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ABSTRACT

LATENT HEAT STORAGE IN CONCRETE

DOUGLAS W. HAWES
CONCCRDIA UNIVERSITY, 1990

The development of improved means of thermai storage is an aspect of
energy conservation which has lagged other advancss in this field. The intent of
the present work is to address this need. To that end, concrete building materials
were selected as ideal candidates for improvement in respect to their thermal
storage capability. This was achieved by the incorporation of organic phase
change materials (PCM's) in the concrete. These PCM's absorb or release the
latent heat of fusion at a selected temperature and thereby greatly enhance the

heat storage capacity of the impregnated concrete over a small temperature range.

Relevant properties of the constituent materials, means of their combination,
stability and conditions of operation were studied for the purpose of optimizing their
thermal storage performance and reducing the cost of PCM concrete. Various

manufacturing proceduras were also developed.
Two types of PCM’s were found {o be satisfactory.

In addition, several other promising candidates were studied with the

intention of future development. Various PCM's were used to impregnate different



types of concrete to optimize performance.

Modification of the concretes were performed t0 enhance their compatibility
with the PCM's. Four types of aggregate were studied, three of which are alsc

found to be suitable for pre-impregnation.

The energy storing concretes deveioped in this research have a very wice
range of use in the storage of waste heat, heat from solar collectors or off-peak,
low cost heat. In addition, they can also be used to improve the performance of
burners and chillers through reduction of operating frequency by thermal storage.
Their application is cost effective in areas with an appropriate diurnal temperature

swing and, as fuel costs rise, they may be applied in colder regions as well.
Original aspects of energy storage developed in this work comprise:

(i) new concrete modules with organic PCM's including fatty esters,
fatty alcohols and C22 - C24 paraffins

(i) the application of lightweight aggregates such as pumice, expanded
shale and expanded slag as PCM carriers for direct incorporation in
concrete

(i) wvarious techniques for direct incorporation of PCM’s without carriers

(iv) the use of pozzolans to modify concrete to permit use of alkali
sensitive PCM's

(v) development of theoretical considerations of PCM diffusion in
concrete and the determination of absorption characteristics

{(vi) deveiczinent of technique for defining absormtion constants

(vii) the use of PCM's as protective substances in concrete

-jya



(vii) development of means to use walls, floors and ceilings for enhanced

thermal storage
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CHAPTER 1

OBJECTIVE

The objective of this research comprises the development of latent heat

storage in concrete with particular reference to masonry applications.

In particular, it is intended that these building products have the following

characteristics:

(@)

(b)

(©)

)
(e)

Be capable of absorbing and releasing appropriate amounts of
thermal energy within a designated range of temperatures.

Be appropriate for any application where conventional or lightweight
concrete products are now used in buildings for walls, ceilings, floors
and roofs.

Be suitable for installatior by tradesmen with ordinary skills in
conventional structures.

Be suitable for manufacturs in conventional production facilities.
Have an installed cost such that the differential between them and
conventional concrete products would be economically justified by

the energy savings obtained by their use.



CHAPTER 2

INTRODUCTION

2.1 RATIONALE

The necessity for preserving our fossil fuel resources has long been
recognized but it is only within the past two decades that there have been widely
perceived economic incentives to take effective action to that end. More recently,
apprehension conceming atmospheric contamination resulting from the combustion
of fossil fuel for power generation has provided additional stimulus to find a
solution to this problem. In addition, the hazards of being dependent upon nuclear
energy and difficulties with importing fuel have also become serious enough to
accelerate research in the conservation of energy and in the development of

practical and cost effective means of using renewable energy.

In the building field, more advanced building design, more effective HVAC
controls, better insulation, new developments in the design of windows and doors,
improved methods of ensuring air tightness and vapour sealing as well as more
efficient burners, chillers and heat exchangers represent some of the advances

which have been made to n.crease the conservation of building energy.

However, there is one sphere of activity relating to alternative energy use
where the scale of development has been markedly less than those in other areas.

This field of investigation is the development of an appropriate and economical



means of thermal storage in buildings. The need for this research is related to the
fact that a space heating system must incorporate some form of thermal storage
for it to make effective use of virtually any form of thermal energy for space
heating. In like manner, thermal storage is also required in space cooling
applications for the absorption of excess thermal energy during the day so that it

may be subsequently released to the cool night air.

2.2 HISTORICAL AND GENERAL DESCRIPTION

The necessity for incorporating a storage element into a space conditioning
system has been recognized since the earliest concepts of thermal energy
management were developed tens of thousands of years ago. Originally, naturally
occurring materials such as rock and earth were used as sensible heat reservoirs
and these were followed by brick and concrete. Over a long period, these
materials were gradually incorporated into building structures and thermal

installations (e.g. ovens and regenerators) to serve that purpose.

In the fifth century B.C. this aspect of architecture was sufficiently advanced
to be considered an important feature of town planning. The town of New
Olynthus, which was built in northem Greece at this time, was specifically arranged
S0 as fo take maximum advantage of solar radiation for the purposes of heating
and lighting. The streets were laid out in such a manner as to provide each house
with a southern exposure. The houses themselves incorporated thick adobe walls

for thermal storage and covered porches which admitted sun to the houses in the

-3-



winter but shaded them from direct solar radiation in summer. The ancient Greek
concept of beauty was enhanced in these houses, according to Xencphon,
because, as well as being aesthstically pleasing, they also provided a comfortable
ambience for living. The city of Priene, founded in the fourth century B.C. in
southwest Turkey, is another example of urban planning which was clearly

influenced by a good understanding of these principles (Perlin, 1985).

Water, with a iatent heat of melting of 335 J/g, has long been used as a
thermal storage material but, except for very special circumstances where ice,
snow and permatrost can be used, it is not usually considered a building material

and is mentioned here only for the sake of completeness.

An important aspect of the temperature modulating system is the movement
of the thermal exchange medium over the heat exchange surfaces of whatever
thermal storage medium is used. Both early and contemporary structures using
thermal storage incorporate various means of natural circulation. It is only within
comparatively recent history that mechanically assisted thermal storage and
recovery was achieved. It will also be noted that the thermal storage function of
building materials can apply to a wide temperature range, depending upon the heat

source and mode of application.

2.3 THE IMPORTANCE OF THERMAL STORAGE

Thermal storage allows heat to be stored and then to be released as

required. Its development is important for the following reasons:

-4



(@)

(i)

(i)

(iv)

(b)

()

(d)

It makes feasible the use of low cost energy which would otherwise be
wasted becausae its supply frequently exceeds or is asychronous with
thermal demand. This type of energy may be derived from the
following sources:
passive and/or active solar heating
warm infiltrated air
heat generated by occupants, particulardy where large numbers are
found as in classrooms, public rooms, theatres, restaurants and so
forth
heat produced from lighting, cooking, appliances, heat-emitting
equipment or exothermic processes.
Energy may sometimes be purchased at lower cost during off-peak
periods for storage and discharge at times when full rates would
ctherwise be charged.
In addition to time-shifting energy consumption, thermal storage can
also effect a diminution of the demand peak which will be reflected
in a reduction in energy costs, smaller equipment sizing and more
efficient operation.
Excess heat may also be absorbed during the day to moderate the
temperature in a building. In this case, the heat is stored for
subsequent transfer to cool night air which is circulated over the heat

storage surfaces then discharged to the exterior. Thus, using the

-5.



(e)

outside air at night (or whenever the temperature falls to the requisite
level) enables a thermal storage system to replace or supplement
the function of an air conditioning system.

Reduction of fumace cycling may be achieved by the use of thermal
storage. In this application, control of the bumer is arranged so that
ignition does not occur until the stored heat is depleted, i.e. the
thermostat is set to cause the bumer to ignite at a temperature
below the freezing point of the PCM. The burmner then continues to
bum urtii the PCM is completely melted, i.e. until the room air
temperature is a few degrees above the melting point. This
arrangement will prolong the duration of both the firing and off
cycles. It will be recalled that the optimum efficiency of combustion
is not attained until appropriate conditions are reached in the
combustion chamber and that the warm-up period required for this
process takes a finite amount of time. i follows then that the greater
the ratio of firing time to warm-up time, the higher wili be the average
efficiency. Therefore, if the duration of both the firing and off cycles
is prolonged by storage and release of heat in the building and if the
furnace can be selected so that its optimum performance range
corresponds more closely to the average heating load, rather than
to the peak load, a considerable saving can be realized. Research

has shown that combustion efficiency can be improved between 11%

6~



and 54% by reducing short cycle operation (Michal, 1979; Berlad,
1979). In Canada it is estimated that the average would be
approximately 30% because of the cold climate.

1)) In a manner analogous to the foregoing, the efficiencies of heat
pumps and chillers can be expected to have higher coefficients of
performance where their operating schedules incorporate the long on
and off cycles made possible by thermal storage (Michal, 1979;
Berlad, 1979).

(9) A wide thermostat dead band, plus the thermal inertia of PCM
storage effectively lengthen the intermediate seasons which are
characterized by only light heating and cocling demands. The
enective outdoor terperature balance poeint fci heating is lowered,
while that for cooling is raised, as compared with those for a normal
thermostat setting at the centre of the comfort zone. This decreases
the seasonal heating and cooling loads considerably, whatever the

sources of heating and cooling energy.

The principal building elements used for sensible heat storage are masonry
walls, floors and ceilings. The form of the units and the manner in which they may

be arranged can be chosen to suit their application.



2.4 APPLICATIONS
2.4.1 Temperature Ranges

There are five principal temperature ranges for thermal storage:

(a) hydronic heating: 75-90°C
(b) hot water heating: 60-75°C
(¢) hot air heating: 35-60°C
(d) space heating: 17-25°C
(e) cold storage: 5-20°C

The present work is concerned with applications (c) and (d).

Application (c) would be considered where air in this temperature range
could be supplied at low cost. This grade of stored heat could be used directly for
some process such as drying which requires heat at this temperature or it could
be mixed with cooler air and used for space conditioning. Sources of heat for

storage in this range include solar collectors as well as the exhaust heat from any

exothermic process.

Applications in the range (d) are the most common since it is within the
human comfort zone and it also covers the temperatures at which most waste heat

is available for storage in a building.

Whereas quite feasible, the remaining applications are beyond the scope

of the present work.



2.4.2 Modes of Operation

Conventional space conditioning systems usually comprise several sub-
systems which include equipment to effect the transmission and exchange of heat
from place to place and from one medium to another. These systems are costly
to install and operate. On the other hand, in a building which is constructed of
energy storing concrete products, the functions of heat reservoir, thermal conduit,
heat exchanger and building element may be combined. If such heat storage

building elements are installed throughout a building they can be used in two ways.

(a) Heat exchange via interior walls
Concrete blocks are manufactured with a variety of surfaces ranging from

the strictly functional to those which are also aesthetically pleasing, so the
opportunities for using these products are quite extensive. Then, if bare blocks
comprise the interior surfaces of a building, heat exchange can take place
throughout the enclosure at these surfaces. In this case, the operation of an air
distribution system to effect the collection and distribution of air for heating and
cooling may not be required during certain periods of the intermediate seasons.
This desirable situation exists for a number of reasons. To begin with, the
effective depth of thermal storage material is comparatively shallow so that the
conductive path to and from storage is relatively short. Then, since the surface
area is so large, convective as well as radiative couplings serve as effective means
of heat exchange with the room air (Neeper, 1984). Finally, owing to the fact that

heat storing concrete products can be installed throughout an entire building, the
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desired heat storage may be distributed evenly over the area to be thermally
conditioned. In this case it should be ocbserved that due provision must be made
for adequate circulation of air throughout the corditioned space, especially where
an intermal source or loss of neat is concentrated, e.g. a south facing window or

frequently used external doorway.

(b) Heat exchange via the cores

An alternative to the foregoing mode of operation is to use PCM hollow
concrete block for thermal storage by collecting hot or cold air and passing it
through the cores of the blocks where thermal exchange occurs at the internal
surfaces. This function can be realized by an appropriate arrangement of headers
at the top and bottom of the walls through which the air can pass to the exchange

surfaces.

While it would be possible, under certain circumstancas, for such a system
to function by allowing naturai convection to achieve the requisite circulation, it will
normally require a fan powered cclieciion and distribution system to feed air to and
receive it from the headers at the top and bottom of the walls. There are a
number of arrangements suitable for this purpose, some of which comprise the use
of lintel blocks through which air can pass to the interior spaces from the
distribution system and convarsely. it follows that such a sysiem could be very
easily adapted for use with an externat source of hot air whose heat energy could

be stored for later use or to employ cool air to lower the temperature of the blocks
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and allow them to function as a heat sink from which unwanted heat could later
be dumped. Examples of such sources are solar collectors or hot exhaust air from
which heat could be extracted and stored or, conversely, cool night air {Lee, 1984;

NCMA-TEK, 1981).

(c) Combined operations
Various combinations of the two foregoing modes could be used to meet the

requirements of a particular situation.

2.5 LATENT HEAT STORAGE

Until quite recently, thermal storage in building materials depended upon
their sensible heat characteristics. This form of heat storage was usually only
practical where a large structural mass was available. Moreover, it had several
decided drawbacks. In many instances, the payback period of high mass thermal
storage was too long because of construction cost. The second shortcoming was
related to the fact that, in order to provide adequate thermal storage in winter, the
required mass was very large. Moreover, under certain circumstances, the
accumuiated heat in such a mass could render a building very uncomfortable, if

not uninhabitable, until it cooled down (Lof, 1978).

Then, in the 1340's, research in the field of iatent heat storage began in
eamest with the use of materials which change their state within the comfort zone.

When melting or freezing, these materials respectively absorb or release heat in
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the process and are known as phase change materials (PCM’s). Moreover, some
are able to perform this function within a smalil temperature range and thus avoid
the uncomfortable temperature variations which are characteristic of sensible heat
storage in the building mass. Therefore, if a PCM with the appropriate
characteristics can be effectively incorporated in a suitable building element, the

heat storage capacity so introduced can contribute to both energy conservation

and thermal comfort.

As mentioned above, if ordinary concrete is used for heat storage in the
sensible form, the amount of thermal storage required for comfort in the winter
when using passive solar energy as the principal source, can give rise 10
overheating in summer. This may occur after = succession of hot, sunny days and
warm nights when the temperature does not fall sufficiently to cool! the concrete
mass. However, if PCM is used for a significant portion of the thermal storage
required, then the problem of cooling the thermal storage mass down to the
comfort zone (i.e. the PCM freezing temperature) is reduced to manageable
proportions. This is because the specific heat stored in liquid PCM will only be
approximately 3% of that of concrete of equivalent thermal capacity. The relative
effects of sensible and latent heat storage may be approximated by comparing the

specific heat of concrete (0.88 J/g) through a small (6°C) temperature rise, which
is equal to about 5.3 J/g, with the latent heat of PCM which has a heat storage

value in the range of 140-200 J/g.
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2.6 PRIOR RESEARCH IN RESPECT TO PCM'S AND THEIR INCORPORATION

Phase change materials are divided into two principal categories: inorganic

and organic. These materials will be considered separately as follows.

2.6.1 PCM Categories

(a) Inorganic PCM's

Most of the early work in latent heat storage was carried out using inorganic
materials. Prominent researchers in this field include M. Telkes, H.G. Lorsch, J.
Schrdder, K. Gawron, G. Lane and D. Chahroudi (Telkes, 1975; Lorsch, 1975;
Schrider, 1977; Lane, 1976; Chahroudi, 1975).

Of the inorganic PCM's, one of the most interesting groups are the salt
hydrates (in which the salt is bound to water). These behave in a more complex
way than organic compounds because hydration/dehydration occurs. At atemper-
ature below the hydration point, the anhydrate becomes hydrated and crystallizes
with the evolution of heat. Upon heating, the crystal dissolves in its water of

hydration, thereby abzorbing heat (Hariri, 1988).

