage to ‘the container is caused.

»
<
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(d) Density
The .material should have greatest possible density to maximize

heat storage per unit volume.

Physical properties of some fatty acids like FM\ﬁitig’acid have
been investigated in details by Southern Régional Research Laboratory,
New Orleans to cover the specific volume temperature relationship,

expansibility of the solid and 1liquid ‘states and melting dilatfon [17].

2.5.1.3. Kinetic ﬁroperties | ,ﬂ(/
(a) Avoida;ce of Super Cooling .
Some materials remain in liqhid state even, when their tm;pcrdture‘
drops below freezing point{ the latent heat is thercfore nol releas®
at the desired temperature. It is hnportaﬁt that thq phaﬁe change

materials should be devoid of this super cooling tendency.-

(b) Crystallization Rate
v The rate of crystallization of a substance -is controlled by the
‘kinetics of 1ncorporation of the molecules in the crystal lattice and
by the rate of heat tfansfer. Both of these processes must proceed ot

such a speed so as to ensure the exchange of heat’ within an acceptable

period of time for effective temperature conditioning,

Z.5.1.4 Chemical Properties

Y

(a) Chemical Stability: ) '
4 phdse change material 1incorporated in a’but\ding material must

have long life. This will be achieved only when any chemical reaction

4

’
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and thefmal 'decomposition of theg material is limited to an acceptable

low rate.

~(b) Cpmpatibi]ity: .

v The phase change material should be-compatib]é with the materials
in which it is encapsulated ‘as well as those with which it will tome
into contact. These_ include buiiding materials, wiring,: pipings,

. paints, wall coverings, adhesives, and others.

(c) Non-toxicity:
The. material should be non-toxic so that injury cannot result

from skin contact, ingestion or inspiration.

' (d) Flamability:

The material hust be non-f1amab1e.

(e) Elimination of -Nuisance:

-

v

‘ o "The material selected should not cause--unpleasant odour or

# allergic reactions due to any vaporization.

2.5.1.5' Ecohomic Factors , . (

0

e (a) Availability:

* The material  should be readily available in abundance.

(b) Cost: .

-

Any stable phase change materials which .is encapsulated in a

composite. must have low cost'per‘unit of heat storage as compared to

~ )

‘the total of a central storage system.
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After thorough consideration of all the factors, certain phase
change materials were selected by the Centre for Building Studies for
detailed research and investigations. These materials also included

certain fatty acids.

%
2.5.2 Fatty Acids

The use of fatty acids has been growing steadily as commerc1a11;
important products. ]hese chemicals are obtained primarily from
naturally occuring’fat;‘and oil; and hence the nam; “fanty".\ Their
most important applications so.far have\been in cosmetics and pﬁarma-
ceutical industries where these are useg in varn%shing creams, oipt-
ﬁents, lipsticks and nail polishes etc; in textile and fibre teéhno\-

0ogy, in the manufacture and_processing ‘of plastics. metal treatments

and-Tubricants, automobile tires, seabs.and detergents [17.18].

thty acids because j% their thermal properties may have found
new dimensions as low cost energy savings materialg-for use fn bufld-
ings. - These acids ;neet thermodynamic and ,kineFic criterta for low.
" temperature latent heat storage. Their melting points are in lgw
temperature raﬁge with high latent heat of transitions pcf unit mass,
The studies show that the freezing points of these materfals are
higher- than the melting points {.e., freezing and melting ranges
bver{ap. This may be due to the 1mburities present in commercial
grades of these materials [16]. ,§aturateé fatty acids exhibit small
yo]ume changes Juring the phase trans$t16n and have 1ittle or no super

cooling during freezing., They have good -chemical stabtiity, low y‘ﬁor
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pressure at room temperature, are” nonstoxic and also non-corrosive.
N ¢ . !
Prihcipal physico-chemical properties of some fatty acids are shown in

.Table 2-5. : ‘e

-\

7

-/

L, .+’ 2.5,2.1 Butyl Stearate [20,21]

[

Commercial Butyl Skearate, a product of Emery Industries Ltd.
g “ Canada and ma}keted under trade name o? Emergy 2325 has_been used as

. ' phase change'materiaX.(PQM) throughout this research work. -The major

[}

components of the préddct are:

~

* = Butyl Stéérate 50%

' - Butyl Palmitate 48% . ) - s
: ; ; ' -
The raw material for Emery 2325 is stearic and- Palmitic Acid.

o f

Commercial Stearic CH;(CH,);s COOH and Palmitic Chy(CHp) g COOH are

straight chain, saturated rionobasic acids qnd~are found in abundance °

i

CHHHHEHARH A
TTEE R v e e,
. - HeL=C-C-C-C~C-C-C-E~C-C-C-G-C-C-C-C~C-OH
- o PETEEEI T L
- : ., HHHHHHHHH HH BTH H-H A A .,
Lo Stearic Betd - ‘
] HHHHHHHH H.H;H'H,fuHil,o"Q
FEVETLEL LR T
& H-C-C-C_-C-.C-C-C-C:C-,C;C'C"'.C'-'C-C—C-OH .
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, TABLE 2-5
Principal Physico-Chemical Characteristics of Fatty Acids [Zb,zll

Fatty Acid Formula Molecular Melting Freezing Latent
' L. . weight Point  Point Heat of
Melting
¢ ¢ J/g
Stearic  _ CH3(CH;),¢COOH 284.7 69.2 69.4 222
Palmitic  CHs(CH,),,COOH 256.42 62.9  62.4 212
Capric CHs (CH, ) sCOOH 172,27 3.6 . 31.2 163
Lauric CH3 (CH, ), oCOOH 200.32 44,2 43.8 183

A

in animg] faEs and.in varying degrees in cotton seed, corn, soyga coco
uand‘Pa1m oils. In the pure form these écidghsre s&]id crystalline
opaque white 'maierja]s. Physical ‘composition of some common fatty
| acids are éhown in Table 2-6. ‘ The chemical properties like fire
* hazzard, toxicfty and the pricé*range of‘the”products are listed in

™

Table 2-7.
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Thermal analysis of tiie product were conducted to determine ther-
mal characteristics. It is derived from t!\e anaiysis curves (Fig.
n 3.3) that: ‘
- the PCM, Butyl! Stearate, sthar;ts melting at 17.1°C with
peak temperature of crystallization of 21.6°C
- freezing of this° PCM starts at 20.4°C with peak .tempe‘r-
ature aof crystallization of 18.8°C
~ ; - Jatent heat of melting = 140 J/g . \
| - latent heat of crystallization = 143 J/g
) , TABLE 2-6
Fatty Acids Proportions of Common Fats & 0ils [20,21]
Fatty Carbon B : Composition
" Acid Number ' :%
N Lard Tallow Castor Coconut Corn Cotton Lin Palm Soya

Seed Seed N

-

Stearic Ci8  8-16 15-25 0-3 . 2-4 2-4 1-4 2-4 3-6 2-6.

Palmi- . '
“tic 16  20-28 20-35 1-3 7-11 7-19 17-29 5-8 38-48'7-12
Capric 10 - 4-9

Lauric Cl12 S &i '
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. TABLE 2-7 |
Toxicity, Fire Hazard and Prices of some PCM's [9,20-22)

Material ~ . Hazard Ana]ysis Price

Toxic Hazard Rating Fir ard $/kg
~ Buty!l Details known, limited Stight when exposed 1.10
Stearate animal experimentis to heat or flame,
’ suggest low toxicity . can react with oxi-
’ dizing materiq1§
Capric Moderately toxic; ’ 1.20
Acid limited animal experiments :

suggested moderate toxicity ‘ .
and irritation

Lauric Animal data suggests Stight when exposed 1.20 .
Acid Tow toxicity for to heat or flame,

Yauric acid esters, " can react with

details unknown oxidizing materials

2.6 POLYMER MATERIALS [23-28]

The engineering materials commonly known by the term plastics are
in.fact polymers. The name polymer is derived .from the Greek words
“poly" meaning aany and "meros” which means:parts. as these substances
are composed of long Ehain repeating molecules (mer). Carbon forms
the backbone of the repeating chains and the atoms in the molecules
are sprongly bonded. The common polymer polyethylene is composed gf

repeating ethylene (C,H,) molecules. The term "polyester" is analégus

-~
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to the term "steel" because of the -fact that there are multitudes of
polyesters just as there are numerous types of steels. A pcﬂyestér is
~ formed by the reaction of a polybasic acid and a polyhydric alcohol to

form a series of ester linkages. -

) -0 0
. ”\ 1 QJI 1
R-C~-0H+R-C=-0H=R-C=-0-R+HOH"

acid . alcohol ester water

According to the type of acid and alcohol used, one of the following

- Alkyd or oil modified polyesters used for coatings
- Unsatur‘at.ed polyesters based on dibasic acids _and
” dihydric a1c;)hols capable of cross-linking with vinyl

"monomers to form thermosetting copolymers \

- Saturated -polyesters which are used as ‘p1ast1‘c1‘zers

- Fibers and films which are high mo]gcu1 ar weight highly
oriented saturated polyesters '

—‘ Polyester foams formed with polyesters‘ with a high .
copcentration of hydroxyl groups whiéh are cross-1inked

to form foams, elastomers and coatings.

+2.6.1 Unsaturated Polyester Resins

The construction industry is a major consumer of polyester resins

¥

- "in—e;_s much as these products are used in the production of cultured

Ve
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marble and onyx, sanitary wares, glass-fiber reinforced tub shower
units, buf]ding facades, special types of floors and floor tiles,

polymer concrete ‘and many decorative building elements.

Since the beginning, of the early 19605;‘cu]tured marble and onyx
have grown to be one of the major ‘applications of unsaturated poly-

esters.  These synthetié stone products are cast inyo efther flat

. stock or complete bathroom items. The flat stock can also be used for

wall applications. ‘The pigmentation and appearance duplicate the
appearance of the finest onyx and marble with the advantage of greater .
durability. ‘ -

Polymer concrete is a more recent development and was first

introduced in’Europe.g With correct fillers such as silica and chemic-

4

ally resistant résins, mortars and aggregate filled polymer éoncrete

mixes can be formulated. Some of the applications of polymer concrete

.5, 2.6 and 2.7.

Po]yester restns are viscous, pale yellow colored‘materials of
Tow degree of go]xmer%sation (8-10). These ar%'producedoby condens-
ation of é'glycol with both an unsaturated and a saturated dicarbox-
ylic acid. The po1yestek.rﬁsin.wh1ch may vary from a very highly
viscous liquid to a br{ttle so]ié depending upon its composition s
mixed with a reactive diluent such as styrene. Addition of styrene

eases working, reduces cost of the prbduct and enhances 1ts react-

ivity.

o
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The raw materials used in the preparation of polyesters are:
- Propylene glycol is the most important glycol used in
the manufacture of the resin

!
CH3-CH-CH2 ¢

) JH JH
propylene glycol

- Sapuratéd acids have the prime &unction of spacing out
the double bonds thereby reducing.the density of the
cross-linking., Phthalic anhydride is the most commonly
used acid, which because of its low cost enables
production of cheap resins.

- Diluents: Styrene is the most preferred diluent because

of its compatibility, low cost and ease of use.

Orthopthalic polyester resins, isophthalic polyester resins,

vinyl esters and blends of one or more types of these represent some

~of the variant forms that are utilized commercially.

1



‘ -.39. °°
O
L CH \=o . c_= 0
; HO - CH2 - CH - CH3 +|| 0 +O: 0
CH Ao - =0
Propylene Glycol Maleic Anhydride Phthalic Anhydride
ra : .
. CH3 CH3
HO [-CH-CH2-0-C-CH=CH-C-0- CH CH2-0- c ]COOH +HOH -
0" 0

Unsaturated Polyester (A] kydal)

2.6.1.1 Production and Properties

» v

Unsaturased polyester resins are produced by the Qo]ycondensation
process; glycols and acids are esterified, waterq is dri‘vbgn off, and
polymers evo]vé. "The type of starting materials used, the quality of
the process conthrol employed, and the tine.and ter;lperature of cquipg

< all infiuence final resin performance, Generally sc;gakiné. orthpphth- 4
alic resins are cooked on.a relatively short qule t‘ime; these resins

-

find a variety‘of app]icatioqs where high performance re,qufrements are
not of the first magnitude. Corrosion-resistant products such as
isophthalic polyester ,reé‘,ins require extended cooking ‘time to develop

maximum chemical resistance. End-use properties are tailored to the
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specific market place into which the resins.areisold. For instance,

the automative market demands for its appearance parts that the resins
. ' . I ,
———
perform well with 'low profile and shrink-control agents to produce

smoother than steel molded surfaces. Propylene glycol maleate resins

are preferred for this application.

*

»In puildings; for sanitaryware and floor tiles etc., it 'is

required sthat the resin system mix well with a variety of fillers cure

!

! P ’ .
bubble-free and resist the effects of exposure to stains and mechan- O~

Ay

—— S B

ical™ impact. T‘Orthoéﬁtﬁal1c, dicyclopentadiene, and isophthalic

~

_resins, as well as blends are used for this- purpose. Cultured onyx

and marble bathroom sinks and tubs are produced by the open mold and

~
-

Jow pressure molding processes. Reinforced panels are produced in a

continuous process in large pr‘ocduc'tion plants. a

&
@

A wide range of polyesters are available in the'market. For the .

¢ ' ) . :
purpose of this research work product$ of Mia*chemicals - Fiber Glass ™

of Canada were used. Manufacturer's specificaxigns and properties of
s . \/ -

the broducts are Listed‘in Appendix "A".

& . . 3

s



CHAPTER 3

\

ABOSRPTION OF PCM IN AGGREGATES

14

The previous chapter describes an overview of the .aggregate
materials in which the origin, characteristics, propérties, availab-
“ility and their usefullness as construction materials was desgribed in

some details.

The conventional task of aggregate materials.is to provide?§§§~\

back bone gf a composite by forming its bulk anH imparting stability, :

¢ — e el

~durability and necessary physical and mechanical properties to the
composite. In the present research work an additional and ‘prime

responsibility of the aggregates and -filler miterials is :;’provide

adequate storage %aci]ity to the Phase Change Materials "inside a
composite. ~
BN
» ’ ,
" 3.1 FUNCTIONS OF AGGREGATES AND FILLERS
1 4 N .
Aggregates and filler materials in the proposed composites are
] required to: . ;

absorb PCM ’ ' -
- retain'the absorbed PCM without 1eakage

- no chemical reaction should

-

téke place between the
aggregate m%teria1s and the'PCM _

- provide Rece;sary'étrength to the composite
. '« . - cost of these materials should be aﬁceptably Jow

*
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3.2 MATERIALS SELECTED

&
¢

‘ Most common aggrégates used 1in civil engineering works are
obtained from hard solid rocks which are devoid of any absorption
;apabiiity for liquids; Crushed and broken sandstone which fornfs the
Mmajor constituent of most concrete mixes has 1i;t1e of na absorption

@ capacity. |
Since the present work is the first of its kind in_which low cost

materials will form the composite constituents, and because of the

,_ﬁAAAHA,_Iypical_nequiﬁementsaofﬁoup—ppoposed—ccmpo§$te—ofﬁencap>u1ating a PCM;
it was important to explore availability of porous materials. After
detailed Sﬁudy of the literature aqd’ﬁisqu;:ions with experts i?_the

—field of materials and based on criteria described in Chapter 2,
following materials -were selected for further laboratory tests and

investigations:

Expanded Shale

‘Volcanic_Rock . ;

Activated Chargoal

Crushed Stone .

1

*
[}

~Gypsum
Clay

'Exﬁanded Vermiculite

;“*/

R

ks

ST

.



3.3 TEST EQUIPMENT

3.3.1 Temperature Controlled Heating Bath

4
Controlled Temperature Heating Bath, a laboratory apparatus from

Lab-Tine Imperial 3 was used for absorption of fhe PCM in aggregates

at a controlied temperature.

3.3.1.1 Method
Butyl Stearate (PCM) was héated in a flask at a controlled

temperature of 70°C. Weighed quantities of specimen aggregates were

then introguced in order to allow absorption under a vaccum pressure
\
of 50 mm of mercury.

The process continued for 30 minutes after which the aggregate .
specimens were taken out and allowed to drain off excessive PCM. The
specimen were left for drying for 48 hours. Apparently dry but fully

absorbed specimen were weighed and the percentage gain in weight.

qa]cu]ated.

Preliminary- experiments showed that the aggregates absorbed maxi-

mum PCM at a ;emperatpre of 70°C over a period of 30 minutes.

3.4 ABSORPTION RESULTS

3:4.1 Expanded ‘Shale

\ o
Test results of 5 specimens. each of 6 mm, 9 mn and 12 mm size gf
the material are shown in Table 3-1. These sizes were selected

considering the thickness, weight and ultimate cost of the-proposed

composite. The material was found to absorb:



44

P -

TABLE 3-1 . -
Absorption of PCM in different sizes of Expanded Shale

Expanded Shale

Specimen No. Weight of dry ‘Weight of impreg- Gain

e S o

Average absorption of 5 specimens : 8.0%
Standard deviation (Appendix B) : 0.219
Probable error (Appendix B) : 1.2%

~

% Gain
and Size ~ specimen nated specimen
(9) (g) (g)
12 mm '
s1.1 50 55.8 5.8 - 11.6
ST.2 50 55.7 5.7 11.4
S1.3 50 , 55.7 5.7 11.4-
Sl.4 50 ™ 55.9 5.9 11.8
S1.5 4 50 . 56.1 6.1 12.2
Average absorption of 5 specimens : 11.68%
Standard deviation (Appendix B) : 0.335
Probable error (Appendix B) . : 2.8%
9 mm |
s2.1 50 ° 55,7 . 5.7 11.4
S2.2 50 55.3 5.3 10.6 a
$2.3 . 50 -~ §5.7 5.7 11.4 ™
S2.4 50 55.6 5. 11.2
S2.5 50 55.5 . 5. 11.0
. - Average absorption of 5 specimens : 11.1%
Standard deviation (Appendix B) : 0.335
Probable error (Appendix B) : 3%
6 mm
’53-1 \50 54-1 4.1 8.2
S3.2- : 50 54.0 ‘ 4,0 8.0
$3.3 . 50 . - 53.8 3.8 7.6
S3.4 o 50 .. 54.0 . ¢ 4.0 8.0
$3.5 50 54.0 4.0 8.0
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- B.2% for 6 mm size
- 11.3% for 9 mm size and,
- 11.5 for 12 mm size aggregate

. g _ :
The impregnated specimens were weighed again after every 24 hours

to see if the weight remained constant.

-’

It was observed that the expanded shale is not a good storage

material for the PCM as it was not able to retain the PCM over a

perio&ggf time. A considerable loss of weight beé}use of the leakage

of the PCM was noticed.

3.4.2-, Volcanic Rock

Volcanic rock specimens of 6 mm; 9 mm; and, f?ipnt size were
1mpregnatéd under vaccum at 70°C. The. results (Table 3-2) show.
average absorptibn of 13.8%, 16.0% and 18% respectively for each size

of the material.
S v .‘

3.4.3 Activated Charcoal

Activated charcoal impregnated under vaccum at 70°C was able to
“ahsorb almost 40% of the PCM (Table 3-3).
Comparative results of absorption of ‘Expaﬁded ‘Shale, 'Volcanic

Rock and Activatéd'Chaqcoal are graphically presented in figure 3.1.

t

3.4.4 Crushed Stone

The material shéweq negligible aésorpt%on for the PCM.

[
*
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TABLE 3-2

Absorption of PCM in different sizes of Volcanic Rock

Vofcanic Rock

Specimen No. Weight of dry Weight of impreg- Gain % Gain
. and Size specimen nated -specimen . (g)
(9) : (g)
12 mm . '
RL1 50 603 10.3 20,6
R1.2 ) 50 59.4 9.4 18.8
.y R1.3 . 50 59.3 9.3 ..18.6
R1.4 50 - K 58.1 8.1 -16.2
- R1.5 50 59.1 9.9 19.8
: %

Average absorption of 5 specimens : 18.8%
. Standard deviation (Appendix B) : 1.66
_ Praobable error, (Appendix B) : :3.9%

9 pm ‘

R2.1.. 50 58.1 8.1 . 16.2 .
R2.2 . 50 - b7.9 7.9 15.8
R2.3 50 = - 57.9 7.9 15.8
R2.5 , 50 57.8 7.8 15.6
Average absorption of 5 specimens : 16% *
Standard deviation (Appendix B) : 0.47 *

Probable error ‘(Appendix B) : 1.3%

6 mm ‘

R [ ]

R3.1 50 57.2 7.2 - 14.4
R3.2 . 50 57.0 7.0 14.0
"R3.3 ’ 50 ' 56.9 6.9 . 138
"R3.4 50 . 57.2 7.2 14.4
R305 i - 50 56.5 6.5 13.0

Average absorption of 5 spe¢imens : 13.9%

- - Standard deviationj{Appendix B) : 0.576
' Probable error (Appendix B) : 1,8%
”

N I e Py A
S P o

. "

4" =
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TABLE 3-3
Absorption of PCM in Activated Charcoal

'Y
Activated Charcoal

Specimen No. Weight of dry  Weight of impreg- Gain . % Gain
specimen nated -specimen (9)
(9) (9)

N ,
Cl ' 50 69.1 19.1 38.2
c2 50 70.3 20.3 40.6
o . 50 68,9 18.9 37.8
c4 50 70.5 205 41.0.
C5 J . 50 70.4 20.4 40.8
Average absorption of 5 specimens : 39.7¢% R
Standard deviation (Appendix B) : 1.54

Probable error :(/—Q@ppéndix B) : 1.45

]

| 3.4.5 Gypsum

Gypsum rock is calcined at temperagures of 120 t0.160°C to remove
almost three quarters of its water of crystallization. ’fhis product
is'commercia1ly/known as Plaster of Paris andiis available in the
nowder form in market. Gypsum paste samp1e§ were prepared with
varying quantities of water. The.baSteg were allowed to harden and

e ¢ i

then dried at 70°C for 48 hours.

The hardened material was impregnated with the PCM, The results ’

are shown in Table 3-4. It s observed that the absorption capacity
0 ‘ *

o
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Shale Volcanic Rock Activated Charcoal -

Fiqure 3.1 Comparative Results of
same Agqregates

absorption of PCM in
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TABLE 3-4

Absorption of PCM in Gypsum pa;tes prepared with
different water: Gypsum ratios

Gypsum
"Specimen No. Water: Gypsum Ratio Absorption of PCM
in the paste wt. %
P1 o 0.50 40.0
p2 | 0.60 40.8
P3 0.70 42.8
- opa L v 0.80 50.0

3

of the material increased with the increase of water content in the
paste (Figure 3.2) from 40% for a water: gypsum ratio of 0.5 to 50%

for. a ratio.of 0.8.

3.4.6 Clay o ~<
Clay bricks wepe prepared ,in the laboratory with 5% Avater

content. Absorption results show thatean average of 8.1% of the PCM

was absorbed in these clay bricks.

'3.4.7 Expanded vermiculite

, K
This light weight aggregate has tremendous absorption fon

liquids. It can absorb more than 200% of the PCM at room temperature.