Table 1 shows some well known salt hydrates which were considered
potentially useful since they have transition temperatures appropriate to heating
and cocling buildings (Abhat, 1983). One of the materials in this group which
showed early promise was Na, S04+10 H,0 (Glauber's Salt) and it was extensively

studied (Altman, 1972). In addition to its use in space heating, this material was
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TABLE 1
THERMAL PROPERTIES OF SOME SALT HYDRATES

HEAT OF FUSION DENSITY SPECIFIC
Jig Jiem® g/em® HEAT
JigK

0.917 (0°C) | 2.08 (S)?
0.998 ) | 418 L)®

KF«4H,0 1.455 (18°C) | 1.84 (S
e 1.447 {20"6; 2.39 gL))

CaCl,+6H,0 . 1.710 25°C) | 1.45 (S
Le6H, e ) S

Na,SO,=10H,0 1.485 (S) 1.93 (S)

Na,HPO,+12H,0 \ 1.520 (S) 1.70 (S)
1.442 (L) 1.85 ()

§ Zn(NQC,).»6H.O . 2.065 (14°C) | 1.34 (S)
2.26 (L)

] Na,S,0,95H,0 X 1.73 (S) 1.46 (S)
1.67 (L) 2.39 ()

| Ba(OH),»8H,0 2.180 (S) 1.17 (S)

| MgCL«6H,0 1.57 (20°C) | 1.72 (S)
; 1-(78°) 2.82 (L)

" DATA FOR H,0 IS INCLUDED FOR THE SAKE OF COMPARISON
3 $.-80LID; L-LIQUID

also considered useful for air conditioning applications. Other PCM's listed in this

table also have some useful characteristics.
Some of the principal advantages of the salt hydrates are:

(i) they change state within useful temperature ranges
(i) they have relatively high latent heats per unit volume
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(i) there is no flammability hazard

(iv) they are relatively inexpensive

Unfortunately, these materials are cormosive and require speciai containment
as well as space for the containers. The extra cost of these {acilities offsets the
cost advantage of the PCM’s themselves (Feldman, 1985; Heine, 1981). Howaever,
the major reasons why inorganic PCM's are not suitable for use in building
materials are their tendencies to supercool and to melt incongruently (Lorsch,
1975). For example, Na, SO,»10H,0 melts to a saturated aquecus phase and
a solid phase of anhydrous sodium sulphate. The solid phase then setties out and
this results in an incomplete conversion to the decahydrate on cooling below the
transition temperature. In consequence of this, the latent heat exchanged is
correspondingly decreased. Unless prevented, this phenomenon is irreversible.
Thickening agents to prevent seftling and nucleating agents to prevent

supercooling were tried but, so far, these results have not proven satisfactory.

Some work has been carried out in respect to the binary, tertiary and higher
order eutectics of salt hydrates but much work remains to be done in this area

(Lorsch, 1975).

Whereas inorganic PCM's may have an application in some wypes of
building thermal storage (Ervin, 1975), they were not considered suitable for

incorporation in concrete.
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(b) Organic PCMS
The value of organic materials as heat storage materials has been known
for a long ume but it was only within the last two decades that general interest has

been shown in raspect to their incorporation in building materials (Lane, 1976;
Hale, 1971).

Organic PCM's offer a number of important advantages:

(i) there is a wide selection from which to choose

(i) the components melt congruently and do not become segregated
(i) many do not have a supercooling problem

(iv) they are chemically stable

(v) they can be incorporated in the building material without containment

(vi) because of (v) the overall cost is competitive with inorganic PCM's
The principal disadvantages of organic PCM's are:

(i) low thermal conductivity
(i) high volume changes duting phase change

(iii) flammability

The foregoing advantageous and disadvantageous characteristics are

discussed in detail later in the text.

Table 2 lists some of the organic materials currently under consideration as
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PCM's for thaimal storage applications in buildings (van Galen, 1986).

At the Centre for Building Studies (CBS) research in the field of organic
PCM's has been ongoing for over eleven years. This research has been largely
concentrated on the incorporation of PCM's in various building products. During
that time a wide range of building materials has been studied in respect to their
suitability as matrices for many types of PCM's (Feldman, 1984; Feldman,1985;
Feldman, 1987). These materials include:

(i) poly{vinyl chioride)

(i) poly(vinyl alcohol)

(iii) poly(viny: acetate)

(iv) vinyl acetate-vinyl chioride copolymer

(v) cement

(vi) high density polyethylene

(vii} ceramic tiles

(viii) gypsum

The PCM's studied in this work and selected for incorporation in the building
materials comprise a broad selection of substances (Feldman, 1986; Hawes, 1989;
Hawes, 1990).

(i) fatty acids

(i) fatty esters

(i) fatty alcohols
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TABLE 2
THERMAL PROPERTIES OF SOME ORGANIC MATERIALS

SPECIFIC

Cona
Jo.K

Octadecane (99% pure)

Eicosans (technically pure) 1530
: 30-41

N-Eicosane (99% pure) 3441

10-25
Commercial wax 25-35

3547

| Shell parafiin wax 52/54 20-40
40-47

| Shell paratfin wax 60/63 40-52
: 5264

i Shall microcrystalline
wax 60/63 30-69 30-69
| Palmatine acid 55-63 55-63
| Stearic acid 55-71 55-71
| Acetamide® 55-74 55-74
Bipheny!® 66-73 66-73
i Naphthalene® 77-87 77-87
| Shell microcrystalline
t  wax 85/88 €5-95 65-85
| Pentaglycarine” 8288 82-88
1 Succinic Anhydride” 115119 115-119
R Benzoic acid® 120-125 120-125
| Low Density Polyethylene 100-110 - 100-110
} High Density Polyethylene 125-136 125-136

* Supercooling
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(iv) alkanes

{v) polyglycols

These studies indicated that, if carefully selected and comectly applied,
various combinations of building materials and PCM's have the potential for greatly
enhancing the beneficial effects of thermal storage in a building product. This
benefit can either take the form of providing greater thermal storage capacity for

the same mass or the same thermal storage capacity for a smaller mass.

2.6.2 Prior Work in Means of PCM Incorporation

The means of incorporating PCM's in the concrete is an important aspect
which will be discussed in detail [ater. Previous work in this area involved the use
of paraffin blends with melting points at or near the human comfort zone. Since
this temperature range is close to ambient conditions encountered during mixing
and curing, high density polyethylene (HDPE) was used as the carrier for the wax
to provide a hard pellet suitable for mixing. However, to render the HDPE suitable
for this purpose it was necessary to prepare this material by subjecting it to
gamma radiation in a nitrogen atmosphere or by electron beam radiation in air.
Vulcanized rubber pellets were also used as a carrier (Salyer, 1986). The present
work concerns the development of other means of PCM incorporation, both direct

and indirect which are suitable for low cost, high volume production.
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CHAPTER 3
RESEARCH METHODOLOGY

To achieve the desired objectives it was necessary to examine the
characteristics of many PCM's, various types of concrete and several other
materials; to test and observe the performance of a number of combinations of
these substances under a variety of conditions and thence to develop stable forms

of PCM concrete which would function effectively to provide latent heat storage.

To this end, the work was divided into a progressive series of tasks. These

are listed below and each is discussed in the relevant section of the text.

3.1 PREPARATORY RESEARCH

(a) Selection of concreie as a PCM matrix material

(b}  Selection of concrete blocks as a research medium
{c) Selection of PCM's

(d)  Selection of means of incorperating PCM in concrete

(e) Flammability aspects

32 TEST PROCEDURES FOR PCM CONCRETE SPECIMENS

(a) Concrete preparation, measurement and immersion
(b) Differential scanning calorimetry (DSC) analysis
(c) PCM absorption tests

(d) Water absorption tests



(e)
)
()
(h)
0]

Thermal conductivity tests
Tomperature cycling test
Flexural strength tests
Chemical analyses

Fire tests

3.3 CHARACTERIZATION OF PCM CONCRETE

(@)
(b)
(c)
(@
(e)
()
()
(h)
(i)
)
(k)
0
(m)
(n)
()

Experimental procedure data tabulation

Study of means of PCM incorporation
Evaluation of thermal properties

Optimization of concrete - PCM compatibility
Effect of temperature on PCM absorption
Dilution of PCM as a means to increase absorption
Effects of duration and frequency of immersion
Effect of PCM on moisture absorption

Effect of curing

Thermal conductivity

Effect of temperature cycling

Flexural strength

Fire resistance

Absorption of PCM's in concrete

Stability



3.4 ECONOMIC IMPACT
(@ Costs
(b) Benefils

(¢) Conclusions

3.5 GENERAL CONCLUSIONS

(@) Outcome of the research
(b) Contributions to the technology

(c) Recommendations for further work



CHAPTER 4
PREPARATORY RESEARCH

4.1 SELECTION OF CONCRETE AS A PCM MATRIX MATERIAL

4.1.1 General Considerations

The great range of available properties and the broad scope of its
applications make concrete an ideal building medium. Moreover, the ready
availability of its constituents, their relatively low cost and the ongoing refinements
in all aspects of its preparation and placement have led to and sustained its great
popularity as a construction material. In addition to its functional and economic
advantages, concrete enjoys the user confidence generated by a technology which
is based upon study, experimentation and practical experience with a series of
materials which evolved from those used in such early structures as the Pyramid

of Cheops which was built about 3000 B.C. (Mindess, 1981).

4.1.2 Portland Cement

The cement now used in concrete is Portland cement and its main
components are as shown in Table 3, together with their proportions in each of the
five ASTM and CSA types of concreta. In addition to these, there are also some

special purpose cements.
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When mixed with water, the principal product of hydration is a calcium
silicate hydrate (CSH) which usually contains small amounts of Al, Fe, Mg and
other ions. CSH is a poorly crystalline material which forms extremely small
particles (less than 1 pm) in any dimension and whose composition wiil vary with
the type of cement used. The second major hydration product is calcium
hydroxide Ca(OH), which is formed from the lime released. The selection of
PCM's for incorporation in concrete must take account of the action which the
products of hydration may have upon the PCM and conversely. Particular care

must be excercised in respect to potential attack by Ca{OH),.

The structure of hydrated cement comprises the hydrates of the various
compounds which is referred to as the gel, crystals of Ca(OH),, some minor
components, unhydrated cement and voids referred to as capillary pores whose

size varies between 10 and 0.01 um. Within the gel there also exist interstitial

voids called gel pores which range in size from 10 to < 05 nm. During the
hydration process the volume of capillary pores decreases while that of gel pores

increases (Mindess, 1981).

Total gel volume may be determined as follows:
V, = 0.68 a cm¥g of original cement. (eq. 1)
vhere V, = gel volume cm®/g

a = fraction of cement which has hydrated

Gel porosity is calculated as follows:



P, = _:; = 0.26 (constant for all normally hydrated cements) (eq. 2)
g

where:

P, = gel porosity (fraction)
W, = water volume cm’/g
Capillary porosity is found by the following relationship:

p,:.’ci-o.ssa (eq. 3)
where: P_ = capillary porosity (fraction)

wi/c = water/cement ratio (by weight)

All pores are important in the absorption of PCM. Whereas the pores can
be affected by temperature and loss of moisture, it will be seen that the
dimensions and number of capillary pores can also be determined by the w/c ratio.
However, as shown in Table 4, the amount of water in cement also has an
important Dearing on the strength of concrete so the selection of w/c must be

govemned by all aspects of the appiication (Mindess, 1981).

TABLE 4
HELATIONSHIP BETWEEN wic RATIO AND COMPRESSIVE STRENGTH OF CONCRETE

28 DAY wic
COMPRESSIVE STRENGTH | NON-AIR-ENTRAINED | AIR-ENTRAINED
MPa CONCRETE CONCRETE

45 0.37 -

40 0.42 -

35 0.47 0.39
30 054 0.45
25 0.61 0.52
20 0.69 0.60
15 0.80 0.7
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4.1.3 Aggreqates

Aggregates occupy 60-80% of the concrete volume and hence have an
important influence on its properties, mix preportions and cost. They comprise a
very wide range of materials and characteristics which, like cement, must be
appropriately chosen for their application. Aggregates must be clean, hard, strong
and free of coatings which could affect hydration and the strength of the aggregate
- cenient paste bond. They must also be selected so as to avoid any undesirable
alkaii-aggregate reaction between them and the cemeitt paste. Finally, aggregates
intended for use in PCM concrete must also be considered with respect to their

porosity and any propensity to react with the PCM.

Aggregates are divided into three principal categories:

(@)  high density materials such as barite, magnetite, iron, steel et al;

(b)  normal density substance such as sand, gravel, crushed stone and
air cooled blast furnace slag;

(c) low density aggregates which are separated into two categories:

(i) those such as expanded shale, clay, slate and slag which are
used to produce structural low-density concrete having a density
in the 1355 ‘o 1850 kg/m® range

(i) the lower density types such as pumice, scoria, perlite,
vermiculite and diatomite which are used in the manufacture of
insulating concretes in the 250 to 1450 kg/m® range.

Concretes with aggregates in category (a} are special purpose types which

were not inciuded in the present work. Those with aggregates in category (b) were
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included because of their widespread use and those in category (c) were also

examined because of their high absorptivity.

4.1.4 Curing

Concrete must be properly cured if its optimum properties are to be
developed. The three principal parameters which govern effective curing are
adequate moisture for hydration, appropriate conditions of temperature and the
time reguired to attain adequate strength before formwork is removed. Special
situations of mass, type of concrete or environment may require appropriate

variations of some of the values given below.

(a) Effect of Moisture

The object of curing is to keep the concrete as nearly saturated as possible
u %l iie spaces which were originally filled with water have been filled to the
desired extent by the products of hydration. Since the curing process requires
water, it is important to ensure that it is present in sufficient amounts. This can be
achieved by adding water to the surface of the concrete by fine sprays or wetted

fabric and/or by preventing the loss of water through evaporation by some form of

sealant (Neville, 1981).

In this connection it should be noted that theoretically there is enough water
in concrete to ensure complete hydration without additional water if the w/c ratio
is 0.42 or greater. However, in practice there is always a loss of water by

evaporation and absorption by aggregates, formwork or subgrade and this must
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be reduced by appropriate measures. f the intsmal reiative humidity drops below
about 80% hydration will stop and strength development will be arrested (Mindess,
1981).

(b) Effect of Temnerature

It is important that the temperature of curing concrete remair. within the
limits which allow a uniform distribution of the hydration products. The temperature

of the concrete at 100% RH should not be allowed to rise above about 23°C during
the first 28 days. During this time, an idea! process would be to allow the

temperature to rise from 13°C to 23°C on the 28" day(Neville, 1981). Steam
curing is carried out at higher temperatures and is described in Sections 4.2.3 and

6.9.

(c) Effect of Time

Although the hydration process continues indefinitely, the time normally
used to allow ordinary concrete to develop its design strength is 28 days.
However, this period can be accelerated or retarded by appropriate additives which

result in a loss or gain in ultimate strength.

4.2 SELECTION OF CONCRETE BLOCKS AS PRINCIPAL RESEARCH MEDIUM

4.2.1 Rationale
Although it is intended that the incorporation of PCM be used in all

appropriate concrete installations, the concrets products considered most suitable



for the present stage of research are concrete blocks. The reasons for this choice

are as follows:

(@) They are widely used in a great variety of structures.

(b) They are versatile in application and comptise many shapes.

(c) The heat exchange surface area is large enough to permit storage of
significant amounts uf heat through a temperature range within the
comfort zone. High temperai.ra storage can also be used, either for
direct application (e.g. drying) or for mixing for use in building heating.

(d) The heat exchange depth is short.

(e) Heat can be exchanged at faces or core surfaces or any combination
thereof.

() Manufacturing quality control can be easily achieved.

(g) Blocks can be laid in stack or running bond to provide continucus air
passage through the hollow cores.

(h) Test structures can be easily constructed.

(i) Research resuits on blocks can be readily extrapolated to provide data
on the thermal performance of hollow core slabs and panels.

(i) Concrete has good absorptivity and emissivity characteristics.

it should be noted that, while concrete blocks were the preferred medium
for this stage of research, some work was also carried out in respect to the

incorporation of PCM in ordinary concrete.
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4.2.2 SELECTION OF CONCRETE BLOCK TYPES

There are several types of concrete block produced in North America but

the most commonly used comprise some variation of the following types:

(a) Regular (Type 1/No. 10) cement with limestone aggregate and sand
which is steam cured at atmospheric pressure.

(b) Lightweight concrete using expanded slag aggregate and fines which
is cured with steam under high pressure.

(c) Lightweight concrete using expanded shale aggregate and fines which
is steam cured at atmospheric pressure.

(d) Lightweight concrete using Grecian pumice aggregate and fines which

is steam cured at atmospheric pressure.

Some PCM's such as paraffin are not affected by inclusion in concrete.
Howaever, the alkaline nature of most concretes can make them unsuitable for use
with other PCM's, particularly fatty acids, some fatty esters and some fatty
alcohols. 8o, in the latter cases, it is necessary to ensure that they are

incorporated in a compatible type of concrete.

4.2.3 Curing of Concrete Blocks
The curing of concrete blocks significantly affects their compatibility with
PCM and it falls into twe principal categories.



(a) Blocks which are cured under hich pressure steam, i.e. autoclaving.
This process requires a pressure vessel in which the blocks are cured

at about 180°C and the resulting reaction is:

H,O
(3 Ca0sSiO, + 2 Ca0-Si0,) + 4 SiO,
Portland cement + silica water
3 Ca0+2Si0,#3H,0 + 2 Ca(OH), + 4Si0, -

caicium silicate hydrate + calcium hydroxide + silica

CSH -
poorly crystallized, low-lime gel

5 CaO+6 Si0,*5H,0 (€a. 4)

Tobermorite

The presence of silica promotes the formation of poortly crystallized CSH,
but one which has less lime than that formed in normal hydration. (Hence it is not
written as C,S,H,). This low-lime gel converts to another crystalline hydrate, called
tobermorite, on continued heating. This change is not accompanied by a very
large change in density, and hence the initial strength is maintained during the
complete autociave cycle. 1t will be noted that silica must be present in sufficient
quantity to effect this reacticn. Steam curing produces a strong, stable concrete

in which the products of hydration are coarse and microcrystalline and have low

shrinkage.