-~
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% Absorption

0.5 0.6 0.7 " 0.8
water':gypsum ratio .

"Ficure 3.2 Absorption of PCM in hardened gypsum
-pastes prepared with different water : gypsum ratigs
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3.5 DIFFERENTIAL SCANNING CALORIMETERY
<’

Thermal analysis were conducted on various PCM - impregnated .~

aggregate Speciqgns in order to:

- determine transition tempratures and heats of fusion and

crystallization »//

- see the affects, if any, of Butyl Stearate (PCM) on the

specimens . »

DuPont Moqe1 910~ Differential Scannfﬁg Calorimeter was used for the
therma]lana]ysis of the specimens. The equipment consists of a cell

base module directly connected to a programmer-recorder DuPont 1090°

CT Thermal Analyzer. The §pecification of the instrument are:
- Temperature interval -: -160 to +160°C
.- Heating rate ¢ 0.1 to 20°C/min

Repeatability of jatent heat:- 1% with identica) choices

for the ends of the base line

[ 3

Absolute Reference Temperature repeatibility : 0.3°C at

2 °C/min scan rate.

The DSC cell has a constant disk as a primary. heat transfer /
el ement wh%ch conducts heat to both the sample and reférence pan‘yhich
are positioned on raised portions of the disk. The tgmperatures of
the saaple and reference pans are measured by chromei-constant thermo-f

couples. ' oL
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Since the areas and materials of the two bans are identical, the
difference of heat flow is directly proportional to the difference in
. - )

temperatures when the magnitude of the specimen is small enough. This

measurement can be stored or plotted as a BPSC curve.

The DSC curve is analyzed by the 1090 DuPont Thermal Analyzer
using the Interactive Data Analysis Program (V.2.0). This program

calculates the temperatures and heats associated with transitions in

the specimen materials. //

The meEhod consists of heating and or/cooling a weighed quanfity
éf tﬁe spegimen material énd a reference empty pan both at the same
cdntro]]ed rate of temperature. 'Nheﬁ a Piven heat related change
takes place in the speciTen‘but none-so in the reference pan, the
résu]ting difference in iemperature between the two is directly
related to the heat flow to and from the pecifien. This di fferential
heat flow is quantitively measured and ;?E&zgdﬁ3n the form of a DSC
curve. fhi§ diagram, because of the high ca1or1metfic sensitiiity of

the equipment, provi&es accurate measurement of the temperatures of
transition. The values of the beats‘of transition are calculated by

automatic peak integration of the related heat flow versus time curve

which is available in the microcomputer memory. -

A typical thermogram of heating and coolig cy for a test
specimen of Butyl Stearaté is shown in Figure 3.3. The 1ist of para-

meters calculated by the Interactive Data Analysis Program are:

*,
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- (a) Melting Point

':'\e dinitjal melting geint or onset temperature on the heating

»

curve is the calculated temperature at the intersection of the base

i

e line with the tangent to the inflection point in the curve of heat .

- T

flow versus temperature.

(b) Freezing Point

The initial freezing point or onset temperature on the cooling

_curve may be shifted if an initial crystal is slow to form. In the

—

ahsence of supercooling, the ‘freezing point is calculated as the

(Y N

temperature at the intersection of the base line and the tangent to

N . the inflection point in the curve of hea? flow versusbtemperature. In
case the sarhplé supercools and . the temgerature ,ri'ses by mor.e than
-0.25°C \jpbn crystallization, then the hitial’ freezing point is taken -
as the highest ‘temp&ature obsérved. In both the onset temperature
calculét{ons, a least square fitting method is used to draw the

. . 3 o
tangent. The region of interest on the curve is examinéd untjl the "
. . N\

, inflection point is found, The tangent line is now drawn¥at ®his

inflection point and s further projected to intersect the base line.

Pne eight points are used.for the fit.

a

(c) Melting Peak Temperature P
\ This parameter 1is defined as the temperature of the point w‘hich v , /
is Jocated farthest from %he base h“ng: in the heati'n'g curve,  Since S
its Jocation depends on the rate of héaiting, most runs are taken at .
. . 49
’ . »
[} . P ~ . \"':; | 1 '




o

3 - 5 =

the same rate,'i.e..Z’C/min for dinitial tests and 0.2°C/min for final

*
’ . 1]

tests.

(d) Crystallization Peak Temperature
This parameter is dgfined as the temperature of.the point which

is located farthest.from the base line in the freezing curve. (

(e) Heat of Melting and Freezing

The heats of melting and freezing -are calculated from the
‘ integrated area over time for the heat flow associated with melting or

crystallization based .on the following formula [29]:

t2 -
i =X« [ x 504y
where:
AH = heat of,tranﬁifion~
m = mass of the specimen a
Aé = heat of flux
"t = time o ,
. s s ¢
‘ f(T) = temperature\aepegdeht heat transfer function
1 ] . L
k = DSC constant (obtained by calibration)

bt .
The ca]ibrat{Bn:constant kK, 1s slightly dependent on temperature .
in a non-linear way. It is 11near1zed e1ectron1ca]1y by the Thermal
analyzer to become ‘constant. over the sfiort temperaturé range of these «

experiments. The ca]cu]ated heats of transition are given in J/g.
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3.5:1 Tr;erma] Analys:is Procedure

The instrument is first caliberated by scanning pure indium
samples having melting point of 156.6°C and latent heat of melting of

¢ .
28.4 J/g. The temperature repeatibility was 0.3°C and the repeatib-

.ility of latent heat as + 1% for a scanning rdte of 2°C/min, and %

2.5% for a scanning rate of 0.2°C/min due to increased electronic

‘noise.

Samples of 2 to 7 mg for PCM, 6 to 7 mg for vermiculite, 15 to 20

mg for activated charcoal and about 30 mg for gypsum were weIghe'a in

a] uminum pans on a Sartomous 4501 m1croba1ance (w1th/an accuracy of +

0.005 mg). B

These samples wep® scanned at a heating or cooling rate of 2.0 or
0.2°C/min in a Qitrogen atmosp'herje. The rate at which data were
sampled was 0.4 sec/point for a 2.0°C/min heating or: c,ooliag and 2.4
sec/point for aIO.Z'C/min heating or cooling rate. The controlled
inert atmosphere 'is provided by a nitrogen cy]inaer equ*ipped with a

pressure regulator and a gas flowmeter as shown in Figure 3.4,
: A

L]

3.5.2 1090 DuPont Thermal Analyzer
The .1090 DuPont Thermal analyzer is the basic contrdl unit for

the DSC system already described in the preceeding paragraphs. 'I_t‘ is

-a compact unit comprising of a digital temperature programmer, a

pr1nter/plotter, disk memory and the . data analyzer. _When associated
with the DSC modute, 1t contro]s the heatmg rate and’measures actual

sample temperatures as well as stores data. The stored data can be

[4

>
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recalfed, analyzed and plotted on graphs. Software programs are.

available for data analysis and calibration. The equipment is shown

3.6 THERMAL ANALYSIS RESULTS

Thermal analysis were-performed on gypsum, vermiculite and act-
ivated charcoal specimens impregnated with Butyl Stearate (PCM) @ 28%,

200% and 40% respectiye]y.

-

3.6.1 Butyl Stearate on Gypsum ' S .

From . heat flow diagram (Figune 3.6), following results are

derived: -
4
1) Latent heat of crystallization = 42.0 J/g
2) Latent heat of melting - a1 J/g
3) Crystallization pe;k temperature = 18.1°C
4) Melting‘peék temperature = 22.5°C :

e

This shows that there is no loss of Butyl stearate from material and

.that no chemical. reaction took place between the fatty acid %and

L3

gypsum. -

Thé tests were repeated on the same sbecimen after three months

i

which showed no change or loss of PCM in the material.
. ]

-

3. 6 2 Buty] Stearate on Activated Charcoal |

The follow1ng resu]ts were obtained from th heat flow diagram of

act1vated charcoal 1mpregnated with bu&x\\steara e (Figure 3.7).

LN
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" -

1) Latent heat of crystallization . 13.5 J/g
2) Latent heat o} melting = 14.7 J/q
3) Crystallization peak temperature = 19.0°C

. 4) Melting peak temperature . = 22.2°C

. ) [ .
‘ _If there were no 1oss of the PCM in the material, the- latent heat of

the imphégnated activated charcoal should have been:

0.4 - '
—_— 140 = 40 J/
1.4 S

The results sHow that activated charcoal is not capable of discharging

the expected heat, flow.

3.6.3 Butyl stearate on Vermiculite

Vermiculite  specimen‘ impregnated at 200% But}] Stearate were

tested and fo)lowing results obtained (Figure 3.8):

&
N 1) Latent heat of crystallization = 101 Q/g :
2) Latent heat of melting = 103 J/g
3) Crystallization peak temperature - = 17.6°C
4) Melting peak temperature = 23.0°C
K ‘The results indicate that there was no ]oss of PCM from the material

‘and is chemically non-reactive with it.

.
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CHAPTER 4

THE COMPOSITE

In the previous chapters preliminary research of literature and
. materials was discussed. The methods of absorption and thermal analy-

sis of the materials, their absorption capacities for the PCM and
. " L

. .
I8y

retention thereof was also explained at length. .

"

At this stage of the research work certain materials were indeed ;

available which . had. sufficient‘Yabsorption capacities and coufa be

~ o (3 T . y 3 v
incorporated as possible constituents for our proposed composite. =

4.1 POLYMER CONCRETE

»

Poiymer concrete composites are being developed in many countries

and new applfcations being probed. Three main categoriés of polymer

concrete are Currently in use, these are [30]:

4

1) Polymer Concrete (PC) prepared by mixing.a resin with
aggregates )

2) Polymer Impregnated Concrete (PIC) prepared by impreg-
“ nating normad concrete with a monomer which is polymer- ° , .
e . N '
ized in situ.
3) Polymer-Portland Cement Concrete (PPCC) prepared by
adding a resin to portland cement during mixing stage;*
the mix being polymerized in situ.. ’~1r
The properties of these categories of polymer concrete are different

* from each other and add to many possibilities df cements and d1astics§

.

(‘ C/a“
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4.2 POLYMER CONCRETE COMPOSITE

1
1

Experiments were performed to prepare polymer concrete composites
from a polyester.resin used as a binder together with different grades
of mineral loadings as aggregates and fillers. The mineral loadings

comprised of (Figure 4.1): -

- ) . ) ] ~
- coarse aggregates Tike expanded shale, . valcanic rock,

activated ‘charcoal and gypsum all impregnated with PCM
- filTers like calcium carbonate, silica, Ottawa sand and

celite-commercial name of-a silicate filler

.

Different grades of polyester resins supplied by Mia Chemicals were

used as binders. ¢

Considering requirements of  therma) stor;ge it wag considered
necessary that sufficient quantity of PCM must be encapsulated within
the composité. Accordingly a eomﬁosite with 20% PCM réquired 50 to
80% of the aggregate materié]s E?d fillers.. At the ;ame time enough
duantitg of resin 15 to 20% was required to preﬁare a consistent and

homogeneous” mix.

-

Specimen composites were prepared with different mix compositions

J"””Gf.aggrégates, fillers.and resin. It was however, observed that even

after curing for several hours the specimen did not dry and PCM Teaked

out. "
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Fillers

Polyester Resin

"\J
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Po1_yestgr resin as we know is a solution of pol yester in styrene,
which forms almost 40% of the content, having molecular weight of 104
has a,tendency to replace butyl stearate (mol ecular weight 340’3 in the

-

aggregate.

-

After considering the results of the specimen composites, it was
considered " that this method of encapsulation of PCM in a pol ymer
concrete composite was neither feasible nor econgmica1 .

4

4.3 GYPSUM CONCRETES

A}

Concrete m1)<es were prepared with coarse aggregates such as
expanded shale and crushed stone, and f1Hers Tike wood sdwdust,
vermic_uh‘te, sand and ordinary Portiand cement grade 10 as in a ﬁorma,l
concrete. Gypsum powder was used as the starting material for all the
mix comppsitionsa with different water: gypsum ratios. ‘ The use of
. gypsum.powder in the mix _has two major functions viz; ac£ as a binder

material and being tt\e' principal absorbant of PCM.

Spec1men tiles were. prepared from var1ous mix compos1t1ons,~and
absorpt1on tests performed on the spec1mens to find out the1r capac1ty
to absorb the PCM.* The results tabulated in the following paragraphs °
of this .chapter are the average results from five tests fpr each

specimen.
Compressive strength of the specimens were performed according to
r

Py ) y . ’<

ASTM Standards C 39, C 192, C 317 and C 472.
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- Thermal ahalysis of the specimens wers performed to End out

- »

Zransition tem(pera’tures and heats of fusion andfcrystaﬂnatwn. The

- -
g . L

anatysis also helped ascertain any chemical react1on or otherwise
. ) I 4

“ A between the ~componen't materials and ‘the PCM.
S { - " :
v N ’ 4 )
The 'results of possible chemical \@:tion were- al'so confirmed
: o
through infrared spectra. . ‘
[ PR had . P
. re T ' ’ '
‘ . . . {

Thermal eo,nduct1v1ty tests of different specimens were carried

s out mth a v1ew to f1nd out ways to improve the thermal conduét1v1ty
< .
% -of the~composite. . Detailed expermenta] procedure of" the tests

-

+ prepared are descr%bed in the later pages of this chapter.

.
P 4 3
' .

N J
o z1.361 Gjpsum Sand -Aggregate #,/" . v
1 ' N f/'
oo CIn the f1rst stage /g:/oncrete mixes_ were prepared us1ng gypsum,

powder, s%nd and coarse aggregate. D1fferent mix compos1t1ons were
_— |

R §¢ expemmented and best reSults for absorptwn of PCM obtained when the
' gypsum content 1n the m1x wanﬂ, (Table 4- 1)

. 7F1’gure~,§.2 represents the‘absorption capcity of th specimgns

v - « - \ ' . ‘\I . ¢
. ' -with“ varying wyter: gypsum/ ratjos. The, absorption increased from
Lo g L 'iO' 85%.fc'>r- a"water gypsum\ratm of Q. 4 o’ 27% for a ratio of 0.8 in

. ¥
' the mix compos1t1on marked*Gl. C‘mpresswe strength '§SJ]tS (Table

‘) show "that’ the spec1mens w1th th1s compos1t1on had compressive

Y
strength of 6. 06 MPa, based on the .,average results ' from five. spec1- N
* ,
T ‘ i P, .
mens. ) |
~ . .
¥ 1
4'.' hl
- » “ L
A .'x (\ R , . k # Conie
- ) - ‘. * . r.: ) .
) \‘ N ’ ! * ¥
S < ! * -

A

8
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[

TABLE 4-1

\

Results of absorption Tests of PCM in the specimens with

_dTTferent water: gypsum ratios

1

Specimen No. G-1
Mix Composition:

X X
Gypsum : 50%
Sand ", : . 20% ,
Coarse Aggregate =« 30%
. [ 4
) n ‘ .
Specimen No. . Water: Gypsg® Ratio Absorption of PCM
' in the mix wt %
G-1.1 ¢ 0.4 10.85 *
6-1.2 . 0.5 14,5 *
6-1.3 0.6 19.0 *
’ o
G-1.4 s . 0.7 4 22,1 *
6-1.5 - 0.8 27.0 *

* indicates average result from five spgcimen

a




oY

% Absorption

ol
. O

2C

0.4 1 0.5 0.6 0.7 0.3

.

s - water': ‘gypsum 'Ratio

Flgure 4.2 ABsorptlon of PCM in Gypsum Concrete Specnme.ns
prepared w1th dlfferent water : gypsum ratios ) o

. . \ . P
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4,3.2 Introduction of Wood Saw-dust

Wood-saw dust was introduced in the gypsum concrete mix in the

next stbe to see the effects, if any, on the absorptién capacity as

well as its compressive strength.

Table 4-2 shows results of absorption of different mix composit-
' jons with 5% saw dust in each mix. The absorption capacity of speci-.
mens showed steady rise (Figure 4.3) from 12,5% @ 30% gypéum to 21.41%

@ 50% gypsum content3in the mix.

Results of absorption for different water:gypsum ratios in speci-
men marked G-6 are shown in Table 4-3 and graphically represented in
4

Figure 4.4. The hbsorptio?é of .the specimepy/ increased from 15% to

34.8%\for the same mix composition for wateg.gypsum ratios from 0.4 to

0.8. o '

\ Comﬁreséivé strength for the mix composition G-6 is 2.76 MPa, the

result being average o(qfive sSpecimens.

L3
a
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| TABLE 4-2 - Q"
Results of absorption tests for different mix compositions on
. introduction of wood saw-dust in the mix >
Specimen No. Mix Composition ‘  Absorption of PC
' wt %
5 ' J
v . G2 Gypsum : 30% -
. > Sand : 15% .
Saw dust : 5% 12,5 *
Coarse aggregate : 50%
6-3 . Gypsum . 35%
: Sand : 15% . : o
\ Saw dust . : 5% 14,0 *
- Coarse aggregate : 45%
G-4 ' Gypsum :40% /
o . Sand 1 15%
Saw dust : 5% . 15,2 *
R . Coarse aggregate :-40% . -~ ‘ .
&5 T Gypsum - - : 45% '
. ' Sand ¢ 15% ‘
v ' Saw dust 1 5% . ‘ 18.0 .
Coarse aggregate : 35% '
G-6 Gypsum ' : 50%
‘ *  Sand : 15% - .
‘Saw dust "~ .. -: 5% < 21.4 %

Coarse aggreate : 30%

1

+ Water: Gypsum ratio of 0.6 was maintained for all the sdfcimen

J * indicates average result from five specimens
- I ' s
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Figure 4.3 Absorption of PCM in Specimen Composites
with 5 % sawdust and different quantities of gypsum _ . ‘

-
oy

. , . A &
. in the mix .



TABLE -4-3

Resu]ts of Absorptlon of PCM in the specimen No. G-6 with

1fferent water:gypsum rat1os

Specimen.No. G-6

Mix Composition: N Y-
Gypsum : 50%
Sand . -+ 15%
, Saw dust : 5%
Coarse aggregate : 30% »
Specimen No. Water:’Gypsum Ratio .- ASsorption of PCM
‘ ., in the mix o oWk %
6-6.1 T 004 © 15,0 *
6-6.2 - 0.5 C 18+
- ‘ " .
G~6.3 o " 0.6 - 214 ¢
" 6-614 . S0 8.2 %,
’ GTB.S . . N ’0.8 .“ . * " 3408_~\ *‘ ,
“ * indicates 5Verage result from 5 Spécihen' \
. :
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. . Fiqure 4.4 Absorption of' PCM in specimens with 50. % gypsum
5 % sawdust and different water : gypsum ratios in-the mix
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TABLE 4-4

Compressive strength test results of specimen Nos. G-1 and G-6

>

Specimen No.: Compressive Strength
‘ e, MPa

Remarks

. Mix Composition: G-1

T

G-1.1 | 6.12 .
, - . " G-l.5-were tested at
: : ¢ . 28 days- '
G-1.2 6.24 ‘
G-1.3 ’ ' 5,92
G-1.4 ' 6.1 ‘
G-1.5 5.95 | \
Average Compressive Strength : 6.06 MPa
Standdrd deviation (Appendix B) : 0.12 MPa

. Proabale % error of mean (Appendix.B) : 1%

»

" Mix Composition: G-6

specimens No. G-1.1 to

The specimens were
tested at 28 days _

Water: gypsum

6-6.1 2.8
' . curing
' . o ratio
G-6.2 v . \ 2,90
6-6.3 - ] 2:60
G-6.4 . 2.68

G=6.5 - , 2.80

Average “Compressive Strength - -1 2,76
Standard deviation (Appendix B) ; 0.14 MPa
Probable % error of mean (Appendix B) 2.2%

-

0.6




w7

N\ '

4.3.3 Introduction of Portland Cement

The ;pecjmen prepared for various tests thus far had only gypsum
powder as the bonding agent for the constituents of the composite
mixes. The results of specimen G-1 and G-6 exhibit fairly Tow com-

pressive strengths for these mix compositions (Table 4-4). In the

»

next stage of the .research, ordinary Portland cement was introduced

-

for better bond between thg constituents of the mix.

P

Tdﬁle 4-5 shows absorption of two specimen mix Sompositions %fter

y introductién‘o¥ cement @ 10%. Absorption of the mix with different
water: gypsum/cement rat%os of specimen G-7 are shown in.Tablg 4-6.
It is observed that the absorption varies between 14.5 to 30.3%\for

water:gypsum/cement ratios of 0.4 to 0.8 (Figure 4.5).

It is also observed that the 1ntrodﬁctioh.of portland cement in
the hix had only a minor negative affect on the absorption (Figure'
4.6). A decrease of 0.5% to 3.5% resﬁ]ted for water:gypémg or gypsum/ -

~ cement ratips.fn'the mixes ranging beﬂweEn 0.4 to 0.8.

7

G_Cbmpressive strength results }hqw (Table' 4-7) an improvement for '

the mix composition G-7 over those of G-6.
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TABLE 4-5

»
= .

¥

Absoggt1on results of PCM in ‘the specimen on introduction of

Portland Cement in the mix
|

- 1

Specimen No.

Mix Composition

Absorption of PCM

\ wt %
' .
G-7 Gypsum - 3 .1 50%
Saw dust : 5% :
Sand. . : 10% - 20.5 *
Cement : 10
Coarse aggregate . : 25
Water :gypsum/cement ratio : 0.6
’ k=)
G-7.1- Gypsum ‘ i 40% .
Saw dust . : 5%
Sand - e : 10% 16.8 *
Cement . 10%
Coarse aggregat : 35%

1

Water gypsum/ce ent ratio + 0.6

-

* indicates average result from 5 speciméds

f
t

PR I '
)
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TABLE 4-6

‘Absorption results of PCM in the specimen No. G-7 prepared
with different water:gypsum/cement ratios in the mix

Specimen No. G-7
Mix Composition:

Gypsum .+ 50% '
- Sand ¢ 10%
Cement 1. 10%
o Saw dust 5%
- Coarse aggregate :  25%
Specimen No. Water: Gypsum/Cement Ratio «\b*(zs;orptionﬁof PCM -
in the mix . Wt % '
= j’
: 6-7.1 : 0. T 145
| G-7.2 : " 0.5 “ , 17.8 * |
7.3 0.6 | © 20,5 %
, . ; ‘ . . .,
6-7.4 . Y DU . 210 *
| 6-7.5 N 0.8 ‘ 30,3 *

?

* indicates average result from 5 specimens

-

.,§a
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%  TABLE 4-7 '

‘ r
Compressive Strength Results for Mix No. G-7

.