Atthese high temperatures calcium sulfoaluminate hydrates are not formed.
Both the suifate and aluminate apparently enter into the CSH and tobermorite
structures. Alumina is said to increase the rate of crystallization of tobermorite.
CsAH; is occasionally observed but is only a miner component (Mindess, 1981:

Neville, 1981; Taylor, 1977).

(b) Blocks which are cured by heating with steam under atmospheric

conditions at about 80°C. This method produces a different reaction

from (a), i.e.:

(3Ca0+Si0, + 2Ca0eSi0,) + HO —>

Portland cement water
3 Ca0s2 Si0,+3 H,O + 2 Ca(OH), (eq. 5)
calcium silicate hydrate calcium hydroxide

From this it will be seen that autoclaved concrete block (ABL) is relatively
free of Ca(OH), and ‘s, therefore, a promising material for use with PCM's. On the
other hand, as seen from equation 5, concrete products which wers cured at low
pressiis contain Ca(OH), and this means that they will have a higher alkalinity
than the autociaved products. However, in view of their very common use in the
building industry, it was decided to investigate the suitability of a number of types
of concrete blocks which have been steam cured at atmospheric pressure,

including regular concrate block (REG), pumice concrete (PUM), lightweight
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concrete using expanded shale aggregate (EXS) and exnanded slag aggregate
(EXSL) well as ordinary Portland cement concrete (OPC) together with modified

forms of some of these concrete types.

4.2.4 Concrete Block Cement

The most comman type of cement used in concrete block and indeed, in
most concrete work of any kind, is Type | (No. 10) Portiand cement. Therefors,
all of the present work was carried out using this kind of cement. However, as
noted in the previous section, the alkalinity of concrete results in a reaction with

certain types of PCM's, so a low alkaline Type | (No. 10) cement was used where

it was desired to reduce this effect as much as possible.

4.2.5 Modification of Concrete

it is intended that PCM incorporation interfere as little as possible with
existing concrete construction and block manufacturing techniques. However, it
was deemed necessary to consider various ways of modifying the concrete as a
means of improving the stability of those PCM's which are affected by the alkaline
products of hydration. To this end, the use of pozzolans such as silica fume (SiO,)
and fly ash (principally SiO,, ALO, CaO and Fe,0,) were selected for
incorporation in conjunction with conventional additives such as an air entraining

agent and a superplasticiser.

Several forms of modifying concrete characteristics by the manner of curing

were also selected as appropriate. These were:
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(a) steam curing at 2tmospheric pressure
(b) water curing
(c} air curing
(d) combinations of (a), (b} and (c)
In addition, autoclaved concrete, regular concrete and pumice concrete blocks

were obtained from concrete block manufacturers.

4.3 SELECTION OF PCM'S
There are a great number of heat storage materials available on the market,
so that some plan of discrimination was required to effect an appropriate choice

for the purpose intended.

The selection process was divided into two principal elements: choice of
type and screening of candidates within that type. The first element indicated Zie
broacd category of PCM's raost suitable for consideration and the second
established a set of criteria against which the characteristics of the candidates

were compared.

4.3.1 Choice of Type of Phase Change

Phase changes which occur within a relatively constant temperature range
are divided into the following types:

(a) solid-liquid

(b) solid-solid



{c) liquid-liquid
(d) liquid-gas

(e) solid-gas

Only category (a) was selected for the present work because it alone
comprised materials which offered the combination of appropriate volumetric
change, heat of transformation, ease of containment and temperature range

required for the application intended.

4.3.2 PCM Characteristic Selection Criteria

Choosing a suitable PCM involved subjecting each candidate to a rather
lengthy set of criteria. In addition to the conventional requirements for a practical
heat storage material (Telkes, 1975; Schréder, 1977; Lorsch, 1975; Lane et al,
1976; Feldman, 1986; Feldman, 1985; Feldman, 1987; Lane 1976; Lane 1979; van
Galen, 1986; Hale, 1971; Beilsteins, 1958) it was also necessary to consider the
additional characteristics requisite to its incorperation in concrste (Heine, 1981;

Neville, 1981; Taylor, 1977). The qualification criteria are discussed below.

4.3.2.1 Thermodynamic considerations

(@) Latent heat of fusion

When a solid is heated, very little of the applied energy " used to expand
the material. Instead, most of the heat goes into increasing the vibrational energy

of the atoms and molecules, while the temperature and the sensible heat increase.
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When the mean amplitude of the vibrations has reached the point where it equals
the inter-atomic (or inter-molecular) spacing, these particles begin to free
themselves from the crystal lattice and the atomic or molecular structure of the
substance changes. Much of the applied energy then goes into freeing the
remainder of the particles from the lattice. During this process, the temperature
rises very little until all of the atoms or molecules have become free and the
substance has been transformed into a liquid. The energy used to effect this
change of state is referred to as the latent heat of fusion. When a completely
liquid state has been attained, further application of heat causes a resumption of

the increase in temperature of the substance in its liquid state.

When heat is removed, the process is reversed with the exception that the
liquid may remain in a liquid state below the freezing point (supercooling) until
crystalline growth is eventually initiated by some nucleus and solidification occurs.
It should be noted that various structural forms are possible within certain solids
(polymorphism), although a single solid form is preferred for most of the present
research (Van Viack, 1964; Marshall, 1958).

It should be noted that, although a change of state theoretically occurs at

constant temperature, in fact, a small temperature difference (4-6°C) is required
around the melting and freezing points to produce the exchange of heat needed

to effect the change of state throughout the impregnated concrete. Even this small

temperature difference will involve a significant change in the sensible heat of both



concrate and PCM. This additional heat must then be added to the latent heat to

arrive at the total heat storage capacity of impregnated concrete.

The PCM selected should have the highest possible latent heat per dollar
invested, since the greater the latent heat, the less the amount of PCM required
to meet the thermal storage capacity and heat transfer rate required. However,
this transfer of heat must be achieved in a manner consistent with the other
requisite characteristics discussed here. As 2 result, a satisfactory value for this
very important characteristic is normally found only after examination of many

candidates. A reasonable range for the latent heat of fusion was established as
130-200 J/g.

(b) Heat transfer properties

The thermal performance of a storage system is dependent on the heat
transfer properties of the PCM and its container, as well as those of any other
elements required for the heat storage system (Abhat, 1983). These properties
are governed principally by the effects of conductivity, diffusivity, configuration and
position of the system elements. In contrast to central thermal storage systems,
the problem of heat transfer in a PCM concrete system is greatly reduced by the
fact that PCM impregnated concrete combines the functions of reservoir and heat
exchanger. To a varying degree, it can also form part of the air distribution and
collection system. As a result, considerations relating to the characteristics of

many items of equipment such as thermal reservoirs, heat exchangers and their
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space requirements which normally comprise the total heating system, do not

apply in this case.

The inner structure of concrete encloses a large percentage of void space
which can be occupied (up to approxiictely 10% of the weight of the concrete) by
the PCM's used in this project. PCM in the liquid state is prevented from running
back out of the voids and capillaries in the concrete by surface tension and other

means of retention to be discussed later.

If a mass of solid PCM is subjected to a small temperature difference, the
melting or freezing plane advances very slowly. This is because the large latent
heat ensures conditions which are approximateiy isothermal near the melting or
freezing plane. The small temperature difference, therefore, results in only a low
thermal cumment. Moreover, during the freezing process, heat transfer to the
outside face of a PCM mass is impeded because the PCM material between the
freezing plane and the outside is solid so that convective heat transfer cannot
occur (Feldman, 1985). As opposed to the foregoing case, which relates only to
PCM by itself, in impregnated concrete the structure of the concrete serves as a
heat conductor which provides a thermal short circuit between the liquid PCM and
the face(s) of the concrete where heat exchange occurs. This allows the
solidification process to occur simultaneously at different depths of the PCM. This
process augments the effective heat transfer area and thus increases the rate of

heat release, when required, as in the case of a small temperature difference
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between the air and the concrete. 1t follows that the conductivity and thermal

diffusivity of both the concrete and the PCM must be considered together.

When the cycle reverses and the PCM begins to melt, there is virtually no
convective heat transfer in the PCM itself because it is divided into small, thin
masses in the voids of the concrete. However, here again, thermal transfer is

aided by the concrete structure, so that the entire mass of solid PCM can be

melted simuitanecusly.

Ancther important aspect of the heat transfer process is the geomeiry of
impregnated concrete block. Since the thickness of concrete at the faces is only
about 40 mm, the thermal exchange process is facilitated because of the relatively
short distance through which the heat must trave! to and from the face of the
material where transfer occurs. It should be recalled that thermal exchange can
occur at either or both external faces and/or the internal faces of the cores. In
addition, concrete block has a high surface-to-volume ratio which is conducive to

effective heat transfer.

Since impregnated concrete block can be installed in or adjacent to any
space to be heated or cooled, the ducting will usually be limited to connections to
the block headers. Circulation fans will usually be required but in those climates
where natural ventilation can occur due to significant diumal temperature

variations, it is possible that even these :odest auxiliaries may not be required.



A —

it should be noted here that where external walls are used for thermal
storage in a cold climate, the outer face will be insulated and, in many cases, one
or both sides may be covered with wallboard or other covering so that heat
exchange will be confined to the inner (core) faces of the block. It ic also feasible
to combine PCM concrete as a central storage system with PCM wallboard as
local thermal storage (Feldman, 1987).

(c) Transition temperature

The phase transition temperature range must be appropriate and the melting
process should be complete at its upper limit. In the case of passive heating,

temperatures in the region of 20°C were selected so that heat would be released
and absorbed in the 16-25°C range, noting that a small temperature difference is

required for heat transfer. The most critical factor in the selection of temperatures
for this application is usually that temperature in the freezing curve which denotes
the point by which most (the significant portion) of thermal energy has been

released in the freezing process.

it should be noted that if a thermestat is mounted 1.5m above the floor, the
temperature in the region of one's ankles wiil usually be lower than that of the
thermostat setting due to air stratification. However, if heat release occurs over
the entire height of the wall or from the floor, as in the case of PCM impregnated
concrete walls and floors, then the vertical temperature difference will be less. In

this event, a melting range which has a bottom limit of about 17°C could provide

comfort at the ankles equivalent to the situation for a conventiona! heater with the
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thermostat set at 20°C. It will be seen that a 3°C difference in thermostat setting

will, in itself, result in a considerable energy saving.

The initial melting and freezing temperatures should be within 4°C of sach

other to prevent excursions outside the comfort zone and these characteristics

should not change over the life of the material.

An altemnative to operating the thermal storage system within the human
comtort temperature range is to store the heat at a higher (intermediate)
temperature and then mix the air discharge from storage with cooler air in the
conventional manner. This manner of operation applies to the utilization of air

received directly from a solar collector (50-60°C) or other intermediate temperature

source and permits the use of inexpensive and stable PCM's which are not

applicable to heat storage directly at the lower temperatures.

(d) Phase equilibrium

As the material or compound comprising the PCM changes from one phase
to the other, it is desirable that equilibrium be maintained in both phases. That is,
the composition of the PCM in liquid form should be identical with that in the solid
form under all conditions of operation. This implies that the melting of the
components be congruent and that they do not segregate during this process.
While incongruent metting does not constitute a problem when only one substance
is involved, difficulties can arise when the PCM comprises two or more ingredients.

In the latter case, separation during melting may occur by precipitation of denser
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componerits in such a manner as to impede or prevent their recombination during
freezing. When the distribution of the material is changed in this manner its

storage capacity may be altered drastically.

(e) Vapour pressure

Vapour pressure is a factor to be considered in the containment of a PCM
when ambient conditions are such as to produce a vapour phase of any of its
components. In order to have a low vapour pressure at its operating temperature,

the PCM used must have a boiling point that is about 200°C higher than the
operating range.

4.3.2.2 Physical Properties

(2) Appearance

The PCM must remain within the building material in both states and not
cause unacceptable changes in colour or surface conditizn, e.g. oiliness or
crystalline formation. Retention of liquid PCM in the pores of the building material

is achieved by surface tension and other mechanisms to be discussed later.

(b) Volumetric change

It is most important to ensure that the volumetric changes associated with
the phase change of the PCM are such as not to cause damage to the container
or medium through which it is dispersed. For this reason, the PCM's selected
were those which contracted on freezing. Therefore, if the concrete is

impregnated by immersing it in liquid PCM, the volumetric change is not expected
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to cause a problem at any ambient condition below the immersion temperature.
As the PCM solidifies, it will leave minute air pockets in the spaces occupied by
the liquid and, should localized melting in adjacent areas subsequently cause
these air spaces to become filled, further heating will only cause the excess liquid

to be expelled into other voids since the PCM never occupies all the available air

spaces in the concrete.

If, on the other hand, the PCM is introduced in solid form, since it forms
only a small percentage of the concrete volume (5-10%), when it melts the excess
liquid will be driven into adjacent voids as described above. If encapsulation is
used, di:e consideration must be given to both the encapsulant anu the concrete

structure to accommodate the expansive effect on melting.

(c) Density
When considering PCM candidates of approximately equal cost and thermal
characteristics, it is usually desirable to select the material within the greatest

density so that the heat storage per unit veiume will be maximized.

4.3.2.3 Kinetic considerations
(a) Avoidance of supercooling

As previously mentioned, some materials remain in the liquid state when
their temperature drops below the freezing point. When this occurs, the latent heat
is not released at the desired temperature and the prime function of the PCM is

negated. If the degree of supercooling is low, it may be acceptable, providing the
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temperature at which crystallization actually occurs is not below the minimum
temperature desired for the conditioned space. It follows that supercooling is a
characteristic to be avoided or, when its occurrence is unavoidable, it must be
treated with due care. Since organic compounds display little tendency to
supercool (Lane, 1983) most are suitable PCM candidates in this respect, although
those with an extended freezing curve should be avoided.

(b) Crystallization rate

When a substance solidifies, the process begins with the formation of tiny
crystallite nuclei on which the rest of the solid forms. For some PCM's, notably the
salt hydrates, this process must frequently be artificially induced with additives to
produce satisfactory results and this adds to the cost and reduces the latent heat
per unit mass. Howaver, more important than the rate of nucleation is the rate of
crystal growth, since a high rate of growth does not require such a high
concentration cf nuclei in order to affect solidification at a satisfactory rate (Garg,
1985). The rate of crystallization is controlled by the kinetics of incorporation of
the molecules in the crystal lattice and by the rate of heat transfer (Lane, 1983).
Therefore, it follows that both of these processes must proceed at a speed which
will ensure the exchange of heat within an acceptable period of time for effective

temperature conditioning.



4.3.24 Cc isideration of stability and compatibility

In s )me thermal storage systems it is possible to renew the PCM and in
such instances, a low cost material with 2 moderately long life can be acceptable
under certain circumstances. On the other hand, where the PCM is incorporated
in a building material, one must ensure that it has a life expectancy comparable
to that of the building itself. This means that chemical reactions such as

hydrolysis, oxidation and thermal decomposition must be limited to an extremely

low rate.

The PCM must not inhibit any of the reactions which normally occur at any
stage of the mixing, placing and curing of concrete. it must have a reasonable pH
and it must also be irert in respect to the materials with which it may come in
contact. These include various building products, wiring, piping, fasteners, system
components, paints and other wali coverings, adhesives, drapery, appliances,

fumiture, cleaning materials and insulation (on outer faces).

4.3.2.5 Considerations of toxicity, flammability and nuisance
The PCM in concrete must be non-toxic and such that injury cannot result
from skin contact, ingestion or inspiration of it or any compound it may form in the

concrete.

The incorporation of a PCM into a concrete building material must not

constitute a fire or fume hazard, so it should be non-flammable or at least, fire
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resistant. The danger of explosion must be non-existent, whether caused by heat,

shock or spontansous reaction.

There are certain nuisance factors to be avoided when selecting a PCM.
These include, particularly, the use of materials which may cause allergic reactions

or result in an unpleasant odour.

4.3.2.6 Economic considerations

Since it is probable that the use of heat storing building materials will
increase, it is important thai the supply of PCM's used for that purpose be
sufficiently abundant so as not to resuit in a shortage which will cause

manufacturing difficulties and an escalation in price.

The materials for the PCM's selected should be such that they are readily
available. Preferably, they should be obtained from renewable sources and/or be

a by-product.

The principal factors relating to the total cost of thermal storage (Feldman,
1987) are:

(i) thermal storage material

(ii) processing

(iil} containment

(iv) maintenance of containers

(v) storage space
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{(vi) heat exchanger for heat absorption and discharge

(vii) heat coilection and distribution facilities

it will be seen that a PCM which can be incorporated directly into the
concrete eliminates considerations (iii), (iv) and (v). ltem (vi) is obtained without
cost since the large surface area of concrete enabiles it to function as an effective
convective and radiative heat exchanger, although it is expected to function chiefly
in the convective mode. Hem (vii) will vary in accordance with the mode of
operation since concrete blocks can either function directly as absorbers and
emitters of heat in situ or can serve purely in a thermal storage role with air being
fed to and from them via the open cores from headers at floor and csiling. In the
latter mode, some form of air mover will usually be required and, if a single unit
serves the whole building, a distribution and collection system will also be required.
it will be noted that heat may be collected entirely within the building or it may

include that from an external source such as a solar collector or exothermic

process.

This leaves items (i) and (i) to consider and it follows that the cost of the
PCM and its incorporation plus the cost of any auxiliary equipment must be
competitive with any other form of HVAC system by virtue of the energy saved.

The term cost in this sense implies installed and operating expense over the life
of the building.



4.3.3 Choice of PCM Candidates

On the basis of the foregoing criteria, from study of the referenced literature

and on the basis of previous work (Feldman, 1987) the principal PCM candidates

chosen for study were narrowed down to the following:

(@)
(b)
(©)
(d)
()
)

Butyl stearate(BS): CH,;-(CH,),s-COO(CH,),-CH;
1-Dodecanc!(DD): CH,-(CH,),,-OH

Polyethylene Glycol(PEG): H{OCH,-CH,),-OH - Carbowax 600
1-Tetradecanol(TD): CH,-(CH,),;-OH - EPAL 14 Alcohol
Paraffin (PAR): CH,(CH,),-CH,

Dimethyl Sulfoxide (DS): (CH,), SO

4.3.3.1 Characteristics of selected PCM's

(@) Butyl stearate (BS) (butyl octadecancate)
Fatty acids are a very usefu group of organic PCM's and have been used

successfully in inett building materials such as gypsum (Feldman, 1986; Feldman,

1987). They include capric acid, lauric acid and palmitic acid as well as various

mixtures thereof. Fatty acids are a family of organic compounds comprising a

carboxyl group which combines with an alkyl group as follows:



H H 0 o
P | |
H-C-¢C- (i.e.R) + -C - R-C
| | |
B H OH OH
{(eq. 6)
LONG ALKYL GROUP CARBOXYL GROUP FATTY ACID

Another typical fatty acid is stearic acid: CH,-(CH,),,-COOH which is
principally derived from meat processing waste. Howasver, it is nut practical to
place a fatty acid in direct contact with most concretes because the consequent
acid-alkali reactions result in a modification of the PCM. For this reason, when
selacting PCM candidates from this group for incorporation in concrete, it was
decided to replace a fatty acid with a fatty ester which is less reactive with

concrete. A fatty ester is produced by reacting a fatty acid with alcohol in a

reactor as follows:

0 0
1 |
R- C +R-08 —-2R- < + BHO

| l 2 (egq. 7)

OH O-F
FATTY ACID ALCOHQOL FATYY ESTER WATER

For example, the conversion of stearic acid into the es.er butyl stearate
(BS), one of the principal PCM'’s used in this work, is as follows:
CH,;-(CH,),;s-COOH+CH,~(CH,),-OH = CH,(CH,),s-COO(CH,);-CH,+H,0 (eq. 8)
STEARIC ACID + BUTYL ALCOHOL = BUTYL STEARATE + WATER
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Butyl stearate (BS) was chosen as a PCM principally because of its
relatively low cost, ready availability, low melting point, reasonable latent heat
value, low flammability and stability. Itis soluble in alcohol and ether but insoluble
in water. Closely allied to this ester is propyl paimitate which could be used as an
alternative PCM of this type if necessary. [t is also soluble in alcohol and ether but

insoluble in water.

Some of the relevant characteristics of butyl stearate are:

melting point: 19°C
latent heat: 140 J/g
viscosity: 0.0028 Ns/m? at 80°C

molecular weight:  340.57

density: 0.855 - 0.860 g/cm® (25/25°C)
boiling point: 222°C

flash point: 160°C (ASTM DS2)

auto ignition temp.: 355°C

cost: $1.34 (Cdn)/kg, Oct. 1980

(b) Dodecanol (DD) (iauryl alcohol)

Dodecanol, CH,-(CH,),,-OH, is a fatty alcohol which, like BS, is soluble in
alcohol and ether but not soluble in water. It is derived from renewable sources,
being found as a glyceride in vegetable fats such as coconut and laurel oils. It is
also synthesized by a process in which ethylene, an aluminum powder catalyst,

oxygen and water are combined to produce even carbon number primary alcohols.
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Dodecanol (DD) was selected as a PCM because it is a common substance
which is easily available at moderate cost, has a high latent heat and was likely
to be chemically stable in concrete because of its low reactivity with mature

concrete products. Some of the relevant characteristics of dodecanol are:

melting point: 24-27°C
latent heat: 200 J/g
viscosity: 0.0029 Ns/m? at 80°C

molecular weight: 186.33

density: 0.820 g/cm®
boiling point: 255°C
cost: $1.82 {Cdn)/kg, Oct. 1990

(c) Polyethylene glycol (PEG)
Polyethylene Glycol, HOCH,-CH,(-O-CH,-CH,-),OH, was chosen from a

family of colorless, water soluble liquids having molecular weights in the 200 to

6000 range. PEG is soluble in aromatic hydrocarbons and many organic solvents.

The PEG selected from this group has an acceptable latent heat, a
moderate cost and is readily available.

Some of the relevant characteristics of PEG 600 are:

melting point: 20°C
Jatent heat: 130 J/g
viscosity: 0.0992 Ns/m? @ 30°C
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molecular weight: 600

density: 1.12 g/em® @ 25°C
flash point: 232°C (ASTM D92)
cost: $1.96 (Cdn)/kg, Oct. 1990

(d) Tetradecanol (TD) (myristyl alcohol
Tetradecanol CH,-(CH,),,-CH,-OH is a fatty alcohol which is soluble in ether
and alcohol but is insoluble in water. It is used as a chemical intermediate,

plasticiser and perfume fixative.

melting point: 38°C

iatent heat: 205 J/g

viscosity: 0.0105 Ns/m?

molecular weight: 214.4

density: 0.822 g/cm® @ 38°C
flash point: 140.5°C (ASTM Dg2)
cost: $2.27 (Cdn)/kg, Oct. 1990

(¢) Paraffin (PAR)

Paraffin, CH;-(CH,)-CH,, is a macrocrystalline wax derived from petroleum
and is a by-product of the oil refining process and consists principally of normal
alkanes. itis produced in large quantities and is readily available throughout the
world. As well as having the desired thermal characteristics, paraffin is also
suitable as a PCM because of its stability, low cost and ready availability. I is

particularly useful for thermal storage applications around the intermediate range |
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(50-60°C) where low cost heat is available within these temperature limits from

sources such as solar collectors or exothermic processes.

Some of the relevant characteristics of PAR are:

meiting point: 61°C
latent heat: 200 J/g
viscosity: 0.0053 Ns/m? at 80°C

molecular weight: 400

density: 0.915 glem® @ 25°C, 0.778 g/cm® @ 80°C, 0.769 g/cm® @ 100°C
flash point: 232°C (ASTM D92)

cost: $0.88 (Cdn)/kg, Oct. 1980

() Dimethyl sulfoxide (DS)

Dimethyl sulfoxide (CH,), SO is an ether which is soluble in water, alcohol
and ether. ltis in general use as an industrial solvent and as a laboratory medium

for chemical reactions. 1t is also an analgesic and anti-inflammatory agent.

melting point: 17.2°C
[atent heat: 166 J/g
viscosity: 0.00198 Ns/m? at 25°C

molecular weight: 78

density: 1.10 g/cm® at 20°
flash point: 95°C (ASTM D92)
cost: $1.50 (Cdn)/kg, Oct. 1920
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4.4 SELECTION OF MEANS OF INCORPORATING PCM IN CONCRETE

In the course of this research three principal means of introducing PCM in

concrete were examined. They are as follows:

4.4.1 Direct Incorporation
This process involves incorporation of the PCM directly into the concrate

mix. H is potentially a practical and possibly the least expersive method but its
successtul application depends upon four critical factors.

() The introduction of PCM to the mix must not interfere with the
hydration process.

() The presence of PCM in the mix must not affect the strength of the
paste-aggregate bond in the concrete.

(i) There must not be any significant reaction between the PCM and either
the components of the mix or the products of hydration.

(iv) The production process must not entail the use of temperatures
significantly higher than the range of intended operation for the PCM

concrete.

While direct incorporation is not the principal means of producing PCM-
concrete studied in this work it is, nevertheless, a potentially useful one, so several

procedures were selected for investigation. These comprised:

(i) The introduction of varying amounts of TD in powder form.
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(i) The introduction of PAR in the form of small cylinders.
(iii) The pre-impregnation of expanded shale and pumice aggregate with
BS, DD and PEG.

It wili be noted that, in its liquid state, PCM is retained in the voids and
capiiiaries by surface tension, viscosity and hydrogen bonding which will be
discussed later so that it is not necessary to encapsulate it for reasons of retention
in the material. 1 will be recalled that surface tension and viscosity are affected

by temperature and that, as a result, the amount of material retained is also

thereby affected.

4.4.2 Immersion

This technique involves dipping blocks in liquid PCM. Itis the method which
has been used in the preparation of most of the specimens now under study. The
process is quite flexible and could rangs; frem an automated continuous production
line to a simple and relatively inexpensive batch process. Study has indicated that,
whereas this procedure may be more expensive than a successful direct
incorporation method, the unit cost differential between the two methods is
probably not significant because the production quantities are so large. In addition
{0 being suitable for an in-line production process, the immersion process also has
the added advantage of being suitable for use with ordinary blocks from stock to

meet market demand.



This procedure, being simple and more suitable for laboratory scale
experimentation, was selecled as the principal means of incorporating PCM's
during this research. In addition, the resuits of incorporation by other methods

were examined and compared in some cases.

4.4.3 Encapsulation

This procadure is a variation of the direct incorporation process in which the
PCM is fed into the mix in encapsulated form. The choice of encapsulant is critical
since it must have the following properties:

(a) it must not react with the chemicals in either the PCM or the concrete

(b) it must have reasonably good heat transfer properties

(c) it must withstand the rigours of manufacturing, transport, construction

and use

(d) it must be in a form convenient for incorporation into the concrete mix

There are two principal means of incorporation:

microencapsulation and macroencapsulation.

(a) Microencapsulation
This is a process whereby small, spherical or rod shaped particles are

enclosed in a thin, high molecular weight polymeric film. This can be achieved
through emulsion polymerization followed by membrane formation around each
microdroplet by interfacial polymerization. The coated particles can then be

incorporated in any matrix which is compatible with the encapsulating film. It
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follows that the film must be compatible with both the PCM and the matrix. It must
also be flexible enough to accommodate volume changes in the PCM and strong
enough to withstand the mechanical stress of manufacturing, instaliation and
service (Baxter, 1977; Chang 1984).

(b) Macroencapsulation

This procedure comprises the inclusion of PCM in some form of package
such as tubes, pouches, panels or other receptacie. These containers can serve
directly as heat exchangers or they can be incorporated in a building product. As
in the case of microencapsulation, care must be exercised in respect 10
compatibility of film and PCM as well as film and matrix. Since the capsules are
larger than in the case of microencapsulation, the weight ratio of PCM to
encapsulant is probably greater in this case. Whereas this means that the material
cost of capsules is likely to be less, this advantage will be offset by the cost of
filing them. So, unless a large scale production process is costed in detalil, it is
not possible to state definitely at the present time which of the two processes is
the less expensive. The thicker film required in macroencapsulation will slow down

the heat transfer process but will be more suitable for use in concrete mixing.

4.5 FLAMMABILITY ASPECTS

The flammability of all materials used in buiidings is an important
consideration, particularly in respect to safety and structural integrity. For this

reason, the flammability of PCM used, its weight proportion to the concrete and the
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application of the impregnated building product are factors which will affect whether
or not a fire retardant is required. In the event that one is found to be necessary,
it must be carefully selected to meet the following requirements:

(i) be effertive with the particular PCM used for the contro; i Sre spread

as well as limiting toxic fume and smoke generation;

(i) remain effective throughout the life of the PCM;:

(i) have zero or very low toxicity;

(iv) be compatible with both PCM and concrete;

(v) be available at low or moderate cost.

It should be noted that some well known fire retardants such as inorganic
saits are effective, cheap and non-toxic but they have a relatively short service life.
In addition, whereas many fire retardants can effectively control flame spread, this
function is unfortunately accompanied by an increase in smoke generation which

is, in itself, a serious hazard.

Fire tests of impregnated concrete must be conducted at an approved fire
testing facility in any event. These tests will determine the fire resistance and also
the flammability of the product. They wil! also ascertain whether or not a fire
retardant is necessary and provide some indication of the requisite degree of
retardation. If required, an appropriate fire retardant will then be selected and
incorporated so that the product can be given a final approval test.



At this time fume tests must also be conducted to determine the amount
and the type of fume generated during a fire and hence the degree of hazard
inherent in the product.

For the present research, study of the flammability aspects of various PCM
concrete combinations ‘was confined to use of the equipment described in section

5.9.



CHAPTER 5

TEST PROCEDURES FOR PCM CONCRETE SPECIMENS

5.1 CONCRETE PREPARATION, MEASUREMENT AND IMMERSION

Concrete for the test specimens was either cut from commercially available
concrete block or was prepared and cured in the laboratory. The test specimens
were cut with a minimum thickness of approximately 33 mm which is about the
average thickness of the wall of a concrete block. The length and width varied
with the test requirements. Mixing for small amounts of concrete was done in a
Bakeslee Bench Model Mixer while that for larger amounts was carried out in a
Bakeslee Mode! B-20 Mixer.

in order to obtain uniform results, immediately prior to immersion the
specimens were dried and preheated to the requisite temperature in a circulating
oven. Preheating temperatures varied and are described later. The oven used
was a Fisher Isotemp Oven Model 350. This oven was aiso used for curing

concrete by sealing the fresh concrete in plastic to prevent moisture loss.

The specimens were weighed before and after immersion and appropriate
intervals up to the completion of research. Weighing was performed on an Ohaus
Dial-O-Gram Balance (2610 g). This balance was also used to weigh small
quantities of mix ingredients while larger quantities were weighed on an Ohaus

Heavy Duty Solution Balance (20 Kg).



Immersion of the specimens was performed in a stainless steel vessel
containing the required PCM which was heated to the required temperature in a

Lab-line Imperial Il Constant Temperature Bath. The PCM temperature and the

immersion times are given later.

5.2 DIFFERENTIAL SCANNING CALORIMETRY (DSC) ANALYSIS

Thermal characteristics of the specimens were measured on a Du Pont 910
Differential Scanning Calorimeter. Each test required approximately 2 mg of
material which was obtained from 5-10 g samples which were taken from the
specimens then pulverized and thoroughly mixed. The results of these analyses
are printed in graphical form. A typical example is given in Figure 1 which shows
the results of a DSC analysis of BS. It will be noted that the latent heat in Joules
per gram (J/g) for PCM is about 130 for PEG, 140 for BS, 166 for DS and 200 for
DD, TD and PAR. This may be compared with the sensible heat of concrete

through a temperature rise of 6°C which is only about 5.3 J/g. The addition of
3.5% by weight of DD to concrete block will raise its thermal storage capacity

through the 6°C centred on the melting point of DD from 1.15 MJ/m? to 2.67
MJ/m?, a gain of 133%.
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The following thermat characteristics are analyzed:
(i) melting point

(i) latent heat of melting

(ii) freezing point

(iv) latent heat of crystallization

(v) melting curve characteristic

(vi) cooling curve characteristic

In addition to the foregoing data, successive DSC tests of the same sample
provide a good indication of PCM stability in concrete. A principal cause of
instability is reaction of the PCM with different compounds of concrete and, when
this occurs, some or all of the PCM will be altered and this will be reflected in a
change of t.iermal characteristics, including a deterioration of latent heats or phas.
transition temperatures. Other causes of deterioration include excessive heating.

chemical contamination and physical damage.

Figures 2, 3 and 4 are representative of values obtained when various

FCM's are incorporated in concrete and the impregnated concrete was analyzed.

These tests were carried cut periodically throughout the duration of the
work.

The rate of heating and cooling used throughout these tests was 2°C/min.
This rate was based upon previous work which was found to be satisfactory. As
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a check, some comparative tests were carried out at a rate of 0.2°C/min. but no
advantage was found in conducting the analyses at a slower rate. The apparatus

is shown in Figure 5. Also shown is a Sartorius Microbalance Model 4501 which

was used t~ weigh the DSC specimens.