Specimen No. CompressiveyStrength Remarks

o

Mix Composifion: G-7, with water: gypsum/cement ratio of 0.6
. —

G-7.1 2.9
G-7.27 . 2.8
’ If - ’ ‘
G-7.3 2.98 The specimens were
’ Y - ‘ tested at 28 days ,
: ’ curing
' G-7.4 R 1.98 6-7.4 discarded

G-7.5 2.84 C /

Average Compressive Strength from 4 specimens : 2.88 MPa

Standard deviation (Appendjx B) . : 0.062 MPa
Proabale % error of mean (Appendix B) : 1%
) r/
N ¥
4
- [
| )
¥
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4.3.4 Introduction of Expanded Vermiculite _— .

i
)

Preliminary experiments showed that expanded’.vermiculite has an

' absorption capacity of over 300%. In order to imprové absorption
. . . . \

capacity of our composite with lTesser amounts "of gypsum powder,

expanded vermiculite was now introduced to replace wood sawdust.

4

h" The épecimens showed marked improvement in absorbing PCM even on
reducing the gypsum content from 50% to 25%. The results show (Table
4-8) that on addition of 5% vermiculite, the absorption of various

'spedimens was between 31.8% @ 40% gypsum to 27% @ 25% gypgum content.

Figure 4.7 is a graphiba] representation bf the abSorption ot PCM ‘in

mixes with varying quantities of gypsum and 5% of vermiculite. \

A comparison offthp absorption results of the mixes with saw dust
an& vermiculite is shown in Figure 4.8. 1In a mix with 35% gypsum and
5% saw dust the a?;orption was 12.5% whereas the same mix with 5%
vermic&1ite resulted in 28.5% absorption of the PCM.‘ Compression ”n\\

tests were performed on the following specimens from mix composition

G-11:

l)|5 specimen cylinders after 7 days curing

2) 5 specimen cylinders after 28 #hys curing

3) 5 §pecimen cy]inder§ aftéq 28 dayg of curing were
‘1mprgenated with Butyl - Stearate (PCM) @ 15%. The
specimens were then coated with a film ofA'polyester A

resin, 2T 035 a product of Mia Chemicals, Monireal.




-84 -

TABLE 4-8 '

Absorption of PCM-in specimen éomposites on introduction
of Expanded Vermiculite in the mix

———

Specimen No. Mix Composition , Absorption of PCM
“ ' wt %
G-8 - Gypsum : 40%
’ Vermiculite : 5%

.Sand . . 10% 31.8 *
Cement . 10% '
Coarse aggregate : 35%

G-9 Gypsum : 3% 0 . e
Vermiculite : 5% '
Sand . : 10% ' 28,5 *
Cement : 10%
Coarse aggregate : 40% ’

G-10 Gypsum . 30%

~ Vermiculite i 5% )

Sahd : 10% . ‘ 27.4 *
Cement : 10%
Coarse- aggregate : 45%

G-11 Gypsum \ 1 25%
Vermiculite : 5%
Sand : 10% ‘
Cement ' : 10% 26.8 *

Coarse aggregate : 50%

-y

Water: Gypsum/Cement ratio was maintained at 0.6

* indicates average result from 5 specimens
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The results show (Table 4-9) that the compressive strength
increased from an average of 2 38 MPa at 7 days to 3. 57 MPa at 28

days.: However, the compress1ve strength for the PCM impregnated

specimens dropped to 3.08 MPa,-a loss of 12.8%.

i3

Further' experiments were performed to prepare spec{mens with
(X} ‘ .
1ower'quantities of vermiculite to see the effects,-if any, on the
absorption capacities as well as the compressive strenéths of the

e
composite so preparfd.

D

It was observed that, on 1ower{eg the quantity of vermiculite from
5% as in specimen No. G-11 to 3% in specimen No. G-12, the absorption
was great\y reduced ?rem 26.8% to 15.0%. Further reduction of,vermil
culite by 0.5% showed sme11 chgﬁ@gﬁ: being 14.15% for 2.5% vermieulite
and 13.8% for a mix with 2.0% of vérmicu]ite content (Tab]e‘ 4.10;

Figure 4.9).

Compressfve strength of specimens from G-12 mix with 3%

vermiculite showed considerable improvement over those of G-11.

At 28 days curing the average compressive strength of five speci-
mens was 7.88 MPa and that of PCM impregnated and coaged with boly-

ester resin film 5.35 MPa (Table 4-11)}

With 2.5% vermiculite content in the specimens; the compressive
strength results showed further 1mprovement. At 28. days, average
' compressive strength of f1ve specimens was 8 8 MPa and .that of' PCM

impregnated and coated with polyester resin #11m as 6.46 MPa as-shown

%
in Table 4-12. !
in Table ‘ 2



\ A s TABLE 4-9 -

Compressiye Strength Results of Mix Composition G-11

-

»
L

Specimen No\ Compressive Stféngth ~ . Remarks
' © MPa :

* Mix Composition: G-11

T G-11.1 26 - Specimen Nos. G-11.1 to
- .. G-11.5 were tested at
- * 7 day curing
G-11.2 2.17 ‘
G-11.3 2.24
G-11.4° 2.26 ’
G-11.5 ' 2.98 ¢
. Average Compressive Strength of G-11.1 to G-11.4 : 2.23 MPa
Standard deviation (Appendjx B) 1+ 0.05 MPa
) Proabale % error of mean fAppendix B) -t 1.3%
G-11.6 4.05 . Specimen Nos. G-11.6 to
G-11.10 were tested at
o 28 day cuping
G-11.7 3.30 : i
G-11.8 . 3.59 . -
G-11.9 3.50 / .
6-11.10 3.41 o | |

j 3.57
Standard deviatjon (Append1x B) : 0.28 MPa
Probable % err of mean (bpend1x B) 3.6%

3.05° Specimen Nos. G-11 to

G-11.11
- G-11.15 were impreg-
G-11.12 B 3.11 " nated with PCM @ 15%
, and codted 1th 1
G-11.13 .- 3.17 polyester resin film
G-11.14 2.88
6=11.15 3.20

" Averagde compressive strength of G-11.11 té‘T).lS : 3.08 MPa |
. 07122 MPa -
: 1.8%

L A



\, TABLE 4-10

Absorption of PCM in specimen composites on lowering
Vermiculite content in the mix

5
Specimen No. Mix Composifjion " Absorption of PCM
t ‘ wt % »
6-12 - Gypsum . . 25%
" Vermiculite i 3 ,
Sand 1 12% . 15.0 *
. Cement : 10% ‘
Coarse aggregate : -50%
G-13 Gypsum : 25%
: ‘ Vermiculite o 2.5%
.Sand - T 12.5% 14,15 *
Cement ¢ 10% .
\Coarse aggregate : 50%
G-14 * Gypsum .1 25% .-
Vermiculite oy 2% \
Sand ¢ 13% 13.8 *
S Cement : 10

Coarse aggregate : 50%

*

Water: Gypsum/Cement ratio in all the specimens was 0.60

* indicates average result from 5 specimens




% Absorption

30

@ 25

o
(o)

-
w

10

-

- 90 -

A

-

!

4 5
‘ : 2 I 4 -
% Vermiculite

'

Figure 4.9 Absorption of PCM in speci 3 on lowering - ,
vermiculite content.in the mix

N




PR T

AR

A,
=k

) © ' <I8BLE 4-11

-~ . i

»

. Compressjve Strength Results of Mix Cé@hosifion,ﬁﬁlz

Al
/

Specimen No. Compressive, Strength Remarks
: MPa , '
\ ' " /-.
Mix Composition: G-12 .
G-12.1 S 7.4 - Specimen Nos. G-12.1 to
- . 6-12.5"were tested at

’ _ 28 day curing :
r.a2.2 8.4 4
G-12.3 _ 7.2
G-12.4 7.6
G-12,5 . 8.
Average Compress1ve\5trength of G-12.1 to G-12. 5 : 7.74 MPa i
Standard deviation (Appendix B) . . : 0.46 MPa
Probable % error of mean (Append1x B) ' 1 2.6%
G-12.6 ’ ‘ 5.33 Specimen Nos. G-12.6 to

G-12.10 were tested
after impregnation with
PCM @ 15% and coating
with polyester resin

film
G-12.7 , . 5:40 '
6-12.8. 5.10 . .
6-12.9 " 5.60
G-12.10 5.29
Average compressive strength of G-12.6 to, 6-12.10 : 5.35 MPa
Standard deviation (Appendix B) ;-?:ég MPa

Probable” % error of mean (Appendix B) ¢

{

“ t—:&‘z}}w’;
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* TABLE 4-12

,bomgressive Strength Reﬁults of Mix Composition G-~14
r / . .

¥ 7‘! . /
Specimen No. Compressive Strength Remarks
? MPa
Mix Composition: G-14 M/
/ a »
G-14.1 / 8.64 Specimen Nos. G-14.1 to
G-14.5 were tested at
b . 28 day curing
G-14.2 8.83
. 6-14.3 ’ 8.65
G-14.4 : - 9.10
G-14.5 6.48 P

, ™ .
Average Compressive Strength of G-14.1 to G-14.4 :

8.8 MPa
Standard deviation (Appendix B) : 0.21 MPa
Probable % error of mean (Appendix B) : 1.2%
G-14.6 , 6.04 Specimen Nos. G-14.6 to

G-14.10 were tested
after impregnation with
PCM @ 15% and coat1ng

Y

. ) with polyester resin
- ‘ film

6{14.7 L 6.30

G-14.8 T 7..03

6-14.9 ‘ 6.14

6-14.10 _ 6.80 \

Average compressive strength of G- 14 6 to G- 14 10 : 6.46 MPa
Standard deviatjon (Appendix B) ) : 0.4]1 MPa

: 2.8%

Probable % error of mean (Appendix B
roba ///; m\ (App )
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4.4 DSC ANALYSIS ’

4
v

The method, techniques, abparatus used ”anq the purpose of the
thermal analysis of the specimens by means of Differential Scanning

Calorimeter have been described in the earlier pages of this thesis..
b [

During -the preliminary research on aggregates, thermal analysis

were performed on each indivigya\ material. After having successfully

encapsulated the PCM within a composite, it was necesséry to ana]yze'

the composite to see the effects, if any, on the constituents.

Specimen tiles from four different mix compositions comprising of

‘ \
gypsum, vermiculite, sand, cement and coarse aggregates were prepared.

These specimens were impregnated’ with Butyl Stearate at different

percentages of absorption before being subjected to thermal analysis.

) -
4.4.1 Thermal Ana[lsis Resuslits

1) Specimen No. G-17 with 23% Butyl Stearate (PCM), Figure 4.10:

Latent Heat of Crystallization : 43,5 J/g o v .

Latent Heat of Melting 2 43.7 J/g
Crystallization Peak Temperature  : 17.2°C
Melting Peak Temperature : 22.6°C

There was no loss of PCM from the composite
A ’

No ,chemical reactien ;esulte& betwegn'PgM and composite mater-

ials..
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. 2) Speci‘rpen No. G-18 with 28.2% Butyl St.:earate (PCM) F%g'ure 4.11.
Latent Hedt of Crystallization : 57.5 Jd/¢g |
. , ’ Latent Heat of Melting . : 57.16J/g
. , Cr\ystani';ation Peak T?émperature : 17.1°C
m.o Mé]ting Peak Temprature ) :.22.§'C 3
. A .
' o The analysis prove that no loss of PCM occured from the composite '

and that there was no chemica reaction between the composite consti-

tuents.

'3) Specimen No. G-21 with [19.% Butyl Stearate (PCM), Figure

&

4.12.

N ' ‘ L8
Latént Heat of Crystallization : 37.3d/9g -
l:atent Heat of Melting : 37.3 d/19
.-C.rystaﬂization Peak Temperature : 17.6°C
Melting Peak Temperature B 22.3°C

- . N ) M o D

The sdme specimen was again analyzed after three months and no
change in the results® notiéed'. There was no loss of PCM from the
speci“men‘composite and no chemical reaction resulted between Butyl : \

- Stearatg and composité constituents. a

[t

v

4.5 INFRARED SPECTROSCOPY . o~

[}
»

lwhé\nl'a adtation strikes a 1a‘yer of a chemical substance, it is
énly partially trans\mitted. The remainder is‘reflected or absorbed in -
varying dggrees depending upc;n the substance, and"the frequency of
ra\diﬁtionlabsorbtion which ;nay occur if the ehergy of the inc'ident‘-

7 . ) 2,
-

-~ -
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protons coincides with an energy change within the substance con-

tacted.

The basic components of an infrared spectrometer are shown below:

. SOURCE-~-SAMPLE ---MONOCHROMATOR--~DETECTOR---RECORDER

Infrared energy is provided to the'systmn by a source rich in

i

infrared radiation.

The fuhct{on of monochromator is to disperse or sort into its
component frequencies the radiation provided by the source and trans-
mitted by the sample. The function is accomplished by Hispe}sion
é]ementé such as prism and grat1ng§. When spectra are recorded the
dispersion element rotates slowly and very precisely, so as to preiqnf
very narrow band of Fadiation increasing or decreasinhg energy to4the
detector. The energy of infrared radiation 1; Qey Tow and therefore;

requires extremely sensitive means of detection, wusually thermo- |

couples.

-

4.5.1 Infrared Analysis of Specimen

The infrared analysis was done in order to verify and reconfirm
ijf there may have been any interaction between Butyl Stearate, the

PCM, and the components of the specimen.

The presence of Calcium Hydroxide which is formed during the

cement hydration may produce hydrolization of the ester according to

¥

“the following reéction: Lo ' .

~ ‘r

4
’R-COOR' + OH «--- RCOD + R'OH

s - Y
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L

If that reaction took place, the characteristic infrared absorption
peak of saturated alipha%ic esters from 1740 cm~! will be total1y'or
partially replaced by the characteristic peak of carboxylate ion RC00'

at 1560 cm-!.

4.5:2 Test Procedure

.Each sbecimen was prepared by dispersing 15 mg of the solid
sample after 24 hogr drying at 100°C in 100 mg of potassium Bromidg
and sintering 300 mg of this mixtdre in a disc. The spectra were

investigated with an infrared spectrometer Beckman Model 4240.

4.5.3 Test Results

The infrared spectra of specimen No. G-19-impregnated with Butyl
Stearate @ 25.7% was rur after one‘month of impregnation. Spectrum in
Figure 4.13 shows that the characteristic bond of ester i;e; €=0 group

is at 1740-! cm and there is no absorption band:at 1560 cm-1s

The same specimen was analyzed after another six month period.
The spectrum 1in Figure‘4.14 presents the same characteristic band as

in the first case.

o

It is therefore concluded that Butyl Stearate ysed i this

——

research work as a phase change material is not affected by the

presence of Calcium Hydroxide resulting from the cement hydration.

Y
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4.6 THERMAL CONDUCTIVITY \

The combosites encapsu]ating the phase change material were
coaféd with polyester resin in order to completely seal off all the
sides. This eliminated any possibility of leakage of the PCM from thé

composite.
P

<

/,/Po1yester resins traditiona]]y'e;hibi%”very 1ow‘therma1 condu;t-
j¢ity. This property of the material has adverse effeét on our
,/Eomposite as it would prevent heat tﬁgnsfer to and from the
composite. Heat transfer is a very important factor ‘to al]éw
crystallization and melting of the PCM' insfde the résin-bound

, composite. It was therefore vitally important to improve the thermal

conductivity of the resin.

. At present no resins are readily- available in the market with_
thermal propertieg reqd}fe& for such app]ications)i Research work 155
—continuing to develop conductive polymers ripe for commercialization.
The industry hopes of displacing copper as & primary electric con-
ductor and puiting‘ automobiles on the road ‘powered by 'the plastic

batteries [31]. . >

Carbon black was considered ds a 'poésib1e filler to imprové
;hermah conductivity of the resin., Carbon materials are o}fen added
" to polymers to obtain composite materials Qith'improved ﬁeghanical and’
electrical properties, butxthere\are few reports on improving thermq]

" conductivity by adding carbon.materials. Infact some reports suggest

A

-
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that the thermal conductivity of po]yme\*s filled with carbon black

couldenot be appnreciabiy improved.

Carbon black -has another- disadvantage in that it would impart
black color to the composite which may not be desirable from aesthetic

considerations. -

- \ -

Metal fillers .are known for their good thermal properties, it was

therefore considered‘to attempt improvement of thermal conductivity by

adding metal powder in the resin.

A numbr of specimen tiles 'were, prepared with varying quantities
of Aluminum po@vder\ and " tests performed. Table 4-13 shows the amount
of resin and Aluminum powder required for resin bound composite tiles

20 cm x 20 cm x 1.25 cm size.

The results show that 1.0 to 1.13% of r;esin and 0.22 to 0.57 % of
Aluminum powder of the toté]-weigh; of the tiles was required to bound

.. the composite.

4.6.1 Thermal Cbnductivitl’ Measurement

- The, facility for rﬁeasuring thermal conductivity was designed by
Centre for Building Studie"'s'of' Concordia University. It *proﬁdes a
wide range of ﬂe_xibility in the mom‘toriné rate' and” in the manner of
-recording and analysing results. ' The arrangement of equf_pment and'
recor;ding ‘thermal conducti\;ity is shown jn Figure 4.15. It comprises

of the following equipment:

¢
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T . = 104 -

. TABLE 4-13

Resin and Al pgwder requiremeﬁts for coating specimen tiles

K

&

Wt. of PCM

Specimen Wt. of resin Resin Al 1in Al in

No. specimen - in the bound specimen in the  resin the

' specimen | specimen specimen
(W1) (W2) (W2-W1) '
9 * g ' g % % %

1 v ' :

} 935.0, - - é:'- - - -
4 t
3 L‘ -

} - 1058 . 15 b - - - -
4 S .
6 ' i

} 1050.0 - 15 ~fﬁ 1062.0 12 - -
7 »
11 ‘

} 1052.0 15 1074.0 12 1.12 20 0.22
12 )
8 . [ ' .

} 1047.0 . 15 g 1060.0 13 1.22 30 0.36
10 . -

y

13 . :

} 1039. 3. 15 1051.0 11.7 1.12 40 0.45
14 : :
23 o

} “1069.0 15 1080.0 10.8 1.00 50 0.55
24 - ‘
19 _

} 1063.8 15 1074.0 '10.2 0.95 60 0.57
20 T . .
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Thermal conductivity instrument -- Dynatech model
‘ " TCFGM=N
v~nguTated Power‘supp1y C-- Lambda model LK 342A
) Coolant Circulator . —-’- l,ambda model RS ,

Switch ‘Contl;ol'ler c --  Fluke 2205A |
Multimeter ) - ) -- Fluke 8840A | //
IBM PC wipﬁ/monitof, keyboard,
and GPIB printer .- Egsgg spectrum model

. . ’ ' ) ‘1
The test were performed according to ASTM Standards C-177 on a number

of specimén tiles. The specimens included the following categories of

tiles.

1) Plain "tiles comprising of gypsum, sand, ‘cemengi: ex-lﬁh
panded'vermicu1ite and‘éoarse aggregate. -

2) Tiles of above mentioned materials impregnated with PCM
@ 15% |

3) PCM impregnated tiles bound by metal-filled refin.'
Aluminum po&@er in different‘percentages was used as

metallic fi]]er/in the polyester resin.

The results 6f the tests are shown in Table 4-14, These results
prove , that thermal conductivity of resin-bound composites can be

\ .
improved with addition of metal fillers$ to the resin.

2
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“

The graphical 'representation of the results in Figure 4.16 shows
that by e;ddition of aluminum powder to the resin, the thermal conduct-
_jvity increased from 2,61182 Btu-in/ft2, hr, °F or 0.37662 w/m °C for
a composite which contained no metal filler in the resin to 3.24034
Btu-in/ft2,hr,°f or 0.46726 w/m°C for a composite bound by a 60%

aluminum powder filled resin. .

4.6.1.1 Lignin-filled Polyester Resin

Lignin which is the principal source of woody structures is a low
coest material. Lignins are currer,lﬂy highly under utilized. Unmodif-
ied lignins are used as binders, fillers and resin extender:,"and have
the potential of becoming a major source of polymér-based products
{32]. Kraft lignin used in .this research work is a ,by-pﬁroduct”of‘ the

o

forest products industry. g %

Lignin pov}der being rich in carbon, was 1‘ntrodﬁced in ';he poly-
ester resin for coating PCM impregnated. tiles. Thermal co\nducti‘vity
tests (Appendix C) show that with 10% 1'rgm’\n in the resin the K-factor
was 0.45991 W/m°C, the walue being higher than the result achieved
- - with 50% aluminum in resin. Addition of higher amounts of lignin

_tended to Tower the K-factor. » |

4.7 COMPOSITE THERMAL STORAGE CAPACITY

Heat capacity of a material is the amount of heat required to
.t 7

raise its temperature. It is generally provided as specific heat

. c'apacit_y wher_e‘at capacity data is normalized to mass and temper-

NG S Tt F et~
e

}‘h ‘
ature range. Thus, the units ‘of specific heat capacity are J/Kgx°K or

]

e ¢
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_ _TABLE 4-14 oo
. Thermal conductivity results of Specimen tiles
) , coated with Al-filled polyester resin’
\ Specimen Aluminum \  K-factor R-value
No. in resin : =
W/m*C Btu-in/ft, w/m°C Btu-in/ft,
* hr,F > . hr,'F
- A-182  * . 0.332 2.305  ° 0.039 0.225
A-3&4  ** - 0,438 , 3.b37 ¢ 0.029 0.165
A-6&7 , **x . 0.376 2.611 0.0 - 0.205
) A-ll&}Z " 20 0.378 2.627 ‘ " .0.034 0.198
A-8410 30 - 0.390 . 2.704 0.033  "0.191
t ) N
A-13&14 °© 40 0.425 2:947 0.030 © 0.175
5 .- . . #
A-23&24 © 50+ 0.437 3.031 0.030 - - 0.173
\ . 3 \1 ‘
A-19&20 ° §0 0.467 3.240 . 0.028 , 0.159
IR . y C -
* Plain tile with no PCM or resin

**  Tiles impregnated @ 15% PCM- oo

¥** Resin-bound tiles impregnated"@ 15% PCM
¢ Aliminum powder added to resin for codting the tiles impregnated
* with PCH @ 15% P . {
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Figure 4.16 Thermal Conductivity of specimen tiles coated
with polyester resin filled with different amounts of Aluminum
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2 3 4 5 6 1 8 9
_ Specimen sets ,
Figure 4.17 ‘Thermal Conductivity of specimen tiles .

23

:
4

Plain Tile ‘

Tile impregnated with pPCM @ 15 ¢ ,

PCOM imprognated tiles coated with Polyester resin |

PCM inpregnated tiles coated with 208 Al-ffl1la) renin
PCM impregnated tiles coated with 30% Al-filled renin
POM irprognated Liles coatod with 408 Al-fi]llwd yenin
PCM imprognated tiles coated with 503 Al=filled resin
PCM Iprognated tiles coated with 60V Al-filled resin
PCM Impregnated tiles coated with 104 Lignin-filled rosin

»

-
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Cal/gx°C. The quantity of heat storage in the composite for a temper-

ature swing equivalent to the transition range of the PCM which is, t‘

4°C 1is the sum of the sensible heat of thé compositg materials a ~Lhe-
1étent heat of the PCM \encapsu1éted wi"th’inv the c’ompoh’te.‘ '/Sé:::c
heat capacity can be de}:ermined by using Du Pont Thermal' Analysis
Differential Scanning Calorimetry system. - This technique provid_es a
‘rapid dccurate and. precise measurement of specific heat capacity of
solid mat‘eria1s as well as liquids. The specific h'eat measurements
can ‘a1 so be used 1in tt]e evaluation of other t”:he'rmodynamic properties
of the materials. DSC providesﬂa direct measurement of the different-

1'61 heat flow between the sample and an inert referencte which can be

related directly to its specific heat capacity.