5.3 PCM ABSORPTION TESTS

Adequate absorptivity is one of the principal requisites of concrete to be
used with PCM so this characteristic was measured in each instance. The weight
of PCM absorbed was determined gravimetrically. In the case of multiple
immersion, weighing was performed immediately befure and immediately after
each immersion. In addition, the samples were weighed periodically to ascertain
if any weight difference had cocurred due to loss of PCM, absorption or loss of
moisture or for any other reascr. A series of absorption tests were conducted
wherein the variation of certain parameters were studied to observe their effect
upon the absorption of PCM. In adcition, a technique was developed for the

definition of absorption constants to be applied to each combination of concrete

and PCM.

5.4 WATER ABSORPTION TeSTS

Tests are performed to measure the water absorption of several types of
unimpregnated and impregnated concrete using various PCM's. Specimens were
first weighed, then immersed in water at room temperature for 24 hours, removed

from the bath, drained and then weighed again. By comparing the difference in



THERMAL ANALYSER (COMPUTER/PRINTER) AND DYMAMIC MECHANICAL ANALYSER

FIGURE S - EQUIPMENT FOR MEASURING THERMAL CHARACTERISTICS
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the amount of water absorbed between impregnated and plain concrete the effect
of PCM on water absorption was determined.

5.5 THERMAL CONDUCTIVITY TESTS

A serigs of tests were performed t¢ n.easure the thermal conductivity of
various PCM and concrete combinations and to compare them with each other and
with unimpregnated concrete of each type. The guarded hot plate technique was

used and the equipment is shown in Figure 6.

5.6 TEMPERATURE CYCLING TEST

For this test specimens were placed in a controlled environment chamber
and cycled through approximately 500 six-hour temperature cycles, each ranging

between -25°C and + 33°C. This faciiity, designed and built by Controlled

Environments Inc. has a temperature accuracy of £ 2°C. It is shown in Figure 7.

5.7 FLEXURAL STRENGTH TESTS

A representative number of strength tests were conducted with both
unimpregnated and impregnated specimens for comparison. These tests were
conducted on an Instron Model 1125 Universal Testing Instrument. This apparatus
comprisas a loading frame and console which is used for carrying out tension,

compression and reverse stress tests. This apparatus is shown in Figure 7.



SNLYHVYddY LINJW3HNSYIW ALIALLONANOD TYWH3HL - 8 3HNDId

SR A B . ' -
e X HEW - - Py
O
+ 3
. . d .
) . 3 -

R L AR LY
PSS ]

NN
$3d1d ENVI00D -°L1 VZRE T300W AlddNS Y304 0ILYINOTY VOBWYY - "9
$0¥37 HOSNIS ITdN0DOKIIHL -“0L C8Y1 T1300H ¥IINIYd HOMLII4S HOSAI - °G
$Y¥ 13004 YOLYINIYID INVI00D YAOKY) - °6 Y5022 1300 YITIWINOD HILINS 3ANYS - “#
FH-MD31 T300H IHIWRILSHIE ALIATLINOHOD VO¥88 1300H WILMILINH N4 - °C
THEIHL 31V1d 1VIH 030WVN9 HIILVNAQ - ‘B 0¥Y0aAdd WAl - °2
LIHIEYD 1S3L ALTALLINGHOD TVWMIHL - ¢ HI3Y)S OWY 2d RAI - "I

i I S

—n

- 71 -



HIBWVYHD LNIWNOHIANI GITIOHLNOD aNV INTIWNNYLSNI DNILSIL WSHIAINN NOULSNI -

L 3UNoId

72



5.8 CHEMICAL ANALYSES

Representative specimens were periodically analyzed to determine the
effectiveness of measures to control alkalinity in the concrete and also as a check

of PCM stabifity. These are described later.

5.9 FIRE TESTS
These tests were conducted in the CBS laboratories. They comprised

diracting a 700°C (+ 10°C) fiame for 10 minutes at a specimen impregnated with
PCM.

The test and the apparatus used, which is shown in Figure 8, was designed
to approximate the flame resistance and flame spread tests conducted at the
National Research Council Institute for Research in Construction or other
comparable fire testing facility and is based upon the ASTM 60 ¢m tunnel (ASTM,
D3806).

Subsequent to the present stage of development it will be necessary to
confirm the results of the above test with a full scale fire rating and fume

measurement test.

5.10 EQUIPMENT LiST

Blakeslee Concrete Mixer-Bench Model
Slakeslee Mode! B-20 Concrete Mixer

Ohaus Heavy Duty Solution Balance (20 kg)
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Ohaus Dial-O-Gram Balance (0 - 2610 g)
Fisher Isotemp Oven Model 350

Lab-line Imperial 1l Water Bath

Du Pont 910 Differential Scanning Calorimeter
Sartorius Model 4501 Microbalance

Thermal Conductivity Instrument Dynatech Model TCFGM-N4 with IBM-PC,
printer and auxiliaries

Temperature cycling chamber manufactured by Controlled Environments
with a variable frequency cycle, temperature range from - 30°C to 40°C and
an accuracy of + 2°C

Instron Model 1125 Universal Testing Instrument

CBS Flame Spread Measurement Apparatus

Fisher Surface Tensiomat

Ubbelohde Type Viscometer (Certif No. B828)

Olympus BH Microscope (50 X Magnification)

Doric Trendicator 400A Type T/°C with Doric Multipoint Selector 405A, with
copper-constantan type thermocouples for temperature indication (used in
preliminary work)
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CHAPTER 6

CHARACTERIZATION OF PCM CONCRETE

6.1 EXPERIMENTAL PROCEDURE DATA TABULATION

The data obtained from a series of procedures involving the incorporation
of several PCM's in different types of concrete under various conditions are
tabulated in Appendix A, Tables A1 to A51. The resuilts of this work are set forth

in diagrams, photos and text and are analyzed in the following sections.

6.2. STUDY OF MEANS OF PCM INCORPORATION

it will be recalled that the three principal means of PCM incorporation are:
(@) direct incorporation
(b) immersion

(¢) encapsulation

Although ali three methods were studied, emphasis was placed on the

immersion process for reast:is of flexibility, simplicity and suitability for laboratory

scale procedures.

6.2.1 Direct Incorporation

While direct incorporation is not the principal means of inceporation studied

in this work, it is cenainly an important method, so three ways of using this



procedure were investigated and these are discussed below. To avoid interference

with the hydration process, two of the PCM's used (TD, PAR) were introduced

directly into the concrete mix in solid form which, therefore, required no carrier.

The melting temperature of these PCM's was above that normally encountered in

mixing, placing and curing some types of concrete. They would be appropriate for

heating applications with a flat plate solar collector or other heat source which

operates above the human comfort temperature. The desired air temperature

would then be simply attained by conventional mixing techniques to provide a wide

range of temperature modulation. The details are as follows.

@)

(b)

Direct incorporation of powdered PCM
1D was finely ground and the resulting powder was introduced at the end

of the dry mixing sequence. Three PCM proportions were used: 5%, 7.5%
and 10% of total dry concrete weight. Specimens of all three proportions
are well formed and have a smooth, pleasing appearance. The plasticity
of the mix improved with the increase in PCM content and this will

undoubtedly be of benefit in forming concrete products.

Direct incorporation of small solid particles

PAR was formed into 3 mm diameter cylinders approximately 4 ram iong
which were introduced in the same manner and in the same propatitions as
for TD. The PAR specimens were aico well formed with an even, attractive

finish. The improvement in plasticity of the mix over a conventional
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concrete was again noted, although it was slightly less marked than in the

case of the addition of TD powder.

Direct incorporation of pre-impreqnated agqreqgate

it was also found that if compatible PCM's were used to impregnate
expanded shale, expanded slag and pumice aggregate, direct incorporation
could be achieved, although further work is required to refine this technique.
It was noted that the incorporation of PCM in a porous carrier did not
seriously inhibit a reaction between the absorbed PCM and the hydration
products in the concrete so that care must be exercised in selecting a PCM

which is compatible with both the aggregate and the concrete.

The direct incorporation methods investigated were found to be practical,

easy to control and are procedures which would easily lend themselves to a wide

variety of concrete pouring techniques as well as to the production of concrete

products. It could also be used for pargetting where the applied layer is thick

enough to be effective.

There are, however, two important caveats t0 be observed in respect to

direct incorporation. In the case of procedures (a) and (b) it should be noted that

PCM's used in these procedures must be intended for applications where the

phase change is required at a temperature higher than that prevailing during the

mixing and setting of the concrete so that the PCM remains in the solid state

duting these processes and does not, therefore, interfere with hydration nor
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destroy the paste-aggregate bond. The second caution applies to all three
procedures where the subsequent application of high temperature curing could
result in PCM loss through vaporization, and under certain circumstances, could

also constitute an explosion hazard during processing.
Specimens of directly incorporated PCM's are shown in Figure 9.

6.2.2 Immersion

The main area of investigation comprised the use of the immersion process
because, at this stage of development, it remains the Tost flexible one since it can
be applied to a wide range of PCM transition temperatures. K was also found to
be easy to control and susceptible to a wide variation of process conditions such
as temperature of PCM introduction, temperature of concrete, time of immersion

and number of immersions. These technical variations are discussed below.

In addition to the foregoing advantages, this method czn be used to
impregnate ordinary concrete products, either as part of the continuous production
process or as a batch process which can be applied to concrete products drawn
from stock at any time. Moreover, since the facilities required for immersion are
relatively simple and not necessarily related to the basic product process, they can
be set up at any convenient place in, adjacent to or remote from the concrete
block plant. It follows, therefore, that immersion can be carried out at distribution
centres where a wide variety of impregnated concrete products can be supplied

from ordinary product inventories as and when required. In addition, this process

-79-



b 5 c-. BUTYL STEARATE USING
PRE IMPREGNATED EXPANDED
SHALE AND IMMERSION
MODIFIED REGULAR CONCRETE

5 B*s BUTYL STEARATE USING
PRE-IMPREGNATED EXPANDED
SHALE AND IMMERSION

MODIFIED REGULAR CONCRETE

8.1% BUTYL STEARATE USING
PRE .IMPREGNATED PUMICE AND
IMMERSION

MODIFIED CONCRETE

7 B% BUTYL STEARATE USING
PRE-IMPREGNATED PUMICE AND

IMMERSION.
MODIFIED PUMICE CONCRETE

6.5% DODECANOL USING
PRE-IMPREGNATED EXPANDED
SHALE AND IMMERSION.

MODIFIED REGULAR CONCRETE

6.3% DODECANOL USING
PAE-IMPREGNATED EXPANDED
SHALE AND IMMERSION.
MODIFIED REGULAR CONCRETE

IMMERSION.
MOCIFIED REGULAR CONCRETE

USING

PRE-IMPREGNATED PUMICE AND
IMMERSION.

MODIFIED PUMICE CONCRETE

. 18.3% POLYETHYLENE GLYCOL

FIGURE 9 - VARIOUS PCM CONCRETE SPECIMENS
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is particularly suited to a developing market until the demand for types and
quantities of each item is established because the impregnated product can be

produced at source using whatever immersion technique is most appropriate.

The principal limitation of this technique is that it cannot be applied to

poured concrete structures.

6.2.3 Encapsulation
This process comprises the envelopment of PCM within a capsule of various

materials, forms and sizes prior to incorporation so that it may be introduced to the

mix in & convenient manner.

(a) Microencapsulation

Microencapsulation cf the quantity of PCM necessary for effective latent
heat storage in concrete was studied and deemed to be beyond the scope of the
present work because it was considered unlikely to be cost effective at the present

stage of development. However, itis possible that further study and development

could render the process economically feasible.

(b) Macroencapsulation

Whereas it was felt that this procedure was also likely to be too costly at
present, it was considered possible that a large market for PCM concrete could
justify further research into a process which could become a useful methed of

direct incorporation. To that end, a limited study was carried out using capsules

-81-



5 mm in diameter and 15 mm long. It was found that the body and cap of the
capsule had a tendency to separate in the mixing process. Freezing the capsule
did little to alleviate the difficulty because some PCM's melted before mixing was
complete. Nevertheless, this is not seen as a serious problem since a sealed,
injection filled capsule could be used in full scale production. Howsver, two
problems ur a more serious nature were encountered. The first was the fact that
the low density capsules were apt to float to the top so that an even dispersion
was not achieved. Since this was not found to be the case in the direct
incorporation tests, it appears that there is a critical maximum size for
encapsulated PCM. The second serious problem affecting the use of capsules of
this size was the fact that they could be easily damaged when at or near the
surface of the concrete. When pierced, the PCM can run out and not only cease
te be effective but also cause staining of the adjacent surface. For these reasons,
further work in this direction was discontinued since it was unlikely to become

productive at this stage.

6.2.4 Conclusions
(@) Directincorporation was proven to be feasible with materials such as
pure TD and PAR in varying forms and proportions. In addition,
direct incorporation was also found to be possible by using porous
aggregates impregnated with compatible PCM‘s. In large scale
production, the impregnation procedure is potentially the most

economical and practical. However, the PCM's must be chosen to
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conform to the requirements of both the intended production procass

and product application.

(b) The immersion process proved to be simple, flexible and well suited
to experimental investigation. It is also the process whereby any

concrete product may be converted to PCM concrete. 1t cannot be

used with cast-in-place concrete.

(c)  Microencapsulation in likely to remain an uneconomical procedure.
Macroencapsulation (5-10 mm), although more economical than
microancapsulation, is still too costly. However, if a radically new
approach to inexpensive means of encapsulation of concrete
products were developed, the latter process might become practical

and economical.

6.3 EVALUATION OF THERMAL PROPERTIES OF PCM CONCRETE

6.3.1 Experimental Results

Table 5 and Figures 10 to 15 illustrate the thermal performance of some
specimens from the early stages of the work which were measured over a period
of approximately one year.

The specimens in Table 5 were tested cver a period of one year and
comprise combinations of conventional, unmodified concrete biock and PCM's

which were considered likely to be stable from prior investigation. These
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Table 5 - THERMAL PERFORMANCE OF IMPREGNATED CONCRETE

specimens are for thermal storage in or near the human comfort zone. The
impregnated concrete in this group can be used in several ways. It can be applied
in a storage rble wherein the air to be heated or cooled is passed through the
cores in a block wall or it can be used to absorb or release heat at the outer
surface as in walis, ceilings and floors or it can combine these functions. Later
work included paraffin as a PCM which is intended for use solely in those

applications where heated air in the 55-65°C range is available from solar

collectors or an exothermic process. Also added later was TD with a transition

temperature in the 35 - 38°C range. The discharged air from these types of

thermal storage can be used directly in a processing function or can be mixed with

cooler air for human comfort conditioning.

A number of points are worthy of note in Figures 10 to 15. An ideal curve

will be characterised by being sharply defined at the transition points, having a
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regular shape, a narrow operating temperature range and, preferably, a latent heat
of at least 5 J/g.

The latent heat values are determined by the latent heat of the PCM
(preferably not less than 140 J/g), by the amount of PCM absorbed in the
concrete and by the characteristics of both the PCM and the concrete structure.
The latent heat values found in specimens 1, 17, 31, 33, 37 and 39 are
representative of values obtained in the early stages of this work and, while
adequate for the application intended, are at the lower end of the scale. In
addition, the freezing curves in ABL showed a tendency to extend beyond the
desired lower temperature. For this reason, studies were conducted with the view

to improving absorption and thermal characteristics.

6.3.2 Conclusions

Study of the experimental results showed that the ideal thermal properties
of PCM concrete comprise a latent heat of about 5 J/g, sharply defined transition
points within a desired temperature range and a thermal characteristic stability over
the service life of the product. Experimentation with various PCM and concrete
combinations at this stage indicated the necessity of conducting further research
into means of increasing the amounts of PCM absorbed by the concrete and into

other processes for improving the thermal characteristics of PCM concrete.



6.4 OPTIMIZATION OF CONCRETE-PCM COMPATIBILITY

6.4.1 Determination of Alkalinity

One of the earliest tests conducted was that used to determine aikalinity in
mature specimens of concrete block. This test included ali the concrete block
types shown in section 4.2.3 except OPC. In addition, it comprised two non-
autociaved specimens: expanded slag (aggregate) block (EXSL) and expanded

shale (aggregate) block (EXS). The resuits of this test are shown in Table 6.

TABLE 6 - COMPARATIVE ALKALINITY OF CONCRETE TYPES

Alkalinities in Table 6 ware determined as the pH of water in which
specimens were immersed for 28 days. The weight of water and concrete were
approximately equal. While this is not an absolute indication of alkalinity, it

does provide a convenient comparative guide.

From the results of these preliminary tests it was apparent that the
concretes with the lower alkalinities were more suitable for use with BS, DD and
TD on account of their susceptibility to alkaline attack. Subsequent observation

confirmed this to be the case. All concretes in this group were considered
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suitable for use with PAR since it is inert in an alkaline medium. Another PCM,
polyethylene glycol (PEG), was also used in the early stages of the work but it
proved to deteriorate when combined with the types of concrete employed so
its use was discontinued for the time being. It was also decided to limit work

with EXS at present because of lower market demand for this type of block.

As a result of this and similar investigations it was concluded that PCM-
concrete compatibility could be improved by modification cf the concrete to
render it less aggressive with some PCM's. Research in this direction was

then undertaken and is covered in section 6.4.2.

i should be noted that whereas alkalinity testing provides a reasonable
indication of probable compatibility, the desired stability of PCM in concrete can
best be determined by measuring its heat storage performance at successive time

intervals after immersion by means of DSC analysis.

Figures 16 and 17 show the stability of the first six specimens listed in Table
5 when analyzed at various intervals afterimmersion for a period of approximately
one year. From these results it will be seen that BS can oe quite stable in
autoclaved block and, if immersed after a curing period of 8 days, in regular block
as well. DD appears to undergo a deterioration in the early stages of impregnation
and then to become quite stable in both autoclaved block and regular concrete
block, particularly when immersed in the latter 8 days after mixing. In the case of

regular block, the improvement in stability when specimens were immersed 8 days
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after mixing, rather than 1 day after mixing, is likely due to the fact that some of
the Ca(OH), in the concrete has reacted with CO, in the atmosphere to form

CaCO, so that less remains to form an undesirable reaction with the PCM.

It should be noted that early experimentation with the method of preparing
samples for the DSC resulted in somewhat erratic results for the samples tested
70-80 days after immersion. As mentioned eariier, PEG (not shown here) did not
appear to be a satisfactory candidate for use with concrete in the forms tested up
to that time. Pumice concrete (not shown with BS and DD) is ideal for use with
PCM from the point of view of absorptance but its high alkalinity makes it
unsuitable for use in an unmodified form with any of the PCM's used in this test.
It was later used successfully with PAR and, in modified form, with BS, DD and
TD.

The study of a number of procedures and conditions relating to the
manufacture of PCM concrete was then undertaken with the objective of improving

its performance.

6.4.2 Optimization of Concrete-PCM Compatibility by the Use of Pozzolans
The first in the following series of investigations into means of improving the
performance of PCM concrete was the study of the use of pozzolans in the mix as

a means of enhancing the concrete-PCM compatibility.



Pozzolans such as fly ash, silica fume and slag may be defined as silicaous
or siliceous and aluminous concrete additives which, in themselves, possess littie
or no cementitious value but which will, in finely divided form and in the presence
of moisture, chemically react with Ca(OH), at ambient temperature to form

compounds possessing cementitious properties (ASTM, C595).

Fly ash is produced as a waste product in the combustion of pulverized coal
while silica fume is a by-product from the manufacture of metaliic silicon or

ferrosilicon alloys. These waste materials are not fully utilized at present.

The valuable effect of pozzolans on the workability, strength and durability
of concrete is well known. In concrete based on pure Portland cements, the weak
and easily soluble Ca(OH), can be as much as 20-25% by weight of the cement
paste while the rest of the paste consists of hydrated calcium sificate which forms
the binding agen;c. When pozzolanic materials such as fiy ash and silica fume are
used, the Ca(OH), is transformed into less soluble calcium silicate hydrate (CSH)
and the strength and durability of the concrete is thereby improved to a
considerable degree. In addition, the detrimental effects of reaction with Ca(OH),
are reduced when PCM's which are sensitive to this attack are used. It should be
noted that the pH of concrete containing reinforcing steel must be maintained high

enough for the passivation of the metal. Further work remains to establish a



balance between this requirement and the use of reactive PCM's in reinforced

concrete (Sellevold, 1983).

It was found that the addition of silica fume and fly ash increased the
impermeability of the concrete and, therefore, decraased its ability to absorb PCM.
In an effort to offset this effect, an air entraining agent was used and, since the
pozzolans are hygroscopic, a water reducing agent (lignosulfonate) was also
required (Sellevold, 1983). Whereas the use of an air entraining agent did reduce
the concrete density, it did not significantly affect PCM absorption because the air
voids so created are small and discrete as opposed to the more continuous cracks,
fissures and pores found in other types of concrete. From this it follows that, when
using triese pozzolans with PCM, care must be exercised in mixing to ensure

adequate absorptivity through the use of absorbent aggregate or other means.

Table 7 shows the comparative absomtivity of various concretes with and
without the inclusion of silica fume in the concrete mix. From this it will be seen

that the effect on absorption was quite serious. To overcome this difficulty, various
means of improving the PCM absorption were investigated and tested. This is

described later in the text.



TABLE 7

Comparative Absorptivity of Concrete With and Without Sllica Fume

—

(@)

PCM Concrete PCM Absorbed as a Percentage of
Type Weight of Concrete
With Silica Fume | Without Silica “
Fume
DD REG 1.2 27 “
DD PUM 16 3.9
BS REG 17 27
BS PUM 2.9 4.4
PEG REG 16 37
PEG PUM 2.7 3.8
IR S S E—

Formulation for Concretes in Table 7(a), Weights are in %

N
Component Regular Concrete Pumice Concrete
(REG) (PUM)

Cement {low alkali) 111 20.9
Sand 61.8

Aggregate and fines 16.6 62.8
Silica Fume 1.3 2.7
Water 9.2 13.7

(b)




6.4.3 Conclusions

Concretes with comparatively low alkalinity were found to be best for use
with PCM’s which are alkaline sensitive. Therefore, it was decided to increase the
number of concretes suitable for use with these PCM’s by modifying some of the
more alkaline ones to reduce their alkalinity. I was then found that pozzolans
achieved this objective very effectively. Pozzolans are economical substitutes for
cement which reduce the alkalinity of the concrete and thereby enhance the
stability of the impregnated PCM while retaining the properties of the concrete.
Since pozzolans make concrete more impervious, it was found necessary to take
. appropriate measures to ensure that it remains sufficiently porous to absorb the

requisite amount of PCM.

6.5 EFFECT OF TEMPERATURE ON PCM ABSORPTION

6.5.1 Effect of Concrete Temperature on Absorptivity

The effect of varying the concrete temperature at the time of immersion was

examined for several types of concrete and various PCM's in respect to the
amount of PCM absorbed in each case. During these tests the PCM temperature

remained constant at 80°C while the temperature of the concrete specimens at
immersion was increased from 20°C to 160°C. The latter temperature was

selected because it is approximately the temperature of concrete products shortly
after discharge from an autoclave so that, if immersion were carried out at this
point in the manufacturing process, it would not be necessary to reheat the
product. For this test, each concrete specimen was given a single immersion
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because reheating impregnated specimens to 50 - 130°C above their operating
temperature would likely result in loss of PCM. It will be recailed that the PCM

temperature remained constant (80°C) so that all the temperatures discussed in
this section refer to the concrete temperature at immersion. Each immersion was

for 4 hours.
The results of this experiment are shown in Figure 18.

in the case of autociaved block impregnated with polyethylene glycol (ABL-

PEG) several distinct stages were observed. Between 20°C and 80°C the
percentage of specimen weight due to absorbed PCMincreases slowly from 7.89%
to 8.28% then it rises sharply to 100°C where it reaches a value of 9.62% then,
up to 140°C, it again rises slowly to 9.86%. Finally, at 160°C, it again rises
significantly to 11.33% for an overall gain in PCM content of 44% (i.e. from a

content of 7.89% at 80°C to 11.33% at 160°C). The word gain used subsequently

in this section wilt refer to an increase in PCM content after the first immersion.

For autoclaved block impregnated with paraffin (ABL-PAR}) the rise from

6.89% PCM content at 20°C to 7.33% at 80°C was, as in the previous case, only
0.4%. However, from this point the PCM weight drops to 7.07% at 106°C and only
recovers to 7.14% at 120°C. Then, between this temperature and 140°C where
the content of PCM is 8.13%, there is a sharp rise. Between 140°C and 160°C the

increase in weight to 8.26% is very modest. The entire gain in PCM content was
relatively low in this case, being only 20% (6.89% to 8.26%). The drop in PCM

content between 80°C and about 125°C is a phenomenon which occurs at slightly
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higher temperature ranges in three more cases in this series and also in another
tost series where the temperature of the concrete remained constant while that of
the PCM was varied. Therefore, since it is an occurrence worthy of note, common

to both test series, it will be analyzed subsequently as a separate topic in section
6.5.3.

Autoclaved block impregnated with butyl stearate (ABL-BS) demonstrates
a steady increase of FCM content without loss and with very little variation

between 20°C (5.56%) and 160°C (7.57%) for an overall gain of 36%.

In the case of autoclaved block impregnated with dodecanol (ABL-DD), the
increase of absorbed PCM between 20°C (5.01%) and 80°C (5.85%) is a modest
one. Then, from the latter point to 100°C it rises sharply to 6.60%. From this
point to about 130°C there is a loss which, as previously mentioned, will be
explained later. Finally, from this point to 140°C there is again a sharp fise in the
amount of PCM absorbed to 7.33%. The slight drop to 7.14% at 160°C may be

a manifestation of the weight drop phenomenon to be discussed later but is more
likely to be the result of some unperceived variation in the specimens. The total
gain in PCM content is 43% (5.01% - 7.14%). For pumice concrete impregnated

with dodecanol (PUM-DD}, the increase in PCM content between 20°C (7.04%)
and 100°C (7.66%) is quite small. From the latter point to 160% it rises sharply
and steadily to 10.91% for an overall gain of PCM content of 55% (7.04% -

10.91%).
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in the case of pumice concrete impregnated with paraffin (PUM-PAR) the
increase in PCM content rises at a slightly increasing rate from a value of 4.92%

at 20°C to 11.22% at 160°C for an overall gain in PCM content of 128%.

For regular concrete impregnated with paraffin (REG-PAR) and with
dodecano! (REG-DD) the growth is gradual to the 100°C point and then falls off
in the manner characteristic of the reduction of PCM content with varying
temperature which will be discussed later. In the case of REG-PAR, the PCM
content at about 150°C again rises to equal the 100°C level and it eventually
reaches a maximum PCM content of 5.91% at 160°C for an overall gain of 61%
(3.67% - 5.91%). For REG-DD, the maximum PCM content (5.21%) is reached
at 100°C. Increasing the temperature from this oaint results first in a loss, then it
recovers (approximately) the 100°C value again at 160°C for an overall PCM

content gain of 33% (3.70% - 4.91%).

From this it will be seen that in the cases of ABL-PEG, ABL-PAR, ABL-BS,
PUM-DD, PUM-PAR and REG-PAR raising the temperature of the concrete at
immersion from 20°C to 160°C can markedly increase its absorptivity if it is
deemed necessary to have a higher PCM content than that available at a lower
temperature. In the case of ABL-PAR, however, if a PCM content of about 7.3%
is considared sufficient, a concrete temperature of 80°C is adequate because a
value 7.3% is not attained again until a temperature of about 125° is reached.
Similarly, in the case of REG-PAR the value of 4.64% attained at 80°C is not again
attained until a temperature of about 150°C is reached. In the case of ABL-DD

there is no point in going above 140°C and the value at 100°C (6.6%) shouid be
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considered, if possible. In the case of REG-DD there is no point in raising the

concrete temperature above 100°C.

Since the temperature of concrete products shortly after autociaving is about

160°C and after steam curing is about 80°C, full advantage should be taken of this

condition in arranging immersion facilities to avoid the necessity for reheating.

6.5.1.1 Conclusions

In all cases, the absorption of PCM was found to increase with the concrete

temperature up to 80°C. Above that temperature, the increase in PCM absorption

was observed to vary, so that careful consideration must be given to immersion
at temperatures above this point simply to increase the amount of absorption.
However, in the case of ABL, since the block will be discharged from the autoclave
at a higher temperature in any event, some advantage may be taken of this
condition by immersing the block at or close to the discharge temperature, but the

gain in absorption will vary from one PCM to another.

6.5.2 Effect of PCM Temperature on Absorptivity

The effect of varying the PCM temperature during immersion was examined
for several types of concrete and various PCM's in relation to the amount of PCM
absorbed in each case. For this test series, the temperature of the concrete

specimen at immersion was kept at 20°C and for each combination of concrete

and PCM the same specimen was used throughout. The temperature of the PCM

was changed progressively from 80°C to 100°C to 120°C to 100°C to 80°C tc
100°C and repeated at 100°C. It will be recalled that the temperature of the
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concrete at immersion remained constant (20°C) so that all temperatures
discussed in this section refer to PCM temperature. Each immersion was for 4

hours.

The results of this test series are shown in Figure 19.

Under the conditions of this test series, the ABL-PEG, PUM-DD, PUM-PAR,
ABL-BS and ABL-DD specimens were observed to be at, or close to, saturation
in respect to the amount of PCM absorbed after the fifth immersion (second

immersion at 80°C). Beyond this point, the subsequent immersions at 100°C had
a negative effect because raising the temperature above that at the point of

maximum saturation (second immersion at 80 °C) merely allowed more material

to drain from the specimens when they were removed from the bath. This is due
to the fact that the PCM viscosity was decreased and the pore structure was
slightly more open than at the fully saturated point. A further immersion again at

100°C prodiuced a very small increase in the case of ABL-PEG and PUM-PAR but

merely increased the loss slightly in the other cases mentioned above.

The optimum content for ABL-PAR, REG-PAR and REG-DD was obtained

at 120°C (third immersion) and dropping the temperature of the next immersion to
100°C caused a significant drop in content where it remained approximately
constant up to the fifth immersion (second at 80°C). In all cases, raising the
temperature from 80°C (fifth immersion) to 100°C for the sixth immersion had a
negative effect in that the PCM content dropped. In the cases of REG-DD and

REG-PAR, the seventh immersion at 100°C simply coriinued the negative effect
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while in the case of ABL-PAR it had a slightly positive effect.

The anomalies of the reduction of PCM content with an increase in

temperature will be discussed iater.

6.5.2.1 Conclusions

It was found that raising the temperature of the PCM will increase the PCM
content of the concrete up to a point which varies with the combination of concrete
and PCM used as weli as with the number of immersions. In some cases, raising

the PCM temperature above 120°C can have a negative effect. It is, therefore,

necessary to consider the PCM content required for each combination and to plan
the appropriate immersion procedure for optimum absorption.

6.5.3 Reducticn of PCM content with Varying Temperature and the Effect of PCM
Polarity

The phenomenon of PCM loss with increasing temperature was noted in the

previous two sections. In Figure 18 this behaviour is demonstrated in particular

by ABL-PAR at 100°C and 120°C, by ABL-DD at 120°C and by REG-PAR and
REG-DD at 120°C and 140°C. In Figure 19 a PCM loss with increased

temperature eventually occurs in all cases, but principally after the sixth immersion

as the temperature of the saturated specimens was raised from 80°C to 100°C.

The mechanisms are different in each case and will, therefore, be discussed

separately.

-108 -



The effect of raising the temperature of the concrete at immersion while

maintaining the PCM temperature at 80°C is shown in Figure 18. In this cass,

individual specimens were used for each immersion and were heated to the
required temperature in an oven. }t will be recalled that water in small capillaties
(5-50 nm) exerts hydrostatic tension so that its removal through drying will result
in a compressive stress on the capillary walls, thereby causing a contraction of the
system (Mehta, 1986). This contractive effect appears not only to reflect the loss
of moisture but also to cause a reduction in capillary size which impedes the

absorption of liquid PCM.

In Figure 18 the result of enlargement of the concrete voids due to thermal

expansion is observed up to about 100°C at which point the aforementionec

contractive effect in the pores becomes noticeable and a change of siope may be
seen in many of the weight gain curves. In some cases, the upward trend is
actually reversed and a downward trend continues until a point is reached where
the effect of thermal expansion at that temperature is sufficient to offset the

compressive effect so that absorption of liquid PCM may again increase as tie

immersion temperature is raised.

it will also be noted that the compressive effect becomes less noticeable as
the structure of the concrete becomes progressively more opin in going from

regular to autoclaved to pumice concrete.
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In the case of Figure 19 the prevailing conditions are different from those
in Figure 18. Each of the specimens in Figure 19 was progressively immersed at
the temperatures shown, whereas those in Figure 18 comprise separate
specimens for each immersion. Two separate aspects of the curves in Figure 19
will be considered. The first aspect covers the results to the optimum saturation

point. In this group of specimens the evaporation of water at 100°C is impeded

because of the presence of PCM in the concrete {i.e. the specimens were raised
to this temperature in the bath). As a result, the compressive effect is not as
apparent as in the case of the specimens in Figure 18, where evaporation was
allowed to occur in the oven prior to immersion in the PCM. Therefore, in Figure
19 it will be seen that the effect of thermal expansion is the dominant one up to

about 120°C. Then, when the temperature of immersion is lowered below this

point, contraction occurs and a break in the curves is perceived and, in some

cases, the slope is even reversed.

In the case of REG it will be seen that the absorption of PCM in a dense
structure is more susceptible to the effect of thermal expansion and contraction as
demonstrated by the reduction of PCM absorbed as the temperature of immersion

is dropped from 120°C to 100°C.