4.7.1 Test Procedure

The measurements are made b)'/ heating a test specimen gﬁ a known
and fixed rate. Once dynamic heating equﬂ'ib’rium of the .specimen is
obtained, the 'heat flaw is recorded as a function of temperature.
\This, heat flow; n(;rmalized to s'becimen mass - and heating rate, is
directly proportional to the specimen's specific heat capécity. “In
practicAe two thermal éxperime’nts are required for each measurement.
In the first, a baseline run is berformed on the empty sample pan and
Hd.. In the second run, the test specimén:is ené]osed in the .pan and
lid. The.' specific heat capacity is d'\erive‘d fronf the difference

-

between the resulting two curves.

’
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11.7.2 Calculations [33) ‘ )

-
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Before'starting the actual tests, heat flow calibration of the

apparatus is required. This was obtained by running baseline and

-

experiméntal .traces for saphire used as a calibration material (Figure
4.38). This material is readily available and its specific heat

known to five figures. - .

H

capacity is

Sample pans and lids are first ¢1éaned by washing in dichloro-

-

methane .and then dtigd in a DSC cell at QOO;C for 10 minutes Lo remove

any volatiles which otherwise ‘might evolve during the experimental

-

E)

measureient.

‘ A
. Test specimens arée now loaded into the DSC cell at room temper-

ature and the cell 1s heated or cooled to a temperature 50°C below the

" temperature at which data is required. The.cell 15 allowal to cqut-

librate at this temperature for 5 minutes. A temperature program of

“

20°C/minute 1s then initiated from that équilibrium temperature to %L

above: the highest iemperatqrérdt which specific heat capacity tnforn-

ation is de¥ired. Thermal curve 1s recorded in the 1nstrament's diss

N L]

memory, (Figure 4.,19). R

Specific heat capacity of the Specimen 1y calculated by measuripy

the Y-axis 8jsplacement between the specimen and blank curves at the

[

desiied temgerature. angd suﬁ?fo:ting.ﬁﬂto the, following bquation:

! . c" . \ “JO [ox:q}. . l‘ {4.1)
. m, Hr e

qQ [
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A

specific heat capacity (d/g°C)

(4
m O
n n

DSC cell calibration coefficient at the desired

temperature

i

Hr = heating rate (°C/min)

Y

Y-axis displacement between the sample and blank (cm)

1]

Aq =.Y-axis range (mW/cm)

m = sample mass (mg)

-~

cell with Saphire
-0.775 J/g°C
20°C/min

4.7.2.1 Calibration Coefficient of DSC

1t

Specific heat capacity of saphiﬁe at 25°C (Cp)

"

Heating raté (Hr)

L}

* Sample mass (m} ! 61.141 mg

Y-axis displacement between sample and blank

o

7.712 ¢cm

n

~ (Y), from Figure 4.16

subétifuting in equation 4.1,

0.775 x 20 x 61.141
60 x 2 x 7.712

-

calculating, E, the DSC cell calibration
coefficient at 25°C is

n -

1.024

o ’ ‘ ! "
- 4.7.2.2 Specific Heat Capacity of the Composite

Hr - = .20

it

m 26.076 mg .

E 1.024 (from equation 2) -

e ST -
RN



B, ’ . - 116 -

Yy e ZQ:C "= 3,542 (from Figure 4.17)

substituting in equation 4.1,

Cp = 1,024. x 60 x 3.542 x 2
~ v 26.076 x 20

0.835 J/g¢°C

4.7.2.3 Heat Storage Calculations for the Specimen Tile

% Size of the tile ' 20 x 20 cm or 0.04 m2

u

~ Weight of specimen tile 0.80 kg or 20 kg/m?

n

Cp fer the tile 0.835 J7g°C (from eq. 3)

= 835 J/kg°C
] femperature swing {T) = 4°C
Let, " Q, = sensible heat oflti1e- .
Q; = total latent heat of PCM @ 25% in a tile -
Q; = total latent of'PCM @ 15% in tile
~ Q = quantity of heat stored by 1 n’ of tile

Sensible heat of the tile, Q1 = weight of the tile (kg/m?) x

specific heat capacity of tile x T = 20 x 835 x 4
or  * Q= 66,800 J/kg or 66.8 KJ/kg

Latent  heat of PCM encapsulated in the tile, Q2 or Q3 = weight of
PCM in the tile/m? x Latent Heat of PCM. ‘

 Latent Heat of PCM (Butyl Stesrate) = 140 J/g or 140,000 J/kg.
. |

~
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For specimen tile in which 25 wt. % of .PCM is encapsﬁ1ated,

weight of PCM/m? of tile = 5 kg.

1
- Therefore, _
Q2 = 5 x 140,000 = 700,000 J/m? or 700 KJ/m?
Q = The quantity of heat-stored by 1 sq m of tile with .
) 25% .PCM for a temperature sWi ng of 4'(’: = Q1 + Q2
| = 66.8 + 700

766.8 KJ/m?

For specimen tile of same specification with 15 wt.% PCM, weight

of PCM/m? of tile = 3 kg

Q3 = -3 x 140,000
= 420,000 J/m2, or 420 KJ/m? \
Q = The quantity of heat stored by 1 sq m of tile with
15% PCM for a tempere;ture swing of 4°C = Q1 + Q3
= 66.8 + 420

. . : , 486.8 KJ/m?

Previous work on the subject in which gypsum wallboard was
impregnated @ 25% using the same PCM showed heat capacitry of 3503
"Kd/m? [1]. The results show that-the composite tile producéd in this
research work behavesr better f}‘om"the energy storage point of view

'_than the gypsum wall board with the same amounts of PCM. / /s

4

.
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CRAPTER 5

COST ANALYSIS o~

It was previously considered that ghe cosﬁ of storage of latent '
heat has a difficulty in competing with low electricél engrgy tarrifs
[34]. During the present research work low cost materials and.simp\e
techniques of preparation of the composite were adopted. The ‘results
indicate that it is now possible to encompsulate PCM in low cost

composites,

5.1 COST OF MATERIALS

The prices of the materials listed in the following lines were
~Obtained from a general market survey and do not necessarily reﬁfosont
the exact -cost of the materials when purchased in UUTk‘qudntitlvﬁte
The prices of some of the materials like gypswn'pognn'and verm;cultte

are those of the super markets which are hignly exagyerated.

1) Coarse aggregate 6-8 mm size : 7.15/ton or % 0.00%/+9g

2) Gypsum (Plaster of Paris) 1.00/ky
3) Portland cement 5.45/30kg or $ 0.1/ Ky
4) Sand 2.25/30k4 or $ 0.07%/v

6) Butyl Stearate (PCM) 1.10/ky

2.00/kg

$
$
$
$
5} Expanded vermicuiité © % 0.60/hy
$
7) Polyéster resin $
¥

8) AYuminum powder 10.00/ky

! : ) , - o
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5.2 MIX COMPOSITION USED FOR COST ANALYSIS

‘Gypsum : 25%
Sand | ¢ 10%

" Cement ) . 10% ///~‘
Expanded vermiculite ;5%
Coarse aggregate ’ - : 50%

5.3 SPECIFICATION OF SPECIMEN TILE
Size L. : 20 cm x 20 cm x 1.25 cm
Weight of dry tile (W1) : 0.80 kg
The ti}e was impegnated with PCM @ 25%
Weight ofutile after impregnation (W2) : 1.00 kg *

Weight of PCM in the tile (W2-W1) : 0.20 k%

The, PCM impregnated tile was coated with Polyester regin filled with
' 50% Aluminum powder
Weight of Pdlyester coated-tile (W3) : 1.015 kg

Weight of Polyester resin & Al powder : 0.015 kg.

Weight of Polyester resin resin © 1 0.010 kg
Weight of Al powder - /" 0,005 kg

. 5.4 THE COST OF TILE _

The cost of the specimeh tile size 20 ¢cm x 20 cm x 1.25 cm works

" out as $0.60 or $15.00 per sq. meter.

The cost “analysis of the specimen tile shown in Table 5-1 does

not represent the ultimate true cost of such tiles when manufactured

H

S A
G T e : e
“
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TABLE 5-1
- Cost Analysis of a Specimen Tile

’
.

Material Weight % of  Wt. of  Unit Price Total Cost
‘materfal in material in . -
the mix specimen, tile
\ " kg $/kg s
Weight of Plain tile: 0.80
Coarse aggregate ‘\ASO 0.40 . 0.008 0.032 ‘ o
Gypsum ) 25 . 0.20 . 1.00 0.200
Sand R ' 0.08 0.075 0.006
Cement 10 ' 0.08 0.18  0.015
Vermiculite 5 0.04 0.60  0.025
Final weight of tile: s 1.015 »
PCM (Butyl Stearate) 0.20 1.:0 0.22b
Polyester resin 2T 035 0.01 2.00 0.020
Aluminum powder | 0.005  10.00 0.050

¥ O
’

(approx.) 0.60 -
\ TOTAL COST: § 0.60
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. .on mass scale. The cost worked out above‘is based on the cost of
? .

materials alone and does not cater for- the following:

cost of equipment used and space facility

cost of energy consumption,

man-hours utilized in preparation of the tile :

- over-head expenses.
P



CHAPTER 6 v

CONCLUSIONS

N ®
[

' P
The primary obJect1ve of “this research work was to encapsulate an

organ1c phase change mater1a1 in a composite for the purpose of stor-

from all the previous works on the subject becausé of the fact that

-

phase change matrials were previously being~stored in readily avail-
1 “able existing products such as . gypsum wallboard .and plexy glass/
poroplastic wax sheets. ‘ \
. o v
In the present research work a different approach was devised for

mat for encapsulating an organic phase change material..

a
L}

6.1 CONCLUSIONS CONCERNING THE ABSORPTION CAPABILITIES OF MATERIALS

™~
In the preliminary stages of the research, more than ten

v for absorption capacities of the PCM andctheir capaoéljty to retain it
. w1thout loss. Materia]s like expanded shate, volcanic rock, crushed
stone, activated charcoa], clay, wood sawdust gave promising results

¢ of absorption of PCM, Ihe absorption capacities of these materials
ranged‘between 10-40 %. Gypsum and expanded vermicuhdte showed even

better resu]ts of absorpt1on and thermal characteristics and were sub-

These two mater1als are capab]e of absorbing PCM @- 50 and 300 %
respect1ve]y. Thermal analysis showed that the PCM had no chenical

- ) reaction with these materia]s and -full, 1atent heat could be utilized.

age of thermal energy: This researchnwork is completely different .

preparing a new kind of composite from.abundantly available low cost

' differen; types of aggregate and filler materials .were investigated .

sequently selected as the pr1nc1pa1 constituents. of the compositet

-,b/'
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6.2 CONCLUSIONS CONCERNING PREPARATION OF THE COEPOSITE
. " -

More .than 50°mix cqmpositions were used for preparing trial mixes
from\%he selected‘aggregate and filler materials in varioﬁs'combin-
ations. Buring the preparation of the specimens quantities of certain,
agteria]s:like coarse aggregate, sand and bort]and cement were kepi
constant while changing the quantities of thégabsbrbant materié]s step

by step in a logical ascending or descending arder.’

The specimens were tested at every stage for absorption of PCM,
COmﬁressiie strength as well as t@g behaviour of PCM once encapsulated
inside ;he compo;ite. From the experimeqtde.data contained:in this
thesis, it is concluded that 25 to 50 % content of calcined éypsum“in
. combinat;on with other ﬁaterials Tike -coarse  aggregate, portland
cement, sand and 2 to 5 %.vermiculite is capable of storing‘as much as

¥

30 weight percent of PCM.

6.3 CONCLUSIONS QONCERNiNG THERMAL AsPECTS OF THE COMPOSITE

The test results .from DSC and Infrared ana1y§i$ show that the
cbmpésite is capable of retaining the entire duantity of the encapsul-
ated PCM wﬁthout loss -or chemjcé]areaction. The composite is thus
able to store and release full latent heat- of_*?he "PCM.  From the
experimental results it has a]gz been shown that the thermal storage
éapacity o} such éﬁmposites }anges between 480 - 766 Kd/m2 which is by
far much higher than that df ch-impregnated gypsum w?l]boarq dsed in
5revious fgsearch wbrk at the Centre for Building Stﬁdies, Concordia

" University.

1 e
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6.4 CONCLUQIbNS CONCERNING COST OF THE COMPOSITE

'It*has always been considered that the cost of storage of latent
heat is very high because the materials used for such storage were
expensive. In this research work however, low cost materials wefre.

used for production of a thermal storage mass.

L3
-

From the cost analysis contaiqed in this thesis, it is concluded
tha£ the use of low cost materials 1L preparation of the compasite
resulted in low cost, easy to prepare composit?. The cost of the
composige hand made at the laboratory scale formed in shape of §"
thick tiles is $15.00 /m? which will further. reduce wh@%imanufactured

~

on large scale.

In this research work a new kind of composite with abilities of
built-in energy has been successfully prepared for us in buildings.
The composite has many possibilities of applications such as floor,

wall and ceiling tiles.

6.5 RECOMMENDATIONS FOR FURTHER STUDIES 4
On the basis of..the work presented in this thests, {t {3

recommended that, the following aspects be considered for further

t

research on the subject:

\ i) To investigate possible application of the composite

on outside of the buildings.
ii) - To fnvestigate durability of the c&ﬁposite in terms of

physiqa1. mechanical and chemical Espects.



ii)

iv)

V)

vi)

vii)

viii)

C 2125 -

Study fire hazardness of the composite and improvement

in this regard by. heans of adding fire retardant
agents,

Possibilities of use of other materials like rubber
waste (from Jsed tires) and fiberods materials in
preparation of the composite.

Use of other types of resins and conductive materialss
Physical testing in a model " for investigating actual
energy saving costs. ’

The following tests are recommended by 't?e ASTM and'

Canadian General Standards Board when the composite

will be ‘'used for floor tiles:

-

Abraison resistance

Bond strength of tiles to portland cement

A

Breaking strength

Electrical resistance

Thermal shcok resistance

i

g

Sfudy the different possibilities to install the

A

composite tiles in ceilings, walls and floors.

L
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APPENDIX A

MIA Chemicals - Division of Fiberglas Canada Inc.
131 Hymus Blvd., Pointe Claire

L]

PRODUCT INFORMATON K

MIAPOL 27035 POLYESTER RESIN

x.

Miapol 2T035 is a medium reactive unsaturated polyester resin in
styrene. It is not formulated, ie., it contains no accelerators,
fillers or other additives.

USES:
With' proper modification, Miapol 2T035 can be used for many appl1c-
ations, such as the following: .

Castings i

_Coatings and Glass-Fibre-reinforced laminates produced
by all conventional methods including matched metal die
molding, continuous 1am1natjng, pultruding, etc.

It is rocommended that, in tﬁz‘tzseggihtrans1ucent sheet or panels, a
commercial light stablizer be added to the resin, in order to achieve
"~ maximum light stability. The low initial styrene content may be
increased in accordance with end-use requirements.

SPECI#ICATIONS OF MIAPOL 2T035 AS SUPPLIED:

Viscosity@ 25.C., poises ® 00 0G0 0 R0 QOPERISSENONISOEESIDS SO OPOES 4- 6
Specific Grav.ity @ 25'C. QO E 29 0 8 80608C0 0 Q20N SO ERtEBEOSTSTOEBDDRLEES 1 1515
Monomer Content .l....'....‘..'...'..'.:"..C....ll......? 34% 38%

2]

Styrene Compatability .seeeesescesecsesascsssssencipsesesesss infinite

CURING Lﬁ _
- 2T035 Can be cured with commonly known systems, such as metal
sa]ts/hydroperoxides, tert1ary am1nes/perox1des, heat/peroxides, etc.
If a tack free surface is required in the case of open-mold laminat-
ing, about 0.1 to 0.2% of paraffin wax dissolved in styrene should be

, ' added.
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TYPICAL GEL CHARACTERISTICS QF MIAPOL 27035

(at 21°C. with 0.25% Cobalt 12 & 1% Miacat 60)

Minutes P 6 0 65 000000 S0 TV SOV P BEIOETONSOISBEELEOT PSS _15-20 .

SQP.I. 1time, minutes EEREEEEREREI NN NI N WA NN 5'7
S.PQI eak EXOtherm 20000 eSO BSPIEOBEOIOIOIOINRTORSOETOONES 165'170.(:/8."10'

TYPICAL CURED CASTING PROPERTIES OF 27035

Heat Distortion ..eceeeeiieseceniicacnsnsnrcnannes 60°C-65°C
Barcol HardnesSS ceeesessosssocscsssssssboncssoasss 45
% Water -Absorption .eeieecccocccescccscsasnsvensses_ . 0.17
Flexural Strength eeeeeceseeevessscesss 8.14 x 107.n/m? (11,800 psi)
Flexural ModUlUs seeevecvereeeneess 4.14 x 10° n/m? (6.0 x 10° psi)
Tensile Strength  ceeeceesccaceceees 6.62 x 107 n/mZ (9600 psi)
Tensile MOdUTUS  eeesevecencosasesess 3.99 x 10% n/m? (5.8 x 10° psi)

STORAGE AND HANDLING

Miapol resins should be stored in a cool place away from sources of
heat and out of direct sunlight. If properly stored, (at 20°C or
less), Miapol 2T035 will have a minimum shelf life of four months.
Note that resin stored. for-a longer priod of time will tend to be
slower curing. = -

Polyesters resins should be used in well-ventilated areas. Since
styrene monomer is a highly flammable and volatile liquid, it is
essential that appropriate precaustions -be taken: smoking;, open
flames or heaters must not be permitted in the area. Good housekeep-
ing must be maintained at all times.
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APPENDIX B

Test Data on Thermal anductivity_Measurement (ASTM C177 Test Method)

Tests Performed_by Mr.. N,/ Low N

' Report No. €BS-090-Khan.00l

Customer:

»

Material:

Mr. Khan

Centre for Building Studies,
Concordia University ‘
Montreal Canada

Date: March 14, 1988

Gypsum Concrete Tiles dried at ambient temperature

Sample id: Specimen # 1 bottom and specimen # 2 top

No. 1 and No. 2 set
016175 m

Original sample thickness

Thickness of top specimen 01315 m 3
Thickness of bottom specimen  .0132 m

Weight of sample .935 kg

Room conditions: ‘Temperaturei L 22°C

Humidity: 40% R.H.
Coolant temperature: 22°C

Elapsed time .0 min.

_'
(=]
(o B o Y& - NYJU N N ]

19,80444 (

19.80444 CH20 Amps
20.50674 K-Factor =
20.53180 , R-Value =
20.50674 : DT top =
20.47743 DT bot =
19.87550 Mean temp.
19.85465

Elapsed time 15 min, .

- TC
'TC

TC
TC
TC
TC

TC
TC

T ONONDWN =

19.97250 - CH19 Volts
19.99334 CH20 Amps
20.97489 K-Factor =
20.99568 R-Value =
20.97065 DT top =
20,92484 DT bot =
20,04778

20.04778

CH19 Volts

)

2.01000
0.28100
0.66375
0.01985
0.62701

0.71482

20.17022 -

4

2.05500
0.28720
0.48922
-0.02693
0.89997
1.100236

Mean temp. = 20.49093
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Elapsed time 30 min., '

" TC 1 20.15031 ' CH19 Volts 2.04900
TC 2 20.15031 CH20 Amps -  0.28630

-TC 3 21.30225 , K-Factor = 0.42708
TC 4 21.30225 ' R-Value = | 0.03085
TC 5 21.27724 0T top = 1.01408
TC 6 21.27724 ) . D7 bot = 1.15194
TC 7 20.25063 ‘ Mean temp. = 20.74824
f£lapse” time 4% min,
TC 1 20.32516 . . CH19 Volts 2.04400
TC 2 20.34598 ) CH29 Amps 0.28480
TC 3 21.55180 i K-Factor = . 0,39332
T 4 21.57648 R-Value = 0.02350
TC 5 21.55150 . D7 top = 1.11358
TC 6 21.52651 0T bot = 1.22842
TC 7 20.40036 Mean temp. = 20.96600
C 8 20.45049
Eiansed time 60 min.
TS 1 20.407235 ' CHI® Volts 2.04500
T 2 20.42815 CH29 Amps 2. 28570
7C 3 21.72907 ° ' K-Factor = 0.36830
TC 4 21.75828 . R-13lue = 0,03577
TC 5 21.75828 _ DT top = 1.17560
TC 6 2..70833" - DT bot = 1.32¢8722
TC 7 20.55770 : Mean temp., ¢ 2:.11311
TC 8 23.55770 ' "
Elapsed time 7% min. t
7C 1 20.45221 - CH19 Volts 2.04200
TC 2 20.50233 CH29 Amps 0.28550
TC- 3 21.83213 i - K-Factor =.  0.35630
TC 4 21.85714 - ‘,' . R-Yaluye = 0.03693
1C 5 21.82218 o DT top = 1,21281
TC6 . 21.85714 DT bot'=s . ° 1.,367139
TC 7 20.63185 . ~ Mean temp, = 21,1996}
£laosed time 90 min. S .
TC 1 - 20.53544 _ CH419 Volts 2.048290
TC 2 20.56049 o o CH20 Amps . 2.28550
€ 3 - 21.91084 K-Factor = 0.35182
TC 4 21.93580 L R-Value =  0.03745
TC 5 21,9350 ' - , DT top = . 1.23759
TC 6 21.91084 DT bot = 1.37536 .
TC 7 . . 20.66069 , © Mean temp. » 21.27009
TC 8 20.71078 T ,
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Elapsed time 105 min.

TC 1 . 20.55062 CH19 Volts 2.04200
TC 2 20.57142 CH20 Amps . 0.28550
TC 3 21.94668 K-Factor 0.34581
TC 4 21.97588 R-Value = 0.03810
TC 5 21.99639 DT top = 1.25816
TC 6 21.97164 DT bot = 1.40026
TC 7 20.72596 . Mean temp. = 21.30810
TC 8 20.72596

Elapsed time . 129 min.

C 1 20.53227 " 419 Volts 2.04300
TC 2 20.55733 CH20 Amps 0.28460
.TC 3 21.98256 K-Factor = 0.34048
TC 4 21.98256 R-Value = 0.03870
TC 5 21.98680 DT top = 1.26459
7.8 21.95761 0T bot =. 1.43776
TC 7 20.68258 . Mean temp. = 21.30180
TC 8 20.73266 ' w
Etapsed time 135 min.,

TC 1 20.51446 CH19 Voits 2.04200
TC 2 20.56032 : . CH20 Amps 0.28550
TC 3 21.96053 _. . KsFactor = 0.34045
TC 4 21.96483 R-Value = 0.03870
TC 5. 21.98978 DT top = 1.27496
TC 6 21.96483 DT bot = 1.42531
TC 7 20.68982 Mean temp. = 21.29494
TC 8 20.71486 ’ v -
Elapsed time 150 min.

TC1 - 20.47012 CH19 Volts 2.04200
TC 2 20.52024 CH20 Amps 0.28530
TC 3 21.94562 K-Factor = 0.33578
TC 4 21.94138 - ° R-Value = 0.03924
TC 5 21,97057 ) DT top = 1.28755
TC 6 21.94562 DT .bot = - 1.44832 .
TC7 20.69559 Mean temp. = 21.26683
TC 8 20.64550

Elapsed time 165 min.

TC 1 20.41351, . CH19 Volts 2.04200
TC2 20.45937 o CH20 Amps 0.28550.
TC 3 21.88500 K-Factor = 0.33419
C 4 R-Value =

21.91420 0.03942



" TC

TC 5 - 21.91420
TC 6 21.83924
TC 7 20.61397
TC 8 20.61397
Elapsed time 180 min.
C 1 20.40755
JC 2 20.43262
TC 3 21.88756
TC 4 21.91252
TC 5 21.91252
TC 6 21.88756
TC 7 20.61228
TC 8 20.58723
Elapsed time 195 min.
TC 1 20.37283
TC 2 20.42296
TC 3 21.87369
TC 24 - 21.85293
TC 5 21.87794
TC 6 21.87794
TC 7 - 20.57757
TC 8 20.57757
ElapseZ time 210 min.
T¢ 1,  20.32001
2 20.37441 -

TC 3 21.82524
TC 4 21.82109
TC 5 21.37102
TC 6 21.§7102-
TC 7 20.59568
TC 8 20.52051
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8]

DT top =
DT bot =
Mean temp,

-CH19 Volts

CH20 Amps
K-Factor =
R-Value =

DT top

DT bot =

Mean temp.- <

CH19 Volts
CH20 Amps
K-Factor =
R-Yalue =
DT top =

DT bot =

Mean temp,

CH19 Volts
CH20 Amps
K-Factor =
R-Value =
DT top =
DT bot =
Mean temp.

1.28776
1.46316
21.21293

2.04300
0.28540
0.33071
0.03984
1.30029
1.47995
21.20498

A
£ -

2.04200 ®
0.28530
0.33215
1.03967
1.30037
1.46544
1.17918

2.04200
0.28540
0.32951

.. 0.03998

1.31292
1.47600
21,14988

. '. }N : ‘
Sample has reached steady state in automatic termination mode.:

Average values at end of test:
K-factor = 0,33247 W/m°C

R-value based on thermocouple separation:
2 0.03963 m2*C/W

R-vale

= 2.30560 Btu-1n/ft2,hr, °F

=.0.22503 ft?,hr,*F/Btu

a\

A
§
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. CBS-090-Khan.002  °. Date: March 14, 1988

Customer: Mr. Khan ”
Centre for Building Studies
Concordia University
Montreal Canada )

« Material: Gypsum Concrete Tiles incorporated with PCM

Sample id: Specimen 3 bottom and specimen 4 top

Original sample thickness 01575 m
. Thickness of top specimen - W0127 m
Thickness of bottom speciTen .0128 m
. Weight of sample : 1.058 kg -

Room conditions: Temperature: 22°C
: Humidity: . 40% R.H.
Coolant temperature: 22°C \\

A

Elapsed time 0 min.

20.02116 ’ .CH19 Volts  2.06200

1

. TC 2 20.07134 . CH20 Amps - 0.28810
~TC 3 20.99840 K-Factor = 0.50615
TC 4 20.99840 - R-Value = 0.02519
TC 5 21.02342 DT top = 0.83914
TC 6 21.07346 : DT bot = 0.95214
1C 7 20.22184 ) Mean temp. = 20.57560
TC 8 20.19676

) _E]agsed time 15 min.

TC 1 20,0297} CH19 Volts 2.06000

TC 2 20.10497 CH20 Amps - 0.28820
TC 3 21.05270 K-Factor = - 0.47020 -~
TC 4 21.05270 R-Value = 0.02712

T€ 5 21.13201 DT top = 0.94138
6 . 21.13201 DT bot = 0.98536

TC 7 20.23038 Mean temp. = 20.61066

T8  20.15087 .- )



a?
/

"Elaosed time 30 niin.

TC 1 2005533 . CHI9 Volts  2.06100

, TC2  20.10551 CH20 Amps 0.28800
TC3  21.05323 K-Factor = 0.46753

TC 4 21.05523 . R-Value = 0.02727

‘Te 5 21.10327 DT top = 0.96437

TC 6 21.12254 DT bot = . 0.97281

TC7  20,17649 Mean temp. = 20.60128

TC 8 20.13059 i :

Elapsed time 45'min.

TC 1 20.06495 CH19 Volts 2.05800

TC 2 20.09004 ® CH20 Amps 0.28800
TC 3 21.06708 . K-Factor = 0.45410
TC 4 21.06708 R-Value = 0.02808
TC 5 21.14213 " DT top = 1.00192
TC6 ° 21.1a213 07 bot = 1.98959

TC 7 20.16529 Mean temp. = . 20.60673
TC 8 20.11513 : ,

Flapsed time 60 min.

2 -

TC 1 . 20.01477 ) CH19 Volts 2.06000

TC 2 20,05395 CH20 Amps 0.28800

TC3 - 21.09210 . K-Factor = 0.44252

TC 4 21.09636  R-Yalue:» 0.02831

.TC 5. 21.09636 DT top = 0.99151

TC 6 21.14213 0T bot *= 1.05437

’ TC 7 20.21545 Mean temp. = 20.60778

TC8  20.09004

Elapsad time 75 min.

TC*1 19.97313 . : CH19 Volté-  °2.06000
TC 2 19,99822 - CH20 Amps 0.28790
TC 3 21.05059 | . K-Faoggr = 0.43564
TC 4 21,02557 . L R-Yalue » 0.02927
C 5 21.10062 ~ DT top = ,  1.02496
TC 6 21.12138 . DT bot = ~.1.05240
TC 7 20.12367 ' : Mean temp. = 20.55520

TC8  20.04841
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A

'Elap§bd‘time 90 min.

’

CH19 Volts

TC 1~ 19.96567 2.06000
TC 2 20.01586 CH20 Amps - '0.28750
TC 3 21.04315 K-Factor = 0.43416
TC 4 21.07242 R-Value = 0.02937
TC 5 21.07242 DT top = 1.01459
TC 6 21.12245 DT bot = 1.06702 .
TC 7 20.12048 Mean temp. = 1.06702
TC 8 20.04522
Elapsed time 105 'min.,
TC 1 19,98812 CH19 Volts ‘2.05&22*
TC 2 20,01322 CH20 Amps 0.287
TC 3 21.,04052 . K=Factor= — Q44237-—— —
TC 4 21,04052° .R-~vValue = 7 0.02882 )
au b 21.06553 DT top =. 1,00210
TC 6 21.09055 DT bot = 1.03984
TC 7 20.11357 Mean temp. = 20.54879
TC 8 20.03831
1 . ‘

Elapsed time 120 min, .,
C 1 19.95876 CH19 Volts 2.06000
TC 2 19.97958 CH20 Amps *0.'28800
TC 3 21.20697- K-Factor = 0.44017
TC 4 21.01123 - R-Value = , 0.02897
TC 5 21.,08629 DT top = 1.01672
TC 6 21.11131 DT bot = 1.03994
TC 7 20,13011 Mean temp. = 20.53978 ..
TC 8 20.03404

s .
Elapsed timé 135 min. o .

« TC 1 19.90856 CH19 Velts . 2.05900
TC 2 19,93366 CH20 Amps 0.28790 .
JIC3 . 20.96118 K-Factor =  ™7.43489
TC 4 20.98621 R-Value = 0.02932
TC 5 21.03625 DT top = - 1.02731
TC- 6 21.03625 DT bot = ° 1,05259
TC 7 20,05912 Mean- temp. =- 20.48500
TC 8 . 19.95876 . ' .

N
— .
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Elapsed time. 150 min.

TC 1 19.89683 ‘ CH19 Volts 2.06000
TC 2 19.92193 CH20 Amps 0.28790
TC 3 20,94523 . K-Factor = 0.43861
TC 4 20.94949 - : - R-Value = 0.02907
TC S 20.99528 DT top = 1.02525
TC 6 21.02456 . DT bot = 1.03798
TC 7 20.02231 . '+ Mean temp. = 20.46283
TC 8 19.94703

o ’ -/

Sample has reached steady state in automatic termination mode..

, Average values at end of test:

K= Tq—ctor = 0.43804 W/m'C
: 3.03773 Btu-in/ft?,hr,°F

IS

_ R-value based on thermoctuple separation: ]’(

R-value 0.02911 m2°C/W
0.16528 ft°,hr, F/Btu

W
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¢

" Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. (CBS-090-Khan.003 Date}”‘March 14, 1988
Customer: Mr. Khan ) ‘

Centre for Building Studies
Concordia University '
Montreal Canada

Material: Gypsum Concrete Tiles incorporated with PCM and
surface coated with polyester resin

Sample id:.Specimen 6 bottom and specimen 7 top

.. 0Original sample thickness .01665 m
——— THickness—of-top—specimen— s0137-m—
Thickness of bottom specimen . .0136 m y
Y weigut of sample 1.062 kg ?

Room conditiofs: Temperature: 22°C
Humidity: 40% R.H.
+ Coolant temperature: 22°C

Elapsed time 0 min.

‘ «
TC 1 - 19.58975 + 'CHI9 Volts 2.05800
TC 2 19.60572 . ) CH20 Amps 0.28770
7C.3 20.43801 ' ‘ K-Factor = 0.65213
TC 4 20.41294 ,- R-Value =« 0.02093
TC 5 ° 20.43801 DT top = " 0.63964
TC'6 . 20.46307. DT bot = - - 0.84274
TC 7 19.86111 ) , Mean temp. = 20.06741

TC 8 19.76068

Elapsed time 15 min.

19.56031 - CHI9 Volts 205700

TC 1

TC 2 19.61055, ’ CH20 Amps 0.28770
TC 3 20.664@ : K-Factor = 0.45609
TC 4 20.6640 R-Value = = 0.,02993
TC 5 20.68909 o -7 DT top = 1.04083
TC 6 20.71414 ¢ DT bot = 1.07862
TC 7 19.71102 . " Mean temp, = 20.15297
TC 8 19.61055 ‘

——
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Elapsed time 30 min.
TC 1 19.71213 CH19 Volts 2.05700
TC 2 19.73724. o CHZD Amps 0.28770
TC 3 20.84044 K-Factor = 0.43859
TC 4 20.81540 \ . R-Value = 0.4389%
" TC 5 20.91553 e DT top = 1.1009]
TC 6 20.91553 DT bot. = 1.10324
TC 7 19.82195 : Mean temp, = 20.30817
TC 8 19.73724 ,
Elapsed time 45 min.
TC 1 19.73780 ) CH19 Volts 2.05800
TC 2 19.75863 - CH20 Amps . 0.28760
FH3——26.93685 : K=Factor = 0.40640
TC 4 N 20.93685 R-Value = 0.03389
TC § 21.03695 DT.top = 1.19045
TC 6 . 21.03695 0T bot = 1.18864
TC 7 19.90926 Mean temp. = 20,39213
TC 8 19.78374 . - .
Elapsed time 60 min.
TC 1 19.72013 ~ *'C419 volts 2.0597
TC 2 19.77463 . ' CH20 Amps 0.39215
TC 3 20.99858 ¥-Factor « 0.39215
TC 4 20.97356 R-Value = 0.0348}
TC 5 * 21.04863 DT top = 1.22794
TC 6 21.10292 DT bot = 1.23870
TC 7 19.92525 Mean temp, .» 20,41425
. TC 8 20.03404

Elapsed time 75 min.

TC
TC

TC-

TC
~TC
TC

TC
S TC

CO N &P

19.77463
19.79973
21.02787

21.02787

21.07791
21.12794
19.90015
"19.79973

CH19 Volts ¥ 05800

CH20 Amps

K-Factor =

R-Valye =
DY top =

DT bot = ~

028770
-0.38787
0.03519
1.25298
1.24069

Mean temp, = 20.44198

5
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1

§
Elapsed time 90 min.

TC 1 *19.83395 CH19 Volts 2.05800
TC 2 ©  19.83395 ) CH20 Amps 0.28740
TC 3 21.08699 " K-Factor = 0.38913

. TC 4 21.06197 ’ R-Value = 0.03508
TC 5 21.13702 DT top = 1.24241
TC 6 21.16203 _— DT bot = . 1.24052
TC 7 19.95518 - Mean temp. = 20.49127

' TC 8 19.85906

Elapsed time 105 min.

’ TC 1 19.83024 ) CH19 Volts 2.05800

‘TC 2 19.85962 \ CH20 Amps .- 0.28760

- IC 3 21.10830 —K-Factor—= 8+38238

- TC 4 '21.10830 5 ‘ R-Value = 0.03570
TCS5 -21.18334 ) DT top = 1.26516 |

TC 6 21.23335 . ’ DT bot = 1.26337

TC 7 20.00593 Mean temp. = 20.52619

TC 8 19.88044 : .

Elapsed time 120 mir

, TC 1 19.78318 : ’ CH19 Volts 2.06000
TC 2 19.83339 . © CH20 Amps 0.28770
TC 3 21.11145 K-Factor = 0.%7692

" TC 4 21.11145 - R-Value = 0.03621
TC 5 21.16147 , DT top = 1.26524(
‘TC 6.  21.21149 DT bot = 1.30316
TC 7 19.98399 : Mean temp. = 20,50638

TC 8 19.85850

o
.

Elapsed time 135 min. “ : \

TC 1 19.80401 CH19 Volts 2.05800

TC 2 19.82484 . ' CH20 Amps 0.28770
: €3  21.13220 ; K-Factor = 0.37809
.- TC 4 21.08217 : R-Value = - 0.03610
TC 5 21,14721 . DT top = ' 1.26525
TC 6 21.20723- . ¢ . DT bot = 1.29276
TC 7 7 19.97972 _— . Mean temp. = 20.50520

TC 8 19.85422

e e Y
ay . " .

5
W.} Sy
S
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Elapsed -time 150 min.

TC 1 <19,83395 . " . CH19 Volts 2.05800
TC 2. 19.85478 CH20 Amps 0.28750
TC 3 21,13276 - K-Factor = 0.37818
TC 47 21.10774- R-Value = 0.03609
TC 5 21.,18704 0T top = - 1.27988
TC 6 21,187Q4 ' DT bot = 1.27588
TC 7 19,955 Mean temp. = 20.51989
TC 8 .

19.87988 -

Elapsed time 165 min.,

TC 1, 19.85162 ' " CH19 Volts ‘' 2.05800
1C 2 19.87672 CH20_Amps 0.28160
C 3 21.15462 K-Factor = 0.37648
TC 4 21.12961 - -~ R-Value = 0.03626
5 21.22963 : . © DT top = 1.29027
C 6 21.22965 0T bot = 1.27794
C 7 19.95202 - " Mean temp. = 20.53133
TC 8 19.87672 : '

Elapsed time 180 min,

71 19.82168 . CH19 Volts 2.05700
TC.2 19.87189 - CH20 Amps 0.28770
€ 3 - %1.14980 K-Factor = . 0.37346
C 4 1.12479 R-Value = 0.03655
TC 5 21.19982 . DT top = 1.30062
TC 6 21.24558 . DT bot = *1.29051
TC 7 19.99738 * Mean temp. = 20.53222
TC 8 19.84679 .

©

Sample has reached steady state in automatic termination, mode.

" Average values at end of test: :
K factor 0.37662 W/m*C '
- = 2.61182 Stu-in/ft? hr,°F

R-Value based on thermocouple separation:
R-value = 0.03624 m2°C/W
= 0.20581 ft?,hr,°F/Btuy

PR T
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. CBS-090-Khan.006 ' Date: March 14, 1988
Customer: Mr, Khan

Centre for Building Studies

Concordia University

Montreal Canada ,

Material: Gypsum Concrete Tiles incorporated with PCM
: surfaces coated with metal-filled polyester resin

Sample id: Specimen—11 bottom and specimén 12 top

Original sample thickness .01625 m
Thickness of top specimen 0133 m . - -
“Thickness—of—bottom—specimen 0132 m ' ’
Weight of sample 1.074 kg
Room conditions: Temperature: 22°C ﬁﬁf

) Humidity: 40% R.H.

Coolant temperature: 22°C

Elapsed time 0 min.

TC 1 20.16885 : ' CH19 Volts 2.09700
TC 2 20.16885 CH20 Amps 0.29310
TC 3- 21,02060 K-Factor = 0.56388
TC 4 21.04552 - R-Value = -~ 0.02350
TC 5 21.09565 DT top = - 0.86413 -
TC 6  21.07064 DT bot = 0.86425
TC 7 20.21901 ) oo Mean temp. = 20.62603

TC 8 20.21901

E1ap§ed-time 15 min.

- TC1 - 20.29518 ° ' ‘ CH19 Volts 2.09800
TC 2 20.32026 ‘ CH20 Amps . 0.29310.
TC 3 21.34667 K-Factor = 0.46367
TC 4 21.39667 ‘ R-Value = 0.02858
TC 5 21.40091 . PT top = 1.03887
TC 6 21.35092 . DT bot = 1.06395
TC 7. 20.32451 ! \ Mean.temp. = 20.84809
TC 8 20.34958 ) .

””

T
o 3 . 5
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E]apéed time 30 min.

TC 1 . 20.43946 CH19 Volts 2.09900
TC 2 20,44371 CH20 Amps 0.29330
TC 3 21.59471 . K-Factor = 0.42874
TC 4 21.56548 R-Value = 0.03090
TC 5 21.64467 DT top = 1.13838 |
TC 6 21.59471 DT bot = ,  l.13851 ¢
TC 7 20.44371 .. Mead temp. = 21.03067
TC 8 - 20.51889
-Elapsed time 45 min.
TC 1 20.55160 CH19 Volts 2.09800 5
TC 2 20.55160 CH20 Amps 0.293130 |
TC 3 21.72722 K-Factor = 0.41065 !
TC 4 21.75219 R-Value = 0.03227 \
TC 5 21.80213 T otop = "1.18798
TC 6~ 21.75643 DT -bol = 1.18811
TC 7 20.55160 Mean temp. 21.16547
‘TC 8 20.63101 \ . .
Elapnsed tire 63 min, , i
3 ' ' - .
TCQQ 20.65200 CH19 Voits 2.29220
TC 20.65200 . CH29 Amps 0.2932%
TC 3 21.83147 . ¥-Factor « 0.39771
TC 4 21.90642 R-73alue = N0,03132
TC 5 21,9271 07 top = 1.21043
TC 6 21.83147 DT bot = 1.24194
" TC 7 20.68131 Mean temp, » 21,2962
TC 8 20.70635 5 o, -
Elapsed tire 75 min,
7C 1 20.74374 CHI9 Volts 2.037900
TC 2 20,723¢69 CHZ9 Amps 0.293%)
TC 3 21.99853 ¥-Factar e 0.39442
fc 4 21.97363 P-value » _ Dok
TC S 22.02353 0 top = 1.22261
TC 6 21.9985%3 DT bot = 1.24339
TC 7 20.77378 - Méan_temp., * 21.38049
TC 8 20.80307 -
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Elapsed time 90 min,

- 4
€1 20.82054 CH19 Volts 2.09800
TC 2 20.82054 ‘ CH20 Amps 0.29320
TC 3 . 22.07013 _ ‘ ~ K-Factor = 0.39389
TC 4. 22.07438 R-Value = 0.03364
TC 5 22.09933 o DT top = 1.22450
T4 6 22.07438 DT bot = 1.25172
7 20.82480 Mean temp. = 21.46050

TC 8 20.89990 :

- Elapsed time 105 min.

20.83386 CH19 Volts 2.09800,

SRR BT T 1 T e AT
O e T T
:
A e - .
% f . .
v v .
. N .

TC 1
TC 2 20.86316 ; .
TC 3 22.11261 Y, . K-Factor = 0.39000
C 4 22.11261 . ' R-Value = °  0.03397
v 5 122.16249 " DT top = 1.23680

- TC 6 22.13755 . 0T bot = 1.26409
m 7 20.88819 ‘ ' Mean temp. = 21.50609
TC 8 20.93825 . : L

Elapsed time 120 min. .

C 1 20.85955 - CH19 Volts 2.09800

€ 2 20,85955. CH20 Amps 0.29320
TC 3 . 22.18383 - K-Factor = 0.37209
TC 4 22.18383 ~R-Value = 0.03561
IC 5 22,23371 i DT top = 1.29703
TC 6 22.18808 DT bot = 1.32429
TC 7 20,88884 Mean temp. = 21.54204

7C 8 20.93890 ~ §
Elapsed time 135 min. “

1 20.86827 CH19 Volts 2.09700Q
TC 2 20.89330 ’ CH20 -Amps 0.29310
TC 3 22.16758 "7 K-Factor = 0.37872
TC 4 22.16758 R-Value = 0.03499
‘TC 5 22.24240 ; ‘ . DT top = 1.28662
TC 6 22.19253 , ) * DT bot = 1.28680

TC 7. 20.91833 , ' Mean temp., = 21.54817
TC 8 20.94336 ' .



Elapsed time 150 min.
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CH19 Volts

20.87}14

T 1- 20.86001 2.09800
TC 2 20.88504 CH20 Amps 0.29330
TC 3 22.18430 K<Factor =  0.38130
TC 4 22.15936 R-Value = - 0.03478
TC 5 22.20924 DT top = 1.25953
TC 6 22.18430 0T bot = 1.29930
TC 7 - 20.93510 Mean temp, = 21.54459
TC 8 20.93937 'a ‘ '
Elapsed time 165 min.
C 1 20.83475 CH19 Volts 2.09700
« JC-2 20.85978 CH20—AmpS 029310
TC 3 22.15913 K-Facztor = 0.37504
TC 4 22.15913 R-Value = 0.03533
C 5 22.21326 DT top = . 1.28663
TC 6 22.¥8833 DY bhot = 1.31186
TC 7 20.883908 Mean temp, = 21,52033
'TC 8 20.93914
Elapsed time 180 min ¢
TC 1 20.846381 CH19 Volts 2.09600
TC 2 20.84254 CR29 Aps 0.29329
~TC 3 22.12125 K-Factor = 0.38201
TC 4 22.12126 R-Valuye » 0.03463
TC 5 22.17114 DT top » 1.27432
TC 6 ~ 22.14629 0T bot = 1.27658
TC 7 20.87184 Mean temp., » 21.50224
TC 8 20.89687
Elapsed time .1 ? min,
TC 1 +20.79176 CH19 Volts 2.09800
TC 2 20.84183 CH20 Anps - 0.29310
pFo] 22.11630 K-Factor = 0.377%6
TC 4 22.11630 R-Valye = 0.013509
TC 5 22.16618 DT top = 1.28401
TC6 - 22.14124 0T bot = . 1.29950
7 . 20.86886 Mean temp. = 21.48895
TC 8 )
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Elapsed time 210 min.
TC 1 20.77400 : CH19 Volts 2.09700

TC 2 20.79904 S CH20 Amps "0.29310.
TC 3 22.09861. g K-Factor = 0.37860
TC 4  22.09861 R-Value = 0.03500
TC 5 22.14850 " DT top = 1.26192
TC 6 22.09861 DT bot = 1.31209

TC 7 20,84911 . Meap temp. = 21.46758
TC 8 20.87415 \ ~ «

Elapsed time 225 min.