Where the structure is more open, as in the case of ABL and PUM, there
IS less tendency for the PCM to be expelled. A notable exception to the latter
condition is the case of ABL-PAR where the PCM content is reduced as the

temperature of immersion is lowered from 120°C to 100°C even in a relatively
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open structure. This occurs because PAR is not a polar substance, while the other
PCM's in ABL (BS, DD) are polar materials and, as such, they are subject to
hydrogen bonding with the hydrates in the concrete. This bonding which is
described below, renders them less likely to be expelled from the structure than

a non-polar PCM such as PAR.

Hydrogen is unique among the elements in that its valence electron is the
only electron in the atom. When hydrogen is bonded to 2 highly electro-negative
atom such as oxygen, which exerts a strong attraction for the bonding electron
pair, the effect is very much like that of a bare proton at the end of the bond. This
proton then has an attraction for the unshared electrons of an atom in another

molecule as shown beiow. This attractive interaction is termed the hydrogen bond.

o H-O0 o H-0
| | | |
R -C + Ca - R-C + Ca
| 1 | |
R - 0 H-0 R-0  ---H-O
= 27A |

ESTER CALCIUM HYDROGEN BONDED
HYDROXIDE MOLECULES

(Eq. 9)

As shown, the bond is conditioned by a distance of 2.7A between the
oxygen atoms and has an energy of 4-8 callg. The bond energy is large enough

that it is not easily broken by molecular collisions at room temperature, however,

-111-



at higher temperatures it may be disrupted more easily as a result of high energy

collision (Brown, 1963).

When the temperature of immersion is reduced from 100°C to 80°C it
appears that the structure is still sufficiently open to absorb more PCM and

substantiates results obtained in the multiple immersion tests in which the PCM

temperature was maintained at 80°C.

The second aspect 1o be considered is that following the fifth immersion
where another mechanism may be seen to operate. Under the conditions of this
test, the specimens have reached an optimum point in the case of PUM-PAR,

PUM-DD, ABL-PEG, ABL-BS and ABL-DD and further immersions at 160°C merely

result in loss of PCM, likely due to drainage on removal from the bath. This would
occur because, at the higher temperature, the PCM viscosity would be reduced
and the pore structure would be more open as previously discussed. This could
argue the merit of a high immeision temperature and a lower extraction
temperature. However, since such a procedure would lead to complications in the
production process for a small increase in PCM content, it will not be pursued at
this time. In the case of the remaining three specimens in this group, the drainage
loss at this point is imelevant since, in practice, they would not be immersed

beyond their optimum point.
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6.5.3.1 Conclusions

As the temperature was increased it became apparent that both the
expansive and contractive effects must be considsred for each type of PCM-
concrete combination in order to optimize absorption. In addition, it was found that
the temperature of the bath at the time of removal of the product must not be such
as to unduly lower the PCM viscosity and thereby cause excessive drainage from

the concrete. Hydrogen bonding is considered to be a factor in the retention of

polar PCM's in the concrete.

6.6 DILUTION OF PCM AS A MEANS TO INCREASE ABSORPTION

The purpose of this aspect of the work was to investigate the
feasibility of adding a diluent to a PCM as a means of decreasing its viscosity at

the temperature of absorption and hence increasing the amount of PCM absorbed

by the concrete.

The types of concrete block material studied were regular, autoclaved and

pumice and the PCM's used were as follows:

{(a) docacanol
dodecanol plus 5% ethanol

dodecano! plus 10% ethanol

The results of these tests are shown in Figure 20.

(b) paraffin

-113-



TONVO3200d 40 NOILJHOSHY ISYIHONI OL HANNIHL V SV TONVHL 40 193443 JHL - 02 JHNO

SILNONIN HE GWIL NOISHINWI
000) 0g8 006 0G@ 008 09 00L OSO 009D OGS 00% OSy OOF OSE OOL OST 0O0Z OSI 00} O9

T

b T T T  Hoisalww inanbasehs -y ¢ 1 T T T T T T T T 1

NOISHIAWWI WYILINI -0
0,04 - dWal ainon

........... YONVH13 X01 SNTd TONVD3A00 4/
|||||||||| 1ONVHL3 X@ SNTd TONVD3T00 7 /) \\
J0NY23000 2

i B E Y]

pploal:
313HONOD
HY1ND3IY

X008
313HINOD
Q3AVI30LNY

N304

313HINOD
3qinnd

- 114 -

AHDITM JLIHONQD 40 IDVINIOHID ¥ SY LHOIIM WOd FOVHIAV




paraffin plus 5% turpentine

paraffin plus 10% turpentine
The results of these tests are shown in Figure 21.

The proportions of PCM and diluent were monitored at each immersion
because of the volatility of the diluents. Whenever necessary, the original
proportionality was restored. Whereas there was a slight tendency for the diluents
to evaporate, it was never by an amount significant enough to affect the outcome
of the test. Moreover, it was found that this loss could be largely controlied by

covering the vessels more carefully to prevent evaporation.

Each specimen was given four successive immersions ot 240 minutes each.

The dodecanol and its diluents were maintained at 70°C while the paraffin and its
diluents were maintained at 90°C.

An exception to the abovementioned PCM temperatures was made in the
case of the initial immersion of pumice concrete whsie the paraffin temperature

was 120°C for the first immersion only. It will be noted that the PCM content was

less after the second immersion than after the first. This was because the second

immersion was carried out at 30°C lower than the first and thermal contraction of

the concrete, caused by the drop in temperature, resulted in the expuision of some
PCM at the lower temperature when it was still in the liquid state. This effect was

previously discussed.
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In the case of regular concrete it will be seen from Figure 20 that the
absorption of the diluted PCM is slightly greater than for the undiluted PCM. This
is probably dus to the fact that more of the less viscous material was able to pass
into the gel of this type of concrete. it may be seen that 5% diluent was sufficient
to cause the greater absorption and that the addition of another 5% merely
reduced the weight of the PCM material absorbed. it should be noted that the
PCM has had its latent heat capacity reduced 5-10% by the dilution process and,
since the increase in the amount of PCM absorbed due to dilution is of the same

order of magnitude, there does not appear to be any advantage in using ethanol

as a diluent with dodecanol.

The increased absorption of diluted PCM by pumice concrete is caused by
the less viscous material passing into the porous aggregate as well as into the gel
pores. As before, the gain in the amount of PCM absorbed is approximately offset

by the reduction in latent heat available because of dilution of the PCM

In the case of autoclaved block, the gel structure is slightly more porous
than that of regular concrete but the aggregate is not as absorbent as that of
pumice concrete. The effect is that the volume of liquid absorbed is nci
significantly affected by dilution of dodecanol with ethanol. However, the denser
the liquid, the greater will be the weight absorbed for a given volume, which
accounts for the fact that the undiluted PCM, which has the highest density, shows

the greatest weight gain of the three liquids.

=117 -



It will be noted that the more porous the structure, the greater the number
of immersions required before saturation is reached. In the case of reqular block,
a single immersion under the proper conditions was sufficient to establish the
optimum degree of absorption while two immersions were required for autoclaved
block. However, even four immersions did not produca a saturation level in the
pumice block. From this it will be seen that the number of immersions for

maximum absorption will vary with the type of aggregate.

The specimens were re-exarr.ined after 30 days and it was found that, in the
case of dodecanol with ethanol, there was a weight loss. In the case of regular
concrete this was approximately equal to the weight of the diluent while in the case
of autoctaved and pumice concrete the loss was about twice as great. Therefore,
the net effect in the latter two cases was a considerable loss of diluted PCM
through leakage from the more open structures of autoclaved and pumice
concrete. It is most likely that some of the loss was due to evaporation of ethanol.

This form of loss had not occurred with the undiiuted PCM.

In the test series with paraffin and turpentine (Figure 21) it was found that
the use of the latter actually produced a negative effect in that this thinner did not
cause a significant difference in the amount of liquid absorbed. As a result, the
undiluted PCM showed a slightly greater weight gain than the solutions containing
turpentine. The point of interest here is that this occurred despite the fact that the

density of turpentine (0.86) is higher than that of liquid paraffin (0.78) and is
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probably due to excessive drainage at the time of removal due to the lower
viscosity. It should be noted here that while the density of solid paraffin is 0.91,
shrinkage occurs during solidification so that the net weight gain is dependent

upon the amount of paraffin absorbed in the liquid state, at which time its density

is lower.

Re-examination of these specimens after 30 days did not disclose any
significant weight difference from the value obtained immediately after immersion

as in the case of dodecano! and sethanol.

6.6.1 Conclusions

The thinners used in this study did not prove t¢ e an effective means of
increasing the thermal storage effectiveness of PCM concrete and, in some cases,
even had the opposite effect to that desired. However, this procedure did show
that, in the case of dodecanol and ethanol, thinning the liquid did increase
absorption slightly, as expected, and that this principle may possibly find
application to more viscous PCM's or to peimit reduction of the immersion
temperature, providing that the net viscosity was not reduced to the point where
it resulted in excessive drainage during removal from the bath or in subsequent

slow leakage.

It follows that, for equivalent latent heat per unit volume at the temperature
of impregnation, the PCM with the lowest viscosity at that temperature will result

in the greatest amount of heat storage per unit volume of concrete, providing that
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this viscosity does not induce excessive drainage or subsequent leakage from the

particular type of concrete used.

6.7 EFFECTS OF DURATION AND FREQUENCY OF IMMERSION

Immersion should, ideally, be accomplished as quickly as possible, particularly
if it is an element of a high volume production process. On the other hand, the
amount of PCM absorbed must be sufficient for the application. To meet both of
these requirements it is nscessary to develop an immersion technique for each
combination of concrete and PCM. Therefore, once the absorptivity has been
optimized as previously discussed, the remaining factors to be determined are

those of the duration and frequency of immersion.

Figure 22 shows the effect of successive immersions at varying time
intervals of specimens of regular aggregate concrete with silica fume and fiy ash

in various PCM's. The PCM temperature was maintained at 80°C. In all cases,

the specimens achieved 60% of the maximum attained (at the fourth immersion)
at the end the first 30 minute immersion, 75-77% at the end of the second 30
minute immersion and increased only moderately to 83-92% by the end of the 60
minute third immersion. From this it will be seen that, in this case, if the desired
weight of PCM is 4.5%, only one 30 minute immersion will be required for PEG,
three immersions (approximately 30 minutes) for BS and four immersions and 440

minutes for DD.
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Figure 23 shows the result of successive immersions at varying tire
intervals of pumice aggregate concrete with silica fume and fly ash in four PCM's

maintained at 80°C. The presence of silica fume and fly ash in this concrete

rendered it much less absorbent than ordinary pumice concrete and it will be seen
that the absorption of PEG, BS and DD was approximately the same at the 350
minute point as in Figure 22 and that further immersion time accomplished
relatively little. As before, the process would be cut off at the point where the

required psrcentage of PCM had been absorbed.

Figures 24 and 25 compare the effects of long and short immersions and
the number of immersions required. In the case of PUM-PAR (Figure 24), a single
immersion of 20 minutes produced an absorption of 7.31% while a second
immersion of a further 390 minutes increased the amount absorbed to 10.14% and
a further immersion showed this value to be the maximum attainable under these

circumstances. The PCM temperatures were 90°C, 110°C, 130°C. Atthe present
stage of this work it appears that 7.31% PCM by weight is satisfactory so, in this

case, a single 20 minute immersion would be sufficient.

In the case of REG-PAR (Figure 24), a single immersion of 20 minutes
produced about 50% of the maximum absorption attainable and since this would
most likely be insufficient, a further immersion would be required. A single 240
minute immersion of another specimen produced a satisfactory percentage. On
the other hand, the second 270 minute immersion of the first specimen fell a little
below the 5% desirable minimum. A second immersion of the first specimen and
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a third immersion of the second specimen attained valuss of approximately 7%
which is about the maximum which one may expect of a specimen of this density.
From this it would appear that two 240 minutes immaersions would produce
optimum results. Immersion temperatures were as above. Protracted immersion

was shown to have no value in this case.

In the case of ABL-PAR (Figure 25), an immersion of the first specimen for
20 minutes accomplished 74% of the absorption attained by the second specimen
in a 240 minute immersion. It follows that if a maximum of 7% PCM is required
then a single 20 minute imimersion is sufficient; if 9.5% then a single 240 minute
immersion is needed and, if 10%, then two immersions, each of 240 minutes, will

be necessary.

A better comparison may be seen in the case of REG-DD (Figure 25) where
a series of short term immersions are shown to achieve approximately the same
degree of absorption as a single 240 minute immersion and exactly the same at
420 minutes. This pair of curves is an improvement on the foregoing tests in that
the difference between the long and short term curves is better defined so that an
exact determination of choice is possible. They represent a procedure which could
be used in production to decide the type of immersion required for each
combination of concrete and PCM. Howsever, the results of this work led to
consideration of an alternative method for determining the degree of absorption

required and this will be discussed in section 6.14.
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6.7.1 Conclusions

At a given immersion temperature, for a specific type of concrete, it was
found that the duration and frequency of immersions necessary to effect absorption
of the required amount of PCM wili vary with the PCM and, up to a point, with the
number of immersions. Therefore, to achieve the desired absorption, these factors
must be chosen appropriately and tested to develop dependable production
procedures. To assist in this process, consideration was then given to the
development of a2 more precise procedure for absorption prediction and this was

carried cut as discussed in section 6.14.

6.8 EFFECT OF PCM IMPREGNATION ON MOISTURE ABSORPTION

A number of specimens were immersed in water at 20°C for 24 hours to

measure comparative absorption. Several types of concrete were tested and in
each case an unimpregnated specimen was compared with specimens which had
been impregnated with various appropriate PCM's. The results are shown in

Figure 26 and Table 8.

In the case of regular concrete, the percentage weight of water absorbed
by the paraffin impregnated specimen is exceedingly small (0.02%) while absorbed
percentage values for those impregnated with BS, PEG and DD are 0.81, 2.15 and
2.70 respectively. When considered as a percentage of the weight of moisture
absorbed by the unimpregnated specimen, the values are 0.51, 20.61, 54.71 and

68.70 for PAR, BS, PEG and DD respectively. Paraffin is particularly effective

-127 -



NOILJHOSEY JHNLSIOW IALLYHVIWOD - 92 SHNDI
V4/4S/VT/ANd V4/45/V1/934 Wnd 18v o3y

Se_

-
0
l—
| I3 g >
L m T
m o (2 L % _...m._._
L v ol
m [ o
| |® | Ls -
Q _N o Z
i o o o o
o
O
I z
||
i =
o)
L N L
TONVO3aVHLI3L - QL 2 z
3NN VOIS - 45 | o
3134ONOD HVYIND3IH - DAY P
313HIONOD 3DIANNd-WNd } z
100A1D
-3NFTAHLIAI0d -D3d | -~
NIJJVHYd - Hvd z
VATV MOT1- VI o
HSY Ald- vd | v
TONV23a0a- aa | |z 0
3lvyvals 1Alna- sa | [© =
313HONOD p
a3aavidoLnv-av | |2
:an3pay | U

dvd
-

~ ©® O <« o «

1HOIIM N3WIDO3dS 4O % NI Q38HOSAV HILVM
- 128 -

-]

(=]

o
-

—
—

N
-

[y}
4

«*
L o




IMMERSION TIME:

TABLE 8 SHEET 1
COMPARATIVE MOISTURE ABSORPTION TEST

SC = STEAM CURED; AC = AIR CURED

24 hrs; WATER TEMP. 20°C

ABSORBED
POURING TO ABSORBED|{ MOISTURE
SPEC [CONCRETEL PCM | IMMERSION |% PCM{WT. IN|WT. OUT{MOISTURE}AS % WT. OF
NO. INTERVAL (BY WT g g AS % WT.] MOISTURE
DAYS & 0F IN UNIMPREG-
CURE ° SPECIMEN: NATED SPECI-
MER
38 REG BS 8 3.821217.30| 219.11 0.83 21.10
361 REG 0D 303 5.06{157.50} 1561.75 2.70 68.70
42 REG PEG 8 5.25{208.90) 213.40 2.15 54.71
370 REG PAR 303 7.17{180.82} 180.85 0.02 0.51
420 ABL BS 330 7.90|143.59| 147.73 3.24 40.25
364 ABL DD 303 7.85{145.39] 151.64 4.30 53.42
422 ABL PEG 330 11.91149.23f 151.50 1.59 16.75
373 ABL PAR 303 10.21)129.39| 128,71 £.25 3.11
368 PUM by 303 12.01|106.64| 11:.06 4.14 38.16
376 PUM PAR 303 19.81|116.25f 116.53 0.25
425 PUM PAR 360 9.60¢ 71.52} 71.62 0.14
MEAN PUM PAR - - -- -- 0.20 1.84
247 |REG/LA/ 8S |SC/AC 31 5.52{129.80| 130.74 0.72 10.60
SF/FA ‘
249 |REG/LA/ DD |SC/AC 31 4.63(133.09} 138.31 3.92 57.73
SF/FA
253 {REG/LA/ | PEG [SC/AC 31 7.85(141.50§ 143.45 1.38 20.32
SF/FA
254 |REG/LA/ TD |SC/AC 34 3.18{152.24, 152.68 0.29 4.27
SF/FA
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TABLE 8 SHEET 2
COMPARATIVE MDISTURE ABSORPTION TEST
IMMERSION TIME: 24 hrs; WATER TEMP. 20°C
SC = STEAM CURED; AC = AIR CURED

SPEC |CONCRETE| PCM |POURING TOf% PCM[WT. INJWT. OUT|ABSORBED] ABSORBED
No IMMERSION [BY WT| g g [MOISTURE| MDISTURE
INTERVAL AS % WT |AS % WT. OF
DAYS & OF MOISTURE
CURE SPECIMEN|IN UNIMPREG-
NATED
SPECIMEN
313 {PUM/LA/ | BS |SC/AC 34 |(6.45 |109.75) 111.45] 1.55 10.64
SF/FA
315 [PUM/LA/ | DD [SC/AC 38 (4.41 {108.34| 110.61] 2.10 14,41
SF/FA
319 |PUM/LA/ | PEG {SC/AC 38 {8.23 [110.69{ 113.75| 2.76 18.94
SF/FA ~
323 [PUM/LA/ f TD [SC/AC 34 [5.07 {110.43( 112.60[ 1.97 13.52
SF/FA
500 { REG 187.34} 195.00 4.09
501 | REG 207.11| 214.90{ 3.76
MEAN |  REG 3.93
502 { ABL 186.00| 200.74{ 7.92
503 |  ABL 225.60{ 244.05| 8.18
MEAN |  ABL 8.05
504 |  PUM 115.19 128.05) 11.16
505 {  PuM 106.39 117.60| 10.54
MEAN {  PUM 10.85
506 [REG/LA/ 137.74| 146.84| 6.61
SF/FA
507 {REG/LA/ ‘ 125.01f 133.71{ 6.96
SF/FA
MEAN [REG/LA/ 6.79
SF/FA
508 {PUM/LA/ 101.66| 116.45{ 14.55
SF/FA
509 |PUM/LA/ 104.02§ 113.20] 14,59
SF/FA
MEAN {PUM/LA/ 14.57
SF/EA
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because, as a non-polar, hydrophobic substance, it is not subject to hydrogen

bonding and is, therefore, free to fill even the smaller pores because of its mobility.