TC 1 20.73918 - CH19 Volts 2.09800
C 2 20,76850 . . CH20 Amps  0.29330
TC 3 22.03896 K-Factor = 0.38087
TC 4 22.04323 R-Value = 0.03479
TC 5 22.11381 DT top = 1.27456
TC 6 22.06818 _ DT bot = 1.28725

TC 7 20.81857 Mean temp. = 21.42559
TC 8 20.81430 o

Sample has reached steady state in automatic termination mode.

Average values at end of test: '
K-factor 0.37882 W/m*C
. 2.62702 Btu~in/ft?,hr,°F

R-Value based on thermocouple separation:
R-value = 0.03498 m2°C/W
= 0.19862 ft2,hr,"F/Btu
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
7y
Report No. CBS-090-Khan.0Q5 Date: .March 14, 1988
Customer: Mr. Khan
Centre for Building Studies
a \ - Concordia University '
Montreal Canada

Material: Gypsum Concrete Tiles 1néorporated with PCM
and surface coated with metal-filled polyester resin

Sariple id: Specimen 8 bottom and specimen 10 top

' : ¥ . -
3

Thickness of top specimen 013 m
“Thickness of bottom specimen 0133 m
‘ Weight of sample 1.06 kg

Room conditions: Temperature: 22°C
" Humidity: 40% R.H.
Coolant temperature: 22°C

Elapsed time 0 min, . : ’

TC 1 19.49597 . ‘ CHI9 Volts - 2.06000 . . ‘

TC 2 19.52110 = ' - CH20 Amps 0.28790 l
TC 3 20.54981 : K-Factor. = 0.50342 ' E
TC 4 20.54981 T R-Value = /™=0.02612

TC 5 20.62496 - o 0T top = 0.81503

TC 6 20.62496 - - * DT bot = 0.04127

TC 7 "19.89780. ~ 7 Mean temp. = 20.12331

TC 8 19.72205 - T :

Elapsed time 15 min.

T 1 19.44029 i €H19 Volts 2.05900

Tt 2 - 19,49055 / © CH20 Amps 0.28780
TC3  20.59451 / K-Factor »  0.42212
TC4  20.62383 [ R-Value » 0.03115
TCS5  20.69470 / 0T ‘top 1.06605
TC6  20.64460 ; ‘ OT bot = 1.14375
7 19.66641 _— Mean temp. = 20.08696

1C 8 19.54080 .




Elapsed time 30 min.

TC 1 19.53652 CH19 Volts 2.05900
TC 2 19.58676 CH20 Amps . 0.28780
TC 3 20.66538 K-Factor = °* 0.42530
TC 4 20.66538 R-Value # 0.03092
TC 5 20.74051 DT top = 1.08885
TC 6 20.71547 DT bot = 1.10374
TC 7. 19.69152 - Mean temp. = 20.14854
TC 8 19.58676

H Elapsed-time 45 min.

‘ TC 1 19.58248 CH19 Volts  --2.05900
TC 2 19.63273 "CH20_Amps 0.28790
TC 3 20.73624 K-Factor = 0.41332
TC4 - 20.76128 R-Value = 0.03182
TC 5 20.83640 DT top = 1.11585
TC 6 20.78632 DT bot = 1.14116
TC 7 19.78341 Mean temp. = 20,21581
TC 8 19.60761 ,

Elapsed time 60 min.
TC 1 19.58935 CH19 Volts 2.05900
TC 2 19.58935 | CH20 Amps 0.28770
TC 3 20.76813 K-Factor = 0.39977
TC 4 20.79317 . R-Value = 0.03289 .
TC 5 20.86827 DT top = 1.14090
TC 6 20.79317 DT bot = . 1.19130
------- TC 7 19.76516 Mean temp. = = 20.22263
TC 8 19.61447 ]
Elapsed time 75 min.
TC 1 19.59734 CH19 Volts 2.06000
TC 2 19.64758 CH2D Amps 0.28790
TC 3 20.80113 K-Factor = 0.40241
TC 4 20.80113 ‘R-Value = 0.03268
TC 5 20.87624 DT top = 1.14084
TC 6 20.82617 DT bot = 1.17867
TC 7 19.77315 Mean temp. = 20.24629
TC 8 19.64758 -



Elapsed time 90 mir

19.58338
19.65874
20.81225
20.83729

» 20.91238

20.86232
19.80941
19.63362

Elapsed time 105 mir

- 150 -

SN,

TC 1 19.62922
TC 2 19.61594
TC 3 20.81967
5 TC 4 20.79890
TC 5 20.87400
TC 6 20.87400
TC 7 19.79174
TC 8 19.56618
Elapsed time 120 mi:
TC 1 19.64050
TC 2 19.64050
TC 3 20.86913
TC 4 20.86918
TC 5 20.91924
TC 6 20.91924
TC 7 19.81629
TC 8 $#9.66562
Elapsed time 135 min
TC 1 19.60999
TC 2 19.65595
¢ 3 20.86381
" TC 4 20.85955
TC 5 °  20.9096!
TC 6 20.88458
TC 7 19.80662
TC 8 19.65595

\

CH19 Volts

CH20 Amps
K-Factor =
R-Value =

0T top =

DT bot =
Mean temp.

CH19 Volts
CH2D Amps
K-Factor =
R-Value =
DT top =
DT bot =
Mean temp.

CH19 Volts

‘CH29 Amps

r~Factor =
R-Value
0T "top =
DT bot =
Mean temp.

CH19 Volts
CHZD Amps
K-Factor =
R-¥alue =
DT top -
DY bot =

" "“Mean temp.

2.05900 -
0.28760
0.39330
0.03343
1.16584
1.2037]

= 20.26367"

!

=

©2.06000

0.28790
0.40209
0.03270
1.13039
1.19120
20.25392

2.06900
0.28790
0.3878)
0.03391
1.17829

©1.22868

20.29247

2.05900 .
0.28790
0.38966
0.03375
1.16580
1.22870

= 20.28076



Elapsed time 150 min.
TC 1 19.63456

TC 2 19.68479 -

TC 3 20.86326

TC 4 20.86326

TC 5 20.96337

TC 6 20.91332

TC 7 19,.83545

TC 8 19.68479
Elapsed time 165 min.
TC 1 19.61635 '
TC 2 19.67086

TC 3 20.84511

TC 4 20.89517
€5 20.94523

C 6 20.89517

TC 7 19.84235

TC 8 19.66658

o

TC
TC
TC
TC
TC
TC
TC
TC

(el N iNo W3, I~ WICH S ]

v

19.64947
19.67886

20.87812

20.88238
20, 93244
20.90315
19.80014
19.69970

-Elapsed time 180 min.

)

CH19 Volts

CH20 Amps
K-Factor
R-Value =
DT top =
DT bot =

Mean temp.

CH19 Volts

CH20 Amps

"K-Factor

R-Value =
DT top =
DT bot =

Mean temp. =

CH19 Volts

CH20 Amps
K-Factor

.~ R-Value =

4

T top =4

bot =

Mean temp.

[N ?

2.06000
0.28780
. 0.39172
0.03357
"1.17822
1.20358
=’ 20,30535

2.05800
0.28780
0.38969 .
0.03374
1.16573
1.22654
20.29710 °

Id

. 2.05908

0.28780
0.39122
0.03361
1.16787»
1,21608
20.30303

Sample has reached steady state in.automatic termination made.

Average values at-end of test:

K-factor

R-Value based on thermocouple separation:
“R-value :

0.39002 W/m"C .
2.70470 Btu-in/ft2,hr,"F

= 0.03372 m? C/W
= 0.19146 fgz,hr,'F/Btu

L gl
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Test Data on Thermal Conductivity Measurement, (ASTM Cll( Test Method)
Report No. CBS-090-Khan.007 Date: March 14, 1988

Customer: Mr. Khan .
Centre for Building Studies
Coneordia University
Montreal Canada

Material: Gypsum Concrete Tiles incorporated with PCM' \
and surface coated with metal-filled polyester resin -

Sample id: Specimen # 13 bottom and specimen # 14 top

Original 'sample thickness 0161 m .
Thickness of top:specimen, 01305 m \ .
Thickness of bottom spe¢imen 01315 m -

Weight of sample _ 1,051 kg

Room conditions: Temperature: 22°C -
Humidity: 40% R.H.
Coolant temperature: 22°C

k Elapsed time 0 min.

20.69924 ' CH19 Volts 2.09800

- TC

TC 1

TC 2 20.72428 CH20 Amps ©0.29330

TC 3 21.79948 ) . K-Factor = 0.38188

TC 4 21.80375 *R-Value = 0.03430

1€ 5 21.85368 DT top = 0.22550

6 21.874%7 . . DT bot = -~ 0.30092

TC 7 21.0496 ' Mean temp. = 21.13087

TC 8 20.92456 . L

Elqpseq time 15 min.,

Te~1 20.24410 o . ° CHI9 Volts 2.09800

TC 2 20.42410 ' CH20 Amps - 0.29330
TC 3 21.72502 . - K-Factor = 0.38188
TC 4. 21.72502 ¢ i R-Value = - 0.03430"
TC'5 21.79993 / : DT top = . 1,22550
TC 6  21.79993 DT bot = 1.30092
TC 7 20.67464 ‘ Mean temp. = 21.13087.
TC 8 20.47422 - ’
~he.
5,



Elapsed time 30 min.

Elapsed time 45 min.

1

WA OB WN

20.33289
20.33289
21.55920
21.55493
21.60490
21.62988
20.50834
20.37874

TC
TC
TC

“«€lapsed time 60 min.,

O~NOVN.,WwWwMN

20.22824
20.27839
21.47990
21.47990
21.55486
21.55486
20.47464
20.25332

TC
TC
TC
TC
TC
TC
TC
TC

N
Elapsed time 75 min.

OO BWN =

20.18296
20.23311
21.40978
21.38479
21.43477
21.43477
20.38354
20.20804

TC
TC
TC
TC
TC
TC
TC
TC

O~y WM

20.15605
20.18113

121.36224
- 21.35797

21.40796 -

©21.40796

20.33158 -
20.20621

CH19 Volts
CH20 Amps’
K-Factor =
R-Value =
DT top =
DT bot =
Mean temp.

CH19 (olts
CH20 Amps
K-Factor =
R-Value =
DT top =

DT bot =

Mean temp.

CH20 Amps

K-Factor = ’

R-Value =
DT top =
DT bot =
Mean temp;

CH19 Volts
CH20 Amps

, K-Factor =

R-Value =

Mean temp.

"CH19 Volts |

" -

2.09800
0.29340
0.40245
0.03255
1.17385
1.22417
20.98772

- 2.10000
0.29340
0.39959
0.03278
1.19088
1.22658

20.91301

o
\:;Taggoo
0.25840

0.41471
0.03159
1.13898
1.18925
20.83397

2.09900
0029330.
0.41416
0.03163
1.13906
1.1915
20.80139



Elapsed time 90 min.

TC 1 20.14568
TC 2 20.17076

- TC 3 21.34763
TC 4 21.34336
TC 5 21.41835
TC 6 ©21.41835
TC 7 20.36707
TC 8 20.19156
Elapsed time 105 min.
TC1 ° 20.11391
TC 2 20.13900
TC 3 21.31597
TC 4 21.29097
TC 5 21.39097
TC 6 21.36597 .
TC 7 20.31454
TC 8 20.16408
Elapsed time 120 min
TC 1 20.14209
TC 2 20.16717.
TC 3 21.31905
TC 4 21.31905
TC 5 21.34405
TC 6 21.34405
TC 7 20.26748
TC 8 20.16717
Elapsed time 135 min
TC 1. 20.16289
TC .2 20.18797
T 3 21.31478
TCs 4 21.33979
TC S5 21.36478
TC 6 21.36478
TC 7 20.3133%
TC 8 °

20.21305

- 154 -

CH19 Volts
CH20 Amps
K-Factor =
R-Value =
DT top =
DT bot =

Mean temp..

CH19 Volts
CH20 Amps
K-Factor =
R-Value =
DT top =
DT bot =

Mean temp. -

CH19 Volts
CH20 Amps
K-Factor =
R-Valye =
DT top =
0T bot =
Mean temp.

L]

CH19 Volts
CH20- Amps
K-Factor =
R-Value =
DT top =

DT bot =

Mean temp.

2.09900
0.29330
0.41491
0.03157
1.13904
1.18728
20.80035

2.09800
029330
0.41622
0.03145
1.13916
1.17702
20.76193

2.09900
0.29330
0.42127
0.03110.
1.12672
1.16442
20.75876

2.09800
0.29320
0.42798
0.03061
1.10158
.1.15185 _
20.78267



- e

Elapsed time 150 min, _

TC 1 20.14149 \ CH19 Volts 2.09900

TC 2 20.19165 R CH20 Amps 0.29330
TC 3 21.31846 K-Factor = 0.42557
TC 4 21.34346 . R-Value = 0.03078
TC 5 | 21.36846 DT top = 1.10372"
TC 6 21.36846 S DT bot = 1.16438
TC 7 20.34210 - n Mean temp. = 20.28268
TC 8 20.18738 . /

/

Elapsed time 165 min.

TC 1 20.12319 © CH19 Volts = 2.09900
TC 2 20.17336 \ CH20 Amps 0.29330
TC 3 21.32522 K-Factor = 0.42127
T4 2135022 R-Value = 0.03110
TC 5 21,35022 DT top = . 1.12671
TC 6 21.35022 DT bot = 1.16444
TC 7 20.27367 Mean temp. = 20.75868
TC 8 20.17336 . - . >

Elapsed time 180 min.

20.12689 ’ ' CH19 Volts 2.10000

TC 1

" TC 2 20.17705 CH20 Amps *0.29330
TC 3 21.30390 ' K-Factor = 0.42891 .
TC 4 21.30390 ‘ : R-Value = 0.03054
TC 5 21.32890 ' _ DT top = 1.09956
TC 6 21.32463 ‘ ! 0T bot = 1.15193
TC 7 20.27736 ‘ . Mean temp. = 20,75246
TC 8 20.17705 ' : .

X

Sample has reached steady state in automatic termitnation mode.

Average values at end of test: ( :
K-factor = 0.42500 W/m*C o -
= 2.94731 Btu-in/ft%,hr,°F . ,

R-Valﬁe based on thermocouple separation:
R-value 0.03082 m?°C/W" .
- L 0.17503 ft2,hr,"F/Btu -

"
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. C(BS-090-Khan.0l14 Date: March 14, 1988
Customer:  Mr. Khan

Centre for Building Stud1es

Concordia University

Montreal Canada

_ Material:- Gypsum Concrete Ti]es‘incorporaged with PCM
and surface coated with metal-filled polyester resin

Sample id: Specimen # 23 bottom and specimen # 24 top

Original sample thickness .017325
Thickness of top specimen . 0132 m
Thickness of bottom specimen .01345 m
Weight of sample © 1.08 kg

Room conditions: Temperature: 22°C
Humidity: 40% R.H.
Coolant temperature: 22°C

Elapsed time 0 min.

S \
TC 1 18.68525 . ' CH19 Volts 2.17500
IC 2 18.73562 ‘ CH20 Amps 0.30400
TC 3 19.82108 K-Factor = 0.49018
TC 4 19.84191 T + R-Value = 0.02718
TC 5 19.86701 - DT top = ~1.03062
TC 6 19,91721 . DT bot = « 1.12106
TC 7 18.96218 3 ’ Mean temp, = 19.32388
TC 8 18.76080 - B

Elapsed time 15 min.

TC 1 18.31529 © CH19 Volts 2.17400
TC 2 18.34050 . CH20 Amps 0.30390
TC 3 19.74946 S - K-Factor = 0.37731
TC 4 19.74946 : R-Value = _0.03532
TC 5 19.79963 DT top = 1.37092
TC 6 19.82479 DT bot”= 1.42157
TC 7 18.51692 Mean temp. = 19 08273
TC 8- 18.36571
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" Elapsed time 30 min.

TC 1 18.25626 - . " CHI9 Volts  2.17500
TC 2 . '18.30239 ~ . CH20 Amps 0.30400
TC3  19.66127 4 | K-Factor = - 0.39574
TC 4 19.66127 R-Value = 0.03367
.. TC5  19.68639 DT top = 1.28309
TC 6 19.73662 | DT bot = 1.38195
TC 7. 18.52923 f\\\\ Mean temp. = 19.02013
TC 8 18.32760 - ‘

Elapsed tjme 45 min.

. 18.21327 ' © 7 CH19 Volts  2.17500

TC 1

Y TC 2 18.23849 . CH20 Amps 0.30400
TC 3~ 19.54737 K~factor =~ 0.41319
24 19.54309 * R-Value =  0.03225
TC 5  19.57249 : ‘DT top = 1.23307
TC 6  19.62273 . DT bot = 1.31935

-TC 7. 18.44017 , Mean temp. = 18.93332
TC 8 18.28892 '

_ - Elapsed time 60 min.

18.20095 ‘ CH19 Volts - 2.17600

TC 1

TC 2 - 18.22617 A CH20 Amps 0.30400-
€3 19.50569 . K-Factor =  0.42673 .
TC 4 19,50569 . R-Value = 0.03123
€5  19.53081 DT top= - 1.18069
TC 6  19.55594 : DT bot = 1.29213
TC 7 - 18.42786 . Mean temp. = 18.90633
T8  18.29752 : ’

Elapsed time 75 min. ' .

TC 1 18.16655 o CH19 Volts 2.17600
TC 2 18.21699 ‘CH20- Amps 0. 30400
TC 3 19.47142 s , K-Factor = 0.42159
TC 4 19.47570 . . R-Value = 0.03161
TC 5 19.52167 ’ 0T top = 1.22068
TC 6 19.55108 ” DT bot = 1.28178
TC 7 18.41439 . ‘ Mean temp. = 18.87935
TC 8 18.21699 ’ o




"Elapsed time 90 min
R \ \\

Elapsed time 105

OO~ O N LN

18.14935.
18.17457
19.42915
19.43343 »
19.45856
19.50882
18.40150
18.24593

min.

TC
TC
TC
TC
TC
TC
TC
TC

CO N OY U fa O PN

18.17085

©.18.19607

19.40459

©.19.43400

19.45485
19.48426
18.35166
18.25081

Elapsed time 120 min,

‘Elapsed time 135

1
2
3
4
5
6
7
8

18.12843
18.15365
19.41253
19.40830
19, 46285
19.48797
18.40579
18.22501

min.

TC
TC
TC
TC
TIC
TC
TC
TC

[ NN T, I RN

18.14075
18.16598
19.39973
19.37459
19.42486
19.47512
18.34249
18.21642

.—158 -

CH19 Volts-

CH20 Amps
K-Factor =
R-Value =
DT top =.
DT bot =
Mean temp.

CH19 Volts
CH20 Amps
K-Factor =
R-Vdlue =
DT top =
DL¢bot =
Mean temp,

CH19 Volts
CH20 Amps

K-Factor = .

R-Value =
DT top =
DT bot =
Mean temp.

CH19 Volts
CH20 Amps
K-Factor =
R-Value =
DT top =
OT bot =

-Mean temp.

7

2.17400,
0.30390
0.43383
0.03071
1,15998
1.26932

18.85017

2.17400
0.30390
0.43380
0.03040
1.16833
1.23583
18.84339%

2.17500
0.30390
0.43401
0.03070
1.16001
1.26940
18.83557

8

- 2.17400
0.30400
0.43841
0.03039
1.17054
1.23379

18.81749
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Elapsed time 150 min.
"TC'1 - 18.14563 ' CH19 Volts 2.17500

TC 2 18.17085 CH20 Amps . 0.30400
TC 3 19.40459 K-Factor =" 0.44099
: TC 4 19.40459 R-Value = 0.03022 -
T& 5 . 19.42972 DT top = 1.14535"
.TC 6 19.45485 o DT bot = 1.24635
TC 7 18.34736 Mean temp. = 18.82551

T8  18.24651

Sample has reached steady state in automatic termination mode &

Kverage'va1ues at ‘end of test:
_ K-factor = 0.43711 W/m*C
. = 3.03126 Btu-in/ft?,hr,*F

R-Value based on thermocouple separat1on
R-value 0.03048 m2°C/W
0.17311 ft2,hr,"F/Btu

E
3
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. CBS-090-Khan.012 Date: March 14, 1988
Customer: Mr. Khan g

Centre for Building Studies . - .

Concordia University : '

Montreal Canada

Material: 'Gypsum Concrete Tiles fncorporated with PCM
and surface coated with .metal-filled polyester resin

n,'Sample id: Specimen # 19 bottom and specimen # 20 top

Original sample thickness .016125 m
Thickness of top specimen 0133 m
Thickness of bottom specimen .01295 m
Weight of sample 1.074 kg

Room conditions: Temperature: 22°C .. : '
- Humidity: - 42% R.H.
‘ Coolant/ temperature: 20°C

.

Elapsed time 0 min. =~ ' - v

TC 1 18.67275 , CH19 Volts . 2.17500
TC 2 18.74400 ' CH20 Ampss~  0.30400
TC 3 19.97576 : K-Factor = 0.46088
TC 4 19.97576 ) : R-Value = + 0.02848
TC 5. 20.07612 DT top = 0.98186
TC 6 20.10549 - ’ ' ~ DT bot = 1.26739
TC 7 19.14668 . ‘ Mean temp. = 19.47097

- : TC 8 19.07121

Elapsed time 15 min.

TC-1 ©  18.44659 . CH19 Volts ©  2.17500
TC 2 18.49699 CH20 Amps 0.30400
TC 3 19.88024 . ) K-Factor = 0.38422
, TC 4 19.87596 . R-Value = 0.03416
o TC 5 19.95125 DT top = 1.29480
TC 6 19,.95553 - : DT bot = 1.40631
TC 7 18.69423 . " . Mean temp. = 19.24047

TC 8 18.62296

a\ A
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‘Elapsed time 30 min.

TC 1 18.43487 CH19 Volts 2.17500
TC 2 18.46008 , CH20-Amps 0.30400
TC 3 19.71793 K-Factor =,  0.41473
TC 4 19.74304 . “ R-Value = 0.03165
TC 5 19.79326 . DT top = + 1.21988
TC 6 19.74304 , . DT bot =_ -. - 1,28301
TC 7 -° 18.58606 . : Mean temp, = 19.12359
; € 8 . 18.51048 . , - :
. 2 Ya
. Elapsed time’ 45 min. ’ A
- : . .\ 3 )
TC 1 18.33716 CH19 Volts.  2.17500
TC 2 18.38758 CH20 Amps 0.30410
- TC 3 19.62057 K-Factor = 0.41902
7C 4 19.62057 v R-Value = 0.03132
TC 5 19.67080 DT top = 1.22022
. TC 6 19.67080 DT bot = 1.25819
TC 7 18.,51359 . ) Mean temp. = 19.02608
TC 8 18.38758
Elapsed time 60 min. ° . X
TC 1 18.29045 * CHI9 Volts = 2,17600
TC 2 18.34087 - CH20 Amps 0.30410
TC 3 19.52377 © . K K-Factor = 0.43915
TC 4 19.52377 - R-Value = 0.02989
TC 5 19.54890 ‘ DT top = 1.15761
TC 6 . 19.54890" DT bot = 1.20811
TC 7 18,44170 - ‘ Mean temp. = 18.94490
TC 8 ' 18.34087 ° . ,
Elapsed time 75 min,
TC 1 18.16655 : ... CH19 Volts 2.17600
« TC2 18,21699 CH20 Amps *  0.30410
' - TC 3 19.47142. K-Factar = 0.44471
TC'4 — 19.47570 . R-Value = 4.02951
“TC S 19.52167 . DT top = 1.155
TC 6 19.55108 DT bot = 1.18093
" . TC 7 18.41439. . L Mean temp. = 18.90868
R TC 8 18.21699
. v
. ¢ : %
;. . ) @
[ L
o
E%’;?\
b

9.



Elapsed time 90 min,

L

7C 1 18.25351
TIC 2 18.27433
TC 3 19.43670
TC 4 19.43670
TC~5 19.51209
TC 6 19.48268
1C .7 18.40048
7C 8. 18.32916
Elapsed time 105 min.
TC 1 18.19760
TC 2 18.24803
TC 3 19.38097 ¢
TC 4 19.40610
TC 5 -19.43124
TC 6 19.43124
CTC 7 . 18.37409
TC 8 18.24803
Elapsed time 120 min.
TC 1 18.18899
TC 2 18.21421
TC 3 19.37239
TC 4 19.34725
TC 5 19.42266
TC 6 19.39753
7. 18.340
TC'8 18.214
Elapsed time 135 min.
TC 1 18.19388
TC 2 18.21480
TC 3 19,32270
TC 4 19,.34784
TC S 19,.39812
6 19.37298
TC 7 18.29045
TC 8 . 18,26524

CH19 Volts 2.17700

CH20 Amps . 0.30410
K-Factor = 0.45089
R-Value = 0.02911
DT top = 1,13257
DT bot = 1.17273

Mean temp. = 18.89072
I

CH1S Volts 2.17500

CH20 Amps 0.30410
K-Factor = 0.45328
R-Value = 0.02896
DT top = 1.12018
DT bot = 1.17072

Mean temp. = 18,83966

S

CH19 Volts . 2:17500

CH20 Amps 0,30410
K-Factor = " 0,45331
R-Value = 0.02895
DT top = 1.13285
DT bot = 1.15822

Mean temp. = 18.81219

CHI9 Volts  2.17500
CH20 Amps 0.30400

K-Factor = 0.46378
R-Value = 0.02830
DT top = 1.10771
DT-bot = . 1.13093

Mean temp. = 18.80075



RN

)

Elapsed time 150.min,

€ 1, 18.16436
2 - 18.23572
€ 3 19.31842
TC 4 19.37298
- TC 5 19.39383
€ 6 19.37869
TC 7 18.36178 "
C 8 18.23572
Elapsed time 165 min.
TC 1 18.12564
TC 2 18.17609
€ 3 19.28411
v 4 19.30925
5 19.35953
TC 6 19.35953 .
€ 7 18.27696
TC 8 18.20131
Elapsed time 180 min,
1 18.15947
1C 2 18.18469
TC 3 19.29269
.7C 4 19.29269
5 19.36911 .
T 6 18.31783
‘T 7 . 18.28556
TC 8 18. 20991
Elapsed time 195 min. " v
€ 1 18.18098
TC 2 18.20620
TC 3 19.28899
C 4 19, 31413
€ 5  19.38954
TCc e 19.33927
TC 7 18.30706
“C 8 18.23142

CH19 Volts
CH20 Amps
K-Factor =
R-Va'tueg
DT, top -~
DT bot =
Mean" temp.

cH19 Holts
CH20 Amps
K-Factor =
R-Value =

DT top =

DT bot =
Mean temp.

CH19 Volts
CH20 Amps’
K-Factor =
R-Value =
DT top =

DT bot =

Mean temp.

CHI9 Volts

CH20 Amps
K-Factor =
R-Value =

1.14566
18.80644

2.17300
0.30390
0.45756
0.02868
1.12040
1.14582
1876155

2.17500
0.30400
.0.46855
0.02801
1,09523
1.12061
18.76387

2.17600
0.30400
0.47150
+ 0.02784
1.09517
1.10797

"Mean temp. = 18.78220
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E]agéyd time 210 min.

’*\:LIQ Volts

TC 1 18.13366 . 2.17600
TC 2 . 18.15888 . CH20 Amps ~0.,30420
TC 3 19.29210 K-Factor = 0.45858
TC 4 19,31724 R-Value = ° 0.02862
€ 5 19.36752 DT top = 1.10781 .
TC 6 19,34238 DT bot = 1.15840 LN
TC 7 18.31019 Mean temp. = 18.76326

- TC 8 18.18410
Elapsed time 225 min.
TC 1 18.15028 CHI9 Volts 2.17400 °
TC. 2 18,17550 CH20 Amps 0.30410
TC 3 19.28352 K-Factor = 0.46586
TC 4 19028352 R-Value =, 0.02817
TC 5 19.35895 DT top = 1.10787 «
TC 6 19,30857 DT bot = ©1.12064
TC, 7 18.25116 Mean. temp. = 18.75154
TC 8 13.20072 -
Elapsed time 240 min, P
TC 1 18,15517 CH19 Volts 2.17500
TC 2 18,18039 CH20 "Amps 0.30410
TC 3. 19.26325 K-Factor = 0.47140
7C 4 , 19.28340 . R-Value = 0.02784
TC 5 19.33868 DT top = 1.09529
TC 6 19.31354 | DT bot = 1,10805
TC 7 18.28126 .Mean temp., = 18.75013
TC 8. 18.18039
Elapsed time 255 min,
TC 1 18,14657 s CH19 Volts 2.17600
TC 2 18.16748 CH20 Amps 0.30410

©TC 3 19.30068 K-Factor = 0.46147
TC 4 19.30068 JR-Value = 0.02844 °
TC 5 19.37610 DT top = 1.10778
TC 6 19.35096 DT bov = 1.14365
TC 7 18.31879 Mean temp. = 18.78924
TC 8 18.19271 ) :

~

- -
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Elapsed time 270 min. i '
TC 1 18.12877 CH19 Volts 2.17600
TC 2 18.17922 ., CH20 Amps 0.30400
TC 3 19.26209 K-Factor = 0.46619 -
TC 4 -19.26209 R-Value = 0.02815
TC 5 19.33751 DT top = 1.12047
TC 6 19,33751 DT bot = 1.10809
TC 7 18,28009 Mean temp. = 18.74266
TC 8 18.15399 !
. i o
Elapsed "time 285 min. o »
TC1  18.1785 CHI9 Volts  2.17500
TC 2 18.18352. CH20 Amps 0.30400 °
-TC 3 1924123 K-Factor = | 0.46857"
TC -4 19.26637 - R-Value = 0.02801
TC5 . 1931666 DT top = 1.10797
TC6 19.29152 DT bot = 1.10812
TC7 18.25917 " Mean temp. = 18.72492*
TCS8 18.13307 - +
Elansed tm/ 300 min. .
TC.1 - 18.14657  CH19 Volts  2.17500
. TC 2 18.17179 CH20 Amps 0.30390

. TC 3. .w.z% K-Factor =  0.47107 .
TC 4 19.2 -. R-Value = 0.02786

. TC'S 19,33011 DT top, |= 1.09531

TC 6 19.,30496 DT bot = 1.10807

~ TC 7 18.27268 Mean temp. = 18.74155

. TC 8 18.17479

e

. ETapsed time\. 315 * \\ ,

ST -18.4&645* . CH19 Volts V', 2.17600°

¥TC 2., '18.14167 CH2G Amps 0.30410
TC .3 19.27495 K-Factor = 0.46355
TC 4 19.27495 _ R-Value = 0,02831

. TC 5 19.32523. “DT top = - 1.09529°

-TC 6 19.32523 DT bot = 1.14589

| . TC 7 .18.28299 : ) Mean temp. "= 18.,73980
rh TC 8.  18.16690 L , [ v
’ & \ ' t [ . L R !
. . _ o .
‘ El
.R . . - Y -,
l‘ ¢ . . e ii . 'M
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- Elapsed time 3%0 min. ) ‘ -
TC 1 18.12877 CH19 Vo]t;" "2.17600 "
. TC 2 18.14969 ‘ CH20 Amps 0.30390
TC 3 19,23265 K-Factor = 0.46692
.TC, 4 19.25780 | - R-Value = 0.02811
TC 5 19.33322 ' DT top = 1.11837 -
TC 6 19,30808 DT bot = 1.10599
TC 17 18,25487 RN Mean temp. = 18.72685
TC 8, 18.14969 . - :
N ‘ "
Sample has reached st'e'ady state iwtomatic termination mode.
Averagg values at end of test: ’ e
K-factor = %6726 W/m'C . T ,
= 3784034 Btu-in/ft?,hr,°F
. .
R-Value based on thermocouple separation:. ~

R-value = 0.02809 m?:C/W
i 0.15951 ft?,hr,"F/Btu
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Test Data-on Thermal Condig;ivity Measurement (ASTM C177 Test Method)
¥ ‘ ) . ~
Report No. CBS—OQO-Khap.OlS ‘ \ Date: July 12, 1988

. Customer: Mr. Khan

Centre for Building Studies
Concordia University
Material: Gybsmn Concrete-Tiles
both surfaces coated with 1ignin matrial @ 10%
4
Samp]& id: Specimen # 1 bottom and spec1men # 2 top )

Nos. 142 set .
L
Original sample thickness - _.0169 m
Thickness| of top specimen ° 014 m
Thickness of bottom spec1men .0138 m
Weight of sample 1.11 kg

Room conditions: Temperature: 22°C i v
‘ Humidity: - 54% R.H. .
Coolant témperature: 22°C -

_ Elapsed time 0 min.

71 -18.62172 CH19 Volts  2.11300
TC 2 18.59225 © 'CHZO ‘Amps '0.29570
TC 3 . 19.04542 K~Factor = 1.23834
TC 4..° 19.,04542 . R-Value = 0.01122
TC 5 - »19.15031 . ~ } 0T top = 0.40057
TC 6 . 19.09574 o . " DT bot = - 0.43844

S 107 18.74765 . Mean temp. = 18.87447
TC:8 - 18.69728 . C : ) , :
Elapsed time 15 min. s \

. : N R
TC 1 19,15458 | CH19 Volts 2.11500
€2 19.17973, . . . ‘ CH20 Amps 0.29570
TC- 3 19, 35574 i ~ . K-Factor = 2.66889
TC 4 19, 38088 ‘ : . R-Value, = 0.00521
TC 5, 19.45628 S : DT top = 0.18854
TC, 6 19.43115  «* . . PTdot = . <0.20115
JC 7 19,28032 ' o Mean temp. = 19.30859
TC.8 19.23003 ) .

. . R .
- N . w [\
- s . .
N . » ' $
. . .
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Elapsed time .30 min.
TC 1 19.46907 . CH19 Volts _ :2.11600
TC 2 19.44394 : ‘ CH20 Amps 0.29570
TC 3  -19.82072 K-Factor = 1.56267
TC 4 19.82072 - . R-Value = 0.00890
. TC5,  19.87093 . DT top = 0.30136
TC 6 19.84583. DT bot = 1 0.36422
TC 7 19.59470 Mean temp. = '19.67315
. TC8 19.51933 C ~ S \
Elapsed time 45 min. . B : o e
TC1 > 19.78709 o CHI9 Volts  2.11600
! TC 2 19.78709 - . CH20 Amps 0.29570 -
TC 3 20.33904 . K-Factor = 0.99927 -
. TC 4 20.33904 . R-Value = - 0.01391
TC 5 20.38918 DT top = 0.48915
TC 6 20.33904 o DT bot = 0.55195
TC 7 19.91261 , Mean temp. = 20.09130’
TC 8 19.83731 | .
Elapsed time 60 min. . I
LTE 1 20,0716 CH19 Volts 211300
TC 2 20.09678 . CH20 Amps 0.29570
TC 3 20.77346 \ K-Factor = - 0.01844
TC 4 20.79850 ‘ . R-Value = 0.67657
- TC 5 - 20.84857 .- DT top= ~  0.70175
~ . .TC 6, 20.82353 ‘ . © 7 DT bot = - 0.,70175
' TC 7 20.19711 | : -~ Mean temp. = 20.46644
\ .+ TC8 . 20.12186. ° : : .
1 * : § t
., - Elapsed time. 75 min. ) .
: ' ! \ 7 I
' TC 1 20.20136 . CH19 Volts 2,11600
TC 2 20.25151 ~ " © CH20 Amps -  0.29570
. TC3 - 21.10306 - ' . +K-Factor = 0.62471
- TC 4 21,10306 § R-Value = 0.02225
B s 21153 o DT top = 0.78878
S TC 6 21.12808 . . DT bot = 0.87662
'TC 7 20.40193 : Mean temp. = 20.70547-,
TC 8 20.30166 | <
'J{ ‘ ’
7/ "
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Elapsed time 90 min.

- TC 1 20.34330 CH19 Volts 2.11200

TC 2 . 20.36411 : CH20 Amps 0.29570
TC 3 21.31965 ©° K-Factor = 0.55559
: TC 4 1 21.34465 R-Value = 0.02502 -
* TC 5 21.36541 . ‘ DT top = 0.89067
TC 6 ,21.34465 DT bot = .0.97845
TC 7 20.53954 , Mean temp. = -20.87631

TC 8 20,38918

f

é1aps§d time 105 min.

20.45206 ' ’ CH19 Volts 2.11600

TC 1

2 TC 2 20,47712 ' : CH20 Amps 0.29570
TC 3 21.47810 . K-Factor = 0.53308
o9 21.50309 ‘ - R-Value = 0.02608
‘TC 5 21.52808 . DT top = 0.92569
. TC 6 21.52808 DT bot = ©1.02600
TC 7 20.65249 ‘  Mean temp. = 21.02141

TC 8 20.55229 : ‘

Elgpsed time 120 min,

o

TC 1 20.49368 CH19 Volts 2,11700

TC 20.51874 g o, CH20 Amps 0.29570

TC 3 21.54882 © K-Factor = 0.50693

‘ TC 4 21.59455 , R-Value = 0.02742
‘ « TC S5 21.64451 & | DT top = 0.98803
. TC6 21.61953 ' : DT bot = 1.06548

TC 7 20.69409 . Co Mean temp. = 21.08848

TC 8 20.59@90

Elapsdd time 135 min. \
A

TC 1 20.56459 CH19 Volts 2.11600-

TC 2 20.58965 . CH20 Amps 0.29570
TC 3 21,64027 ) K-Factor = 0.50474
TC 4 21.66525 ' : s R-Value = 0.02754 -
. €5 - 21.71520 DT top =. 0.98575 .
; " TC 6 21.66525 DT bot = 1.07564

7 20.76921 | ' Mean temp. = 21.15615 -
TC'8  20.63975 | ’ .

W as % T

B T 3
el E, . -
-

5



Elapsed time

150 min.

"’_;5,1’“\ 20.57309
TC 2 20.60240
TC 3 . 21.6779
TC 4 21.72791
5  21.77362
TC 6 21.72367
"TC 7 20.77346
TC8  20.67754
* Elapsed time 165 min.
TC 1 20.58540
TC 2~ +20.58540
TC 3  21.7359%
TC 4 21.74017
C 5 21.79011
TC 6 21.76091
TC 7 . 20.78576
TC 8  20.68559
. Elapsed time 180 min.
TC 1 20.56459
TC2  20.63975
TC 3 21.74017
TC 4 21,76514
TC5  21,81508 -
TC 6. 21.79011
TC 7 20.81504
TC 8 « 20.68984
Elapsed timé 195 min.
\
TC1 " 20.56035
TC 2 20.61045
TC 3 21.73594
TC 4 21.76091
TC 5 21,81085
TC 6  21.78588
TC7-  20.78576
TC 8  20.68559
.

=170 -

CH19 Volts
CH20 Amps
K-Factor =
R-Value =
DT top =
DT bot =
Mean temp.

CH19 Volts
CH20 Amps
K-Factor =

R-Value =

1}

DT top

DT bot

Mean temp.
N

- CH19 Volts

CH20 Amps
K-Factor =
R-Value =

" Mean temp.

. CH19 Volts
~ CH20 Amps

K-Factor =

~.R-Va1ue-=

2.11500
0.29570
0.48635
0.02858
1.02314
1.11519
21.19121

2.11600°
0.29570
0.47453 .
0.02929
1.03984
1.15266
21.20866

2.11500
0.29580
0.47273
0.02940
1.05016
1.15049
= 21.22747

2.11400
0.29570
0.46702
0.02976
1.06269
1.16303.

Mean temp./,!”ff 21696 .



Elapsed time 210

min.
TC 1 20.55185
TC 2 20.60195 -
TC 3 21.75244
TC 4 21.77741
TC 5 21.82734
TC6  21.77741 .
TC 7 20.80230
TC 8 20.67710
ETapsed time 225 min.
TC1° 20.538540
TC 2 20.58540
TC 3  21.76091
TC 4 ' 21478588
TC.5 21.83581 .
TC 6 21.81085
TC 7 20.83583
8 20.71063
". Elapsed time 240 min.
TC 1 20.58115
TC 2 - 20.63125
TC 3 21.75244
TC 4 21.75668
TC 5 21.80661
TC 6 21.78164
TC 7 20.80655
TC 8 20.68135 .
Elapsed time 255 min.
C 1 20.57690
TC 2 20.60195
TC 3 21.75244
TC 4 21.77741
TC 5 21.85231
TC 6 - 21.82734
TC 7 20.82734
8 20.70214

- 171 -

-~

CH19 Volts

CH20 Amps

K-Factor = .

R-Value =
DT top =
DT bot =

Mean temp., =

CH19 Volts
CH20 "Amps
"K-Factor =

R-Value =
DT top =
DT bot =

Mean temp.

CH19 Volts,
CH20 Amps /
K~Factor /=

R-Valué/=
DT .top =

. DT.’bot

Mean’ temp.

/

S,

. CH19 Volts .

CH20 Amps

K-Factor =

R=Value =

DT top =

DT bot =

Mean temp.

- 2,11600
0.29570
0.46224
0.03007
1.06268
'1,18802
21.22098

2,11600 ©
0.29570
0.02990
1.05009

- 1,18799

= 21,23884

2.11400
029560 -
0.47264
0,02941
1.05018
1.14835
=, 21.22471

\

2.11600
0.29550"
0.46199
0.03009
1.07508"
1.17550
5 21.23973 |
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min..

TC
TC
TC
TC
TC
TC
TC

FOOYDN B WM =

Elapsed time 270
.TC

20.55185
20.57690
21.75244
21.75244

21.82734 .

21.77741
20.80230
. 20.65205

CH19 Volts *2.11500

CH20 Amps . 0.29570

: K-Factor = 0.45948
‘) R-Value = 0.03025
‘ DT top = 1.07520

|
|
g DT bot = 1.18806
‘ Mean temp£7= 21.21159

Elapsed time 285 0

O ~NOVO WO

20.56840
20.58921
21.74397
21.76894
. .21.81888
21.76894
20.76877
20.66860

Elapsed time 300

CH19 Volts 2.11600

CH20 Amps 0.29570

K-Factor = 0.46183

R-Value = *~  0.03010

' , DT top = 1.07522

S DT bot =" 1.17765
Mean temp. = 21.21196

min.

TC
TC
TC
TC
TC

. TC

TC

- TC
© Eldpsed time 315

1
2
3
4
5
6
7

8

¥ 20.54335

20.59345

21.76894
21.,79391
21.81888
21.79391
20.81885
*+20.66860

TC
TC
TC
TC

TC

TC
TC

TC

BNV PR

20.57690
20.57690
21.75244

~21.7774Y

21.32734
21.80238
20.77726
20.70214

. CH19 Volts 2,11600
.CH20 Amps 0.29570
K-Factor = 0.45713
R-Value = 0.03041
DT top = 1.06267
DT bot = 1.21302
Mean temp. = 21.22499
min. : )

CH19 Volts'  2.11400

CH20 Amps 0.29560
K-Factor = 0.459]2
R-Value = 0.03028
DT top = 1.07516
DT bot = 1.18802
Mean temp. = 21.22410

Sample gfs reached steady state in automatic termina;ion'mode.

Average:va1ues at endgof test:

K-factor

= 0.45991 Wm°C -
= 3,18939 Btu-in/ft2,hé}°F

R-Value based on thermocoup1e separat1on

R-value-

= 0,03022 m? C/W .
= 0.17162 ft2,hr,*F/Btu
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_Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. CBS-090-Khan.016 ' " Date: July 12, 1988 °
Customer: Mr, Khan . h
- Centre for Building Studies
Concordia University

Material: Gypslm Concrete Tiles
both surfaces coated with-lignin matrial @ 20%

Sample id: Specimen # 3 bottoﬁ.and specimen # 4 top
Nos. 3+4 ‘set .

Original sample thickness, 0169 m
Thickness of top specimen .0139 m
Thickness of bottom specimen 013 m ,
weight of sample : 1.118 kg

\

Room conditions: Temperature: 22°C
Coolant temperature: 22°C

Elapsed time 0 min, - » '

TC1 . 19.36809 ; CHI9 Volts 2.11600

TC 2 19. 36809 CH20 Amps 0.29560 .
TC 03 19.61938 : K-Factor =  _2.74538°

TC 4 19.74495 ‘ R-Value = ' “%9.00506

C 5 19.64449 S DT top & 0.06492

€6 - 19.71984 - .DT bot = 0.31407

TC 7 19. 64449 « Mean temp. = 19.58742 .

TC. 8 19.59000 " : \ :

.Elapsed time 10 min.

TC 1 19% 35148 : T . CHI9 Volts ©  2.11600

TC 2 19.37662 S CH20 Amps 0.29560

TC 3 19.42689 . _K-Factor = 6.28698

TC 4 ‘19.42689 - ‘ R-Value.=  0.00221

TC 5 19.50654 o DT top = 0.10266 °

TC 6 19.47715 - S DT bot =" "0.06284

TC 7 19.40175 -  Mean temp. = 19.41799
\TC 8  19.37662 S : ) :
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Elapsed time * 20 min. l
€1  19.46863 CH19 Volts  2.11600
TC 2 19.49376 CH20 Amps _  0.29560
C 3 19.59425 K-Factor = 3.40321
TC 4 19.62364 ' R-Value = 0.00408
TC 5 19.69899 - - DT top = 0.17798
6 _ 19.66961 DT bot = 0.12775
TC 7 - 7 19.54401 : Mean temp., = 19.57019
TC 8 19.46863 :
~ Elapsed time 30 min.
TC 1 19.62790 . % CH19 Volts 2.11600
S TC 2 19.62790 ~ . CH20 Amps 0.29560
TC 3 19.87900 K-Fattor = 1.92737
TC 4 19.87900 ~ . R-Value = 0.00721
. 5 19.95430 DT top = 0.28874
C 6 19.90410 : DT bot = 0.25110
TC 7 19.67813 - . Mean temp. = 19.76914
BRCE: 19.60278 - °
Elapsed time 40 minté
TC 1 19.74921 _ CH19 Volts 2.11600
TC 2 19.79943 CH20 Amps .  0.29570
TC 3 20.17584 - - : K-Factor = 1.25697
TC 4 20.20092 : . R-Value = 0.01106
T 5. 20.25107. © DT top = _ 0.41400
TC 6 20.22599 - . ‘ . DT bot = 0.41405
TC 7 19.87474 - .. - Mean temp. = 20.00644
TC 8 19.77432 g »
\
\' . Elapsed, time 50 min. ° T e
1 19.89984 o CHI9 Volts  2.11500
TC 2 19.92069 ‘ © CH20 Amps  ——0.29560
TC 3 20.49748 - | .+ - . K-Factor = 0.89187
TC 4 20.50173 : R-Value = 0.0155
TC 5 20.55185 . DT top = 0.57673
TC 6 20.52679 DT bot = e«  0.58935
TC 7 20.00023 - Mean temp. = 20,22794
TC 8 19.92494 : L (
> .
A [l ‘_,J e




Elapsed time 60 min.

<

Elapsed time 70 min.

W3O P> WM

20.07975
20.10484
20.80655
20.83159
20.83159
20.85662
20.18009
20.10484

C
TC
T

TC
TC
TC
TC

Elapsed time 80 min.

QNGO WP

|

20.14225
20.16733
21.04410
21.04410
21.09413
21.09413
20.29271

20,1718

TC

CTe

TC
1C
TC
TC
TC
TC

1
2
3
4
5
6
7
8

20.25532

20.28040.

21.23192

. 21.25268

21,25692
21.25692
20.38068

20.28040 -

Elapsed time 90 min,

- TC
TC
TC

ONAO & WP -

20.29271
20.31778
21.39420
21.39420

 21.41920

21.41920
20.49324
20.39299

\ »
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/

CH19 Vplts
CH20 Amps
K-Factor =
R-Value =
DT top =
DT bot =
Mean temp.

CH19 Volts
CH20 Amps
K-Factor =
R-Value =

Mean temp.
CH19 Volts
CH20 Amps

K-Factor =
R-Value =

Mean temp.

. CH19 Volts

CH20 Amps

K-Factor =

R-Value =

Mean temp.

1)

2.11700
0.29570
0.72902
0.01907
0.70164
0.72677

20.47448

2.11400
0.29560
0.59356..
0.02342
0.86198
0.88931
20.63129 .

2,11500
0.29560
0.54713
0.02541
0.92639-
0.97444 -
20.77441

.

2.11500
0.29550
0.50345%

' 0.02761:

0.97609

©1.08895

20.89044



Elapsed time 100 min.

TC
TC
TC
TC
TC
TC
- TC
TC

O~ DN WM =

20.34711
20.39299
21.49417

21.52340

21.54414
21.54414
20.54335
20.44312

Elapsed time 110

min.

TC
TC
TC
TC
" TC
TC
TC
TC

OO ~NOY N> WP

20.41805 -

20.44312

21.59411
21.64407

21.64407

21.67328

20.61851 -

20.51829

Elapsed time 120

min.

OO WwN -

20.46393
20.46393
21.66481
21.68979
-21.71053

21.73973

20.61426

Elapsed time . 130

20.53910

min, '

€

0O ~NOYU )N

20.46818

20.49324 .

21.69402
21.74397
21.76894
21.76894
20.66860

* 20,54335
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CH19 Volts

CH20 Amps

K-Factor =

R-Value =
DT top =
DT bot =

Mean temp. =

CH19 Volts
CH20 Amps .
K-Factar =

R-Value =
DT top =
DT bot 2

+ Mean temp.*

CH19 Volts
CH20 Amps -

K~Factor

R-Value =
DT top =

DT bot

Mean temp.

-7

‘CH19 Volts

CH20 Amps

K-Factor =

R-Value =
DT top =
DT. bot =

Mean temp.

{

2.11400
0.29560
0.47474
0.02928
0.05091
0.13874

120.97905

2.11600
0.29580
0.45691
0.03042
0.09028
1.18851

21.06919

2.11600

0.29570

‘0.44069

4.03154
1.14845
1.21337

21,11076

2.11500
0.29560°

0.43311
0.03209
1.16296
1.23829

= 121.14366
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~

Elapsed time 140 min.

TC 1 20.48049 CH19 Volts 2.11600°"
TC 2 20.53060 CH20 Amps 0.29560
1C 3 21.78121 ’ K-Factor = 0.42024
TC 4 21.80617 - "~ R-Value = 0.03308

- TC 5 21.83114 DT top = 1.18781
TC 6 21.83114 DT bot = . 1.28815
TC 7 20.70595 Mean temp. = 21.19343
TC 8 -, 20.58071 ' .

i Elapsed time 150 min.
20.48899 CHI9 Volts  2.11500

TC 1
TC 2 20.51404 CH20 Amps 0.29570
TC3  21.81464 : K-Factor =  0.41222
TC 4 21.83961 R-Value = 0.03372
TC5  21,83537 DT top = 1.19814
TC 6 21.86457 . DT bot = 1.32561
TC 7. 20.68940 ’ ‘ Mean temp. =. 21.20761
TC 8 . 20.61426 '

Eladsed time 160 min,

TC 1 © 20.50555 . . CH19 Volts 2.11600
TC 2  20.55566 L CH20 Amps . 0.29570
-TC 3 21.85610 ' ; K-Factor =- 0.41008
TC 4 21.88106 . \ R-Value = 0.03390
TC 5 21.88106 . DT top = 1.20017

S TC 6 - 21.88106 T . DT:bot = - 1233798
. TC 7 . 20.75603 . Mean temp. = 21.24029

T8  20.60576
Elapsed time 170 min. , . o \

/ N . IS

TC 1 20.52635 . - " CH19 Volts , 2.11600
TC 2 20,5514) - o . CH20 Amps ~  .0.29560"
TC 3 21.85187 oo . K-Factor = 0.40994
TC 4 21.87683° v R-Value = 0.03391
C 5 21.87683 Lo . DT top = 1.21266
TC 6 21.90179 DT bot = - 1.32547
C 7 20.72674 y . ' . ' Mean temp. = 21.24230
C 8 20.626563 / A : .

; g !

e < /
A/’ s . ! i N
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Elapsed time 180 min.
TC1 . 20.50555. © CH19 Volts 2.11500
C 2 '20.55566 ' CH20 Amps 0.29570
TC 3 21.88106 -~ K-Factor = 0.40394 -
TC 4 21.90603 _ : . R-value = 0.03441
TC 5 21.90603 ' © DT top = 1.21256 |
TC 6 21.93099 DT bot = ~1.36294 o
1C 7 20.78107 Mean temp. = 21.26215
TC 8¢  20.73081 '
Elapned time 190 min. ; ’
¢ 20.51785 - CH19 Volts 2,11500 >
TC 2 20.54291 o CH20 Amps 0.29540
TC 3 21.89333 ° K-Factor = 0,39774
TC 4 21.91828 . ~ " R-Value = 0.03495.
C 5 21.91828 DT top = . 1.23756
TC 6 21.94324 DT bot = 1.37542 z
TC 7 420.74329 ‘ , Mean temp. = 21.2650%
C 8 20.64311 o .
Elapsed time' 200 min. ' - %
TC 1 20.53960 CH19 Volts 2.11600
TC 2 20,5141 . ¢ CH20 Amps 0.29570
TC 3 21.90179 . | K-Factor = 0.39678
T4 0 -21.95171 . . R-Value = 0.03503
TC 5. 21.95594 DT top = 1.23748
TC 6 21.95171 ' DT bot = . . 1,38574
TC 7 20.75178 L Mean temp. .= 21.28448
7¢°8 20.68091 ' - o
\' Elapsed time, 230 min. . o o : f\
' ., : o
TC. 1 20.51785 © T T CHI9 Volts, - 2.11600
o €2  20.5679% CH20 fpds ) - 0.2p560
no T, TC3 21.91828  ° e K-Factdr-= .  0.3p445
TC 4 21.94324 - '€%£§ R-Value = 0.(3524
TC'5 21.9€320 : DT top = = 1.74995
C 6 21.96820 . DT bot = - '1.38786
TC 7 20.76833 L Mean temp. = 21.29003
- TC 8—— 20.66816 : '
L X
: N ;




Elapsed time 220
t

TC
.1C
TC
TC
TC
TC
TC™
TC 8

U o e R

20.52210
20.54716
21.92252
21.92252
21.92252
21.9474¢8
20.74754
20.67241

Elapsed time 239

-+

TC
TG
TC
TC
TC
ic
TC
TC

O~ N

20.54716
20.59301
21.91828

21.96320

21.97243
21.99315
20.79762
20.6%816

oy
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i
£ ’
\\
min. ' ) ‘
J° CH19 Volts 2.11600
4 » CH20 Amps 0.29570
- -t K-Factor 3, 0.39834
‘ R-Valye = 0..03489
g N DT top. = 1.22503
9/ , DT bot = 1.38789
Mean temp. = 21237553
min.

: Y CHI9 Volts 2.11500
~ CH20 Amps 0.29530
K-Factor = 0.39608
R-Value = 0.03509
DT top = 1.24990-
DT bot = 1.37316

' Mean temp. = 21.30725

"’ )

. la
# Sample has reached steady state in automatic termination mode.

Average values at end of test:

K-factor

R-Value based-on thermocouple separation.:
= 0.03504 m2°C/W
0.19898 ftZ,hr, F/Btu.

R-value

0.3965 ‘
2.75089 Btg-in/ft?,hr,°F -

3 W/mC
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Jest Datw™on Thermal<Conductivity Measurement (ASTM. C177 Test Method)

Report No,- CB5-090-Khan.017 ‘ Date: July 17, 1988
Customer: Mr. Khan . 2 ‘
- Centre for Building Studies
T ~ Concordia University
pa
Material: Gypsum Concrete Tiles.
» S both surfacds coated with lignin matrial @ 30%

Sample id: Speqﬁmen 45 bottom and specimen # 6 top

AW Nos. 5+6 set .
Original sample thickness 01675 m
Thickness of top specimen . 0137 m
Thickness of bottom specimen -.0138m
Yeiohe of sample 1.12 "kg
Room .conditions: Temperature: 22°C \ ' A (

) Humidity: 54% R.H
~ Coolant temperature: 22°C "
e

Elavsed time "0 min.
1 19.26282 S CH19 Volts  2.11600
TC 2 19,26282 , CH20 Amps 0.29570
iC 3 20.34241 ' K-Factor = -0.00000
'TC 4 20.26720 R-Value = %6.92342E+25
TC 5. 20.11672 DT top = %5.165437E+27
TC 6 20.04146 0T bot = 1.04198 ,
TC 7 % 1.033087E+28 Mean temp. = - %1.2913593+27
TC 8 19.86153 -

TEST ABORTED

Average values at end of test:

K-factor = 0.39663 W/m'C

= 2.75089 Btu-in/ft2 hr, F
R-value based on thermocoupTe separat1on ' ) .
R-value = 0.03466 m?°C/W . .

; = 0.19683 ft2,hr*F /Bty |
' .

R-value based on. or1g1na1 sample thickness: .
R-value = 0.04223 m¢ C/w _

= 0.23978 ft2,hr, F/?tu ~

-
1
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Test Data on Thermal Conductivity Measurement (ASTM C177 Test Method)
Report No. (BS-090-Khan.018 - ‘ Date: July 13, 1988
Cus%omer: Mr. Khan g

Centre for Building Studies

Concordia University

Material: -Gypsum Concrete Tiles
both surfaces coated with lignion fill polyester resin @ 40%

Sample id: Specimen,# 7 bottom and specimen # 8 top
yos. 748 set ‘ .

Origipal sample thickness -~ 017 m
Thickness of top specimen . .0139 m ' -
Thickness of bottom specimen 0141 m
_Weight of sample °~ " 1.125 kg

Room ‘conditions: Temperature: 22°C
Humidity: 54% R.H.
Coolant temperature: 22°C

Elapsed time 0 min. :

TC 1 19.41704 g{ CH19 Volts 2.11500 -
TC 2 . 19.39191 * CH20 Amps 0.29570
TC 3 20.09501 . K-Factor = 0.95032
TC 4 20,.09501 R-Value = . , 0.01473.
TC 5 20.27047 DT top: = 0.41399
TC 6 20,22042 DT bot = 0.69054
TC 7 19.84406 ' Mean temp. = 19.89412
~TC 8 '19.81896 - ;

Elapsed time 15 min.

. T1C

19.45070 ' CH19 Volts 2.11600

1
1C 2 19.45070 - CH20 Amps 0.29560

TC 3 19.85257 . K-Factor = 1.39415

TC 4 19.87768 R-Value = 0.01073
TC 5 19.90278 : DT top = -+ 0.38927

TC 6 19.87768 - DT.bot = . 0.41443
TC 7 19.55121 ' " Mean temp. = 19.67675 .
TC 8 . 19.45070 '

e
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Elapsed time 20 min. . o /
TC1 . 19.68915 , CH19 Volts 2.11600
. TC2 . 19.68915 - .CH20. Amps 0.29570.
Tg 3 20.09076 ’ \ K-Factor = ' 1,14904
S TC 4 20.09076 . R-Value = 0,01208
. TC5 20,09076 ’ DT .top = 0.50210 -
C 6 20.06567 # DT bot = 0.40161
TC 7  19.61379 Mean temp. = 19.85856
TC 8 19.53843 . , - :
Elapsed time 30 min,
TC 1 19.86916 C419 Volts - 2.11600 -
TC 2 +19,89426 ' CH20 Amps 0.29560
TC 3 1 20.39592" . K-Factor = 0.89760
7€ 4 . 20.39592 R-Value = 0.01560
TC 5 - 20.42098 S 0T top = 0.65227
TC 6 20,39592 : DT bot = 0.51421
TC 7 19.81896 : Mean temp. = 20.11057
TC 8 19.69341
Elapsed time 40 min.
TC 1 20,00698 . CH19 Volts . 2.11600
TC 2 20.03207 CH20 Amps 0.29580
TC 3 20.70883 - , K-Factor = 0.70753
TC 4 20.68384 R-Value = 0.01979
TC 5 20,7381/ . . DT top =" 0.80435
TC6 " 20.73317 DT bot = 0.67683
TC 7 19,98189 © 7 Mean temp. = 20.34697
TC 8 19.88575
Elapsed time 50 min. )
———
MR (o3 20,08225 CH19 Volts 2.11600
TC 2 20.13242 CH20 Amps 0.29570
o TC 3 _ 20.93420 K-Factor = 0.59244
TC 4 20.93420 R-Value = 0.02363
TC 5 21.00927 _ DT top = 0.94172
TC 6 20.98849 \ 0T bot =- 0.82686
TC 7 20.10734 Mean temp. = 20,52440
TC 8 20.00698 .




(
x,
Elapsed time 60 min.

LTC L 20.18259 . CH19 Volts 2.11600 ,
TC 2 20.30371 - CH20 Amps 0.29576
TC 3 21.15938 . , v K-Factor = 0.52357
TC 4 21.15514 , . R-Value = 0.02674
TG 5 21.23440 DT-top = 1.05182
TC 6 21.23440 DT bot = 0.94959
TC 7 20.23274 Mean temp. = 20.69548
TC 8. 20.13242 S
.Elapsed time 70 min,

TC 1 20.27864 CH19 Volts 2.11400
TC 2 20.30371 CH20 Amps 0.29550
TC 3 21.30518 K-Factor =" 0.48587
TC 4 7, 21.30518 R-Value = 0.02881
TC 5 ¢ 21.40517 DT top = 0.13911
TC 6 21.38017 ' DT bot = ~1.01400
TC 7 . 20.30371 , Mean temp. = 21.81065
TC 8 "20.20341 C ’

Elapsed time 80 min,

TC 1 20.36235 "~ CH19 Volts® 2.11500
TC 2 20.38742 : €420 Amps 0,29580
TC 3 21.48862 . K-Factor = 0.44979
TC 4 21.48862 ' R-Value = .0.03113
TC 5 21.58856 ) DT top = 1.21580"
TC 6 21.58856 DT bot = 1.11373
TC. 7 20.43330 . . .. . Mean temp. = 21.95621
TC 8 20.31221 .

Elapsed time 90 min.

TC 1 20.37892 CH19 Volts 2.11600
TC 2 20,40398 3 CH20 Amps 0.29580
7C 3. 21.55511 ‘ K-Factor = 0.43194
TC 4 . 21.58009 R-Value = 0.03241
TC 5 21.65503 © DT top = 1.25105 .
TC 6 , 21.65003 DT bot = 1.17614 -
TC 7 20.45411 \ C Mean temp. = 21.00452

‘ TC 8 , 20.35385
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Elapsed time 100 min.
TCAE\\\V 20.43330 1 , CH19, Volts 2.11600
TC 2 20.45836 o CH20° Amps 0.29560
TC 3\ 21.65926 K-Factor = 0.41461
TC 4 21.65926 R-Value = 0.03377-
TC 5.  21.75916 DT top = 1.31333
C 6 21.75916 DT bot = - 1,21384
TC 7 - 20.48342 - Mean temp. = 21.07752
TC 8 20.40823 -
Elapsed time 110 ,
= .p -
TC 1 20.45411 CH19 Volts 2.11400
TC2  20.47917 CH20 Amps 0.29570
TC 3.7 21.72995 K-Faztor = 0.40026
TC 4 21.75493 R-Value = 0.03498
TC 5 21.82983 DT top = 1.34026
TC 6 21.82983 ' DT bot = "1.27580
TC 7 20.55434 ‘ Mean temp. = 21.13212
TC'8 - 20.42480 . !
1 : . B R :
Elapsed .time 120 min. : d&fiap
TC 1 20.47917 ¥ CH19 Volts 2.11500
TC 2 20.47917 CH20 Amps ©  0.29570
TC 3 21.78413 K-Factor = 0.39111
TC 4 21.77990 R-Value = 0.03580
TC 5 21.87975 DT top = . 1.37562
C 6 21.82983 DT bot = 1.30284
TC 7 20.52929 Mean temp. = 21.14879
TC 8 20.42905 ‘
Elapsed time” 130 -
TC 1 . 20.47492 'CH19 Volts 2411500
TC 2 20.52929 CH20 Amps 0.29570
TC 3 . 21.82559 K-Factor = 0.38282
TC 4 . 21,82559 R-Value = 0.03657
TC 5 + 21.92544 DT top = 1.41289
TC 6,  21.95040 DT bot: = 1.32349
TC 7 20.60020 Mean temp. = 21.19766
TC 8 20.44986
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Elapsed time 140 min.
4

TC 1 - 20.50423 - CH19 Wolts 2.11600
TC 2 2052503 ‘ CH20 /Amps 0.29570
C 3 21.85479 . . K-Factor = 0.38070
. TC4 21.85479 _ R-VAlue = - 0.03677
S 21.95463 _ . DT /top = 1.41287
TC 6 21.92968 97 bot = - 1.34016

TC 7 20.57939 . an temp. = '21,21022
TC 8 20.47917 .

(o,

Elapsed.time 150 min,

,vJ’g TC

_ 1 20.53778 CH19 Volts 2.%1600
1C 2 20.55859 ) ) ) CH20 Amps 0.29570
TC 3 21.86326 K-Factor = 0.38131
TS 4 21.88822 . . R-Value = 0.03672%
., . TS 21.00877 DT top = .~ 1.42094
‘ C 6 21,98382 S ‘0T bot = . 1.32755
TC 7 20.63799 ' + Mean temp. = 21.24889
TC 8 20.51273 - " . ,
" Elapsed time 160 Win. . , - :
TC.1 20.53352/{1 . CH19 Volts , 2,11500
TC 2 20.5543 . CH20 Amps 0.29570
TC 3 21.88399° . " K-Factor = 0.37682-
- TC 4 21.88399 R-Value = - 0.03715
TC 5 22.00877 /. o . DT top = 1.43983
TC 6 21.98382 - ' 0T bot = 1.34005
TC 7 20.60445 Lo Mean temp. = 21.24517
TC 8 20.50848 - . .

Elapsed time 170 min.

TC 1. 20454203 , » CH19 Volts . 2.11500
TC 2 20.56709 ’ CH20 Amps 0.29570 -

TC 3 21.89245 K-Factor =~ 0.37240

TC 4 21,94237. _R-Value = . 0.03759

' TC 5 22.04219 : o 0T top = 1.45010
CT . . TC 6 22.01723 ‘ ’ DT bot = - 1.36285 .

T TC 7 20.64224 Mean temp. = '21.27032

1C 8 i .

20.5169




- 186 -

)

Elapsed time 180 min. . -

3

IC

2.11400

. TC 1 20.52929 CH19 Volts
TC 2 20.55859 CH20 Amps 0.29550
TC 3 21.92968 'K-Factor = 0.36229
TC_ 4 21.93391 R-Value = 0.03864
TC' 5 22.05868 DT top = 1.50015 °
TC 6 22.03373 DT bot = 1.38785
TC 7°  20.60869 Meafi temp. = 21.26700
TC 8 | 20.48342 T
Elapsed time 190 min. ’
TC 1 20.56284 CH419 Volts 2.11500
TC 2 20,58789 CH20 Amps 0.29580
TC 3 21.96309 K-Factor = 0.36708 °
TC 4 21.93814 R-Vdlue = 0.03814.
T 5 22.06713 0T top = '1.47930
¢ 6 22.04219 DT bot = 1.37525
L TC 7 20.63799 Mean temp. = 21.28900
TC 8 20.51273
Elapsed time 200 min, ¢
©TC 1 20.56284 CH19 Volts 2.11600
TC 2 20.58789 CH20 Amps 0.29570
TC 3 21.96309 K-Factor = 0.36450
TC 4 21.96309 R-Value'= .  0.03841
. TC S 22,08785 DT tope 1.48749
' TC.6 22.06290 DT bot = ©1.38773
TC 7 20.63799 Mean temp. = 21.30043
TC 8 20.53778
Elapsed time 210 min,
TC 1 '  20.54203 CH19 Volts 2.11500
TC2 20.6179 CH20 Amps 0.29570
TC 3 21.94237. K-Factor = 0.36939
TC 4 21.93814 R-Value = 0.03790
TCS5  22.06713 DT top = 1.47505
C 6 22.04219 DT ‘bot = 1.36065
C 7 . 20.64224 Mean temp. = 21.28853
8  20.51698