Autoclaved block nas a more absorbent structure and consequently the
values are a little higher although, in this case, it will be recalled that the density
of ABL is approximately 80% that of REG so the relative increase when compared
with REG should also be considered in that light. The absorbed parcentage of
moisture was found to be 0.25, 1.59, 3.24 and 4.30 for ABL specimens
impregnated respectively with PAR, PEG, BS and DD. The values for weight of
moisture absorbed by the various impregnated specimens when considered as a
percentage of that absorbed by the unimpregnated specimen are 3.11, 19.75,
40.25 and 53.42 for PAR, PEG, BS and DD respectively.

For pumice concrete, the percentage weight of moisture absorbed was 0.2%
for the paraffin impregnated specimen and 4.14% for that impregnated with DD.
Again, the relatively light weight for pumice concrete should be considered when
comparing actual weights of moisture, since the density of pumice concrste is in
the order of 60% of regulas concrete. For the impregnated specimens, the values
for the weight of moisture absorbed expressed as a percentage of that absorbed

by the unimpregnaisd specimens are 1.84 for PAR and 38.16 for DD.

Regular concrete with low alkali cement, silica fume and fly ash
(REG/LA/SF/FA) has somewhat different characteristics from the REG sample

because of the presence of the pozzolans (silica fume and fly ash) which tend to
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reduce absorption. However, in this case the presence of more than the usual
amount of air entrainment actually resulted in slightly greater absorption. The
percentage weight of water absorbed was 0.29, 0.72, 1.38 and 3.2 for the
specimens impregnated with TD, BS, PEG and DD respectively. When considered
as a percentage of the weight of moisture absorbed by the unimpregnated
specimen, the values are 4.27, 10.60, 20.32 and 57.73 for the TD, BS, PEG and

DC specimens respectively.

In the case of pumice concrete which contains low zikali cement, silica fume
and fly ash the impregnated specimens show relatively low absorptance with
percentages ci moisture of 1.55, 1.97, 2.10 and 2.76 being found in the BS, TD,
DD and PEG soscimens respectively. In the same order, these specimens have
values of 10.64, 13.52, 14.41 and 18.94 expressed as percentage of moisture in

the unimpregnated specimen.

The freeze-thaw resistance of concrete depsnds on a number of
characteristics and conditicns among which the permeability and porosity are two
of the most important (Neville, 1981; liston, 1979). As a result, the effective
reduction of these properties by the impregnant will correspondingly improve the
freeze-thaw resistance of impregnated concrete. Similarly, PCM imy.-egnated
concrete can also provide greater resistance to attack by other liquids which can

be destructive.
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6.8.1 Conclusions

it was found that, in all cases, the impregnated specimens were markedly
less water absorbent than the unimpregnated specimens. PAR was particularly
effective in this respect while BS and TD also performed very well. As a resutt,
PCM concrete has greater freeze-thaw resistance than ordinary concrete as well

as having improved resistance to attack by harmful liquids.

6.9 EFFECT OF CURING CONCRETE FOR PCM APPLICATIONS

6.9.1 Types of Curing

The manner of curing concrete was investigated because it has a marked
effect upon its strength, alkalinity, absorptivity and other characteristics (Neville,
1981; Mehta, 1986). The effect of curing on absorptivity is of particular interest in
this research. The types of concrete block and the various curing methods used
are described below.

(a) Steam cured REG cc mprising limestone, limestone dust, sand, cement
and water

In this case the ‘ormed blocks were either obtained directly from a
manufacturer or were prepared in the CBS building materials laboratory. In the
latter event, some modifications to the mix were usually made to obtain a particular
effect such as lower alkalinity. The period between mixing and impregnation
varied from one day to more than a year. The standard form of this type of
concrete block is normally allowed to set at ambient temperatures for about 3

hours, then an hourly temperature gradient of 22 to 33°C is maintained between
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1 and 6 hours and the block is steam cured for 5 to 21 hours in the 38-93°C range
(i.e. moist curing). After this it is allowed to cool over a period of several hours.
The entire cycle is usually completed in less than 24 hours (Neville, 1981; Mehta,
1986). The times, temperatures and rates of change must be held within limits
consistent with the desired product characteristics but will vary within these bounds
from one manufacturer to another.

(b) ABL _made with expanded slag aggregate, fines, cement and water
This type of block was nbtained only from a manufacturer since it was not

possible to prepare autoclaved specimens in the laboratory. Whereas production
techniques will vary from one plant to another, a typical procedure is to have the
fresh concrete product remain at ambient temperature and pressure for about 3
hours and then piace it in a pressure vessei (autoclave) where the pressure is
gradually increased over a period of about 3 hours to a maximum pressure of
approximately 1 MPa (182°C). It then remains at these conditions for between 5
and 8 hours after which the pressure is released over a period of 20 to 30
minutes. This rapid release accelerates -rying and thus reduces subsequent
shrinkage. The block is then decreased to ambient temperature over a 10-12 hour
period (Neville, 1981; ACl Manual, 1980). As before, the intervals between mixing

and immersion in PCM varied from one day to more than a year.

As stated in Section 4.2.3, there is a big difference in the type of hydrated
cerient paste produced by the high pressure process (ABL) and that in the low
(atmospheric) pressure process (REG) becausse of the type of binder formed in
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each. The finely ground silica used in the former process reacts with the Ca(OH),
released on hydration to form Ca0SiO, nH,0. This results in a microcrystalline
structure in which there is much less free Ca(OH,) than in the low pressure

process so that there is less opportunity for reaction with a PCM.

(c) Steam cured PUM made with pumice aggregate, fines, cement and water

In this case the product was either obtained directly from the manufacturer
or prepared with pumice aggregate in the CBS laboratory. This type of concrete
is a lightweight (1400 kg/m®) material and is more alkaline than either of the
foregoing types. Pumica aggregate is a light coloured, volcanic glass which is very
porous and, as a result, pumice concrete is much more absorbent than the
concretes using conventional aggregate or even expanded slag or shale.
Manufacture of pumice concrete biock normally employs the low pressure

(atmospheric) steam curing process.

(d) Modified corcretes

In additior. to the foregoing conventional types of block, modified concrete
blocks were also prepared. These inciuded regular concrete as well as concrete
using pumice, expanded slag and expanded shale aggregates in which low alkali
cement was used and where portions of the cement were replaced with pczzolans
such as silica fume and fly ash. These specimens were all prepared and steam

cured in the laboratory. Steam curing was followed by air or water curing.
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(e) Steam curing in the laboratory
Most of the concrete block specimens prepared in the CBS laboratory used

a curing technique which simulated the conventional commercial steam curing
process. Inthis procedure, freshly poured concrete specimens in their molde were
placed in polyethylene bags which were tightly sealed to prevent the loss of
moisture. As the temperature was increased, conditions in the bag with the
entrapped moisture approximated the conventional steam curing process very

closely. The bagged specimens were placed in an oven at 20°C and the
temperature was raised by 2.5°C every 15 minutes up to maximum of 75°C. This

temperature was then maintained for 12 hours, after which it was reduced by

about 2.5°C every 15 minutes over a period of 5 hours until a temperature of 25°C

was attained. At this point, the oven was switched off #nd the door was opened

to allow the temperature of the specimens to drop the remaining 5°C to room

temperature (Levitt, 1982). Following this, the specimens were demolded and then

water cured and/or air cured for a designated period.

(fy QPC
The OPC specimens used in this work were either cured in water orin a
moist enclosure for 30 days. In all other respects the specimens used were

conventional structural concrets.

(g) Air and water curing

In the case of concrete blocks obtained from the manufacturers, all curing

after steam curing or autociaving occurred in ambient air. In the case of steam
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cured specimens prepared in the laboratory, two subsequent procedures were
used. After steam curing some specimens were air cured under plastic to retard
moisture loss for 30 days or until required. The remainder of the specimens were
immersed in water for a period of about 30 days then air cured untii required.
Exceptions to the foregoing are found in the case of OPC concrete specimens
which had either been only air cured or were water cured for about 30 days then

air cured till required. The abbreviations used are:

AC - air cured
SC - steam cured

WC - water cured

6.9.2 Comparative Absorptivity
The comparative effects of different types of curing on absorptivity may be

seen in Figure 27 and Table 9.

it will be seen that, for regular concrete, the absorptance is lowest for water
curing and slightly more for air curing and markedly greater for steam curing in all
cases. For EXS, the foregoing pattern is followed with BS while with DD and PEG
the water cured and air cured positions are reversed but the value for steam
curing is greater than the others for all three PCM's. In the case of pumice
concrete, the air cured concrete is less absorbent than the water cured which is,
in turn, less absorbent than the steam cured concrete, except with DD where the

water cured pumice is slightly more absorbent than the steam cured. The
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FIGURE 27 - THE EFFECT OF CURING ON ABSORPTIVITY



TABLE 9 SHEET 1

EFFECT OF CURING ON ABSORPTIVITY
PCM AND CONCRETE TEMP.: 80°C; IMMERSION TIME: 12 MIN.

COEFFICIENT
OF VARIATION
%

K33

175

8.6

ABL
PUM

PCM
BS
| &s
BS
| BS
§ BS
BS
BS
BS
BS
BS
Bs

PRE-IMPREG
EXS

* MEAN OF FIVE VALUES
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TABLE 9 SHEET 2

EFFECT OF CURING ON ABSORPTIVITY
PCM AND CONCRETE TEMP.: 80°C; IMMERSION TIME: 12 MIN.

COEFFICIENT
OF VARIATION
%

204

8.3

ABL

PRE-IMPREG
EXS
PRE-IMPREG
PUM

* MEAN OF FIVE VALUES

- 140 -



DATE TABLE 8 SHEET 3

EFFECT OF CURING ON ABSORPTIVITY
PCM AND CONCRETE TEMP.: 80°C; IMMERSION TIME: 12 MIN.

COEFFICIENT
OF VARIATION
%

20.9
18.0
5.8
124
104
112
30.7

20.7
ABL

PUM

PRE-IMPREG

EXS
PRE-IMPREG

PUM

* MEAN OF FIVE VALUES
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variations in the absoptivity are likely due to the fact that air curing allows the

following reaction to occur:
Ca(OH), [in concrete] + CO, [in air] = CaCO, + H,0 (Eq. 10}

This reaction also occurs in water but much more slowly. As a result, the void
structure (and hence the absorptivity) caused by the formation of CaCo, will vary
between that produced by air curing ana that by water curing. The amount of
PCM absorbed will also be affected by the difference in the basic structure of each
type of concrete. In addition, absorptivity will be influenced by the polarity of the

PCM's used. The latter effect will be discussed later.

Specimens of pre-impregnated expanded shale and pre-impregnated
pumice were also examined and it will be seen that this is an effective means of
augmenting the normal absorption procedure. It does, however, involve an extra
operation becauss, in addition to the norma! PCM absorption technique, the

aggregate must be impregnated before it is added to the mix.

6.9.3 Conclusions
Several types of non-autoclaved concrete which had been cured in various
ways were tested for PCM absorptance and it was found that steam cured

products were the best overall choice. This result is fortunate from the point of
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view of PCM concrete since many concrete products suitable for PCM

incorporation are steam cured.

Of the steam cured products, autoclaved block is in a class by itself since
it is produced by a high pressure curing process. Among the single operation
specimens (i.e. all except the pre-impregnated ones) the ABL specimens showed

the highest overall absorptivity.

6.10 THERMAL CONDUCTIVITY OF PCM CONCRETE

Eight pairs of 190x190x28 mm specimens were tested for conductivity. The
specimens impregnated with BS and DD were tested with the PCM in the liquid
state while the specimens impregnated with PAR were tested in the solid state.

Two types of concrete were used, regular and autoclaved. For each type
of concrete, test pairs were prepared without PCM, with BS, with DD and with

PAR. The results are shown in Table 10.

in the case of regular concrete, the R-values for the impregnated specimens
ranged from equal to 18% greater than that for the unimpregnated specimens.
This can be explained by the fact that the structure of regular concrete is relatively
dense with most of the PCM content held in voids between which conduction is

limited to that provided by small capillaries and pores.
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The PCM in the voids then represents the principal variable in respect to
conductivity. It has been found that the amount of heat conducted through some
liquids in an isolated void of generally spherical shape can be less than that
transferred by radiation across the same void when it is filled with air (Low, 1990).

As a result, the R-value of regular concrete impregnated with PCM can be greater

than that of the unimpregnated concrete.

ABL, on the other hand, has a more open structure where the voids can
constitute a series of relatively continuous thermal paths which, although irregular,
parallel those of the concrete matrix itself. When these are filled with PCM, this
network offers a better conducting path than in the unimpregnated case where
thermal radiation must take place via a series of irregular shapes rather than via
the more regular one encountered in REG. As a result, heat transfer by radiation
is less effective than by conduction through the PCM so that the R-values in the
impregnated specimens varied between 17% and 30% lower than the

unimpreqnated specimens.

Although the conductivity of PCM's in the liquid state is different from that
in the solid condition, this difference does not appear to be significant when it is

dispersed throughout the concrete matrix which constitutes the principal conducting

medium.
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6.10.1 Conclusions

The R-value of REG concrete impregnated with PCM was found to be equal
to or yreater than that for unirnpregnated REG concrete while the R-value for ABL
PCM concrete was observed to be less than that for unimpregnated ABL concrete.
These differences are not considered large enough to be significant in respect to
heat loss because exterior blocks will likely be insulated in any event. The
conductivity of impregnated blocks must be incorporated into the caiculations of

the thermal charge-discharge cycle.

6.11 EFFECT OF TEMPERATURE CYCLING ON PCM CONCRETE

Table 11 shows the results of subjecting 57 specimens of impregnated
concrete to a freeze-thaw cycling test in which the cycle frequency was 6 hours
and the temperatures alternated between 33°C and -25°C for a total of 560 cycles.
It will be noted that freeze-thaw in this instance refers to the freezing and melting

of PCM as well as that of moisture.

In the case of ABL-BS the test appears to have had no effect on the
specimens other than a slight darkening which one expects with some impregnated

concrete combinations because of the oleaginous nature of the PCM'’s.

The ABL-DD combination in two cases showed no change at all while intwo
others a very slight dust was deposited on the surface of the specimen and on the

material on which it was supported. The weight change due to this loss was not
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detectatle in one case and was 0.33% in the other. Since a slight efflorescence
is occasionally observed in the case of DD, it is probable that melting and freezing
will cause it to be deposited, together with loose, surface particulate matter which
has been absorbed by the effiorescence. The dusting effect of DD will be

discussed later.
The ABL-PAR combination showed no change after cycling.

ABL-PEG combinations were found to be stable but, in one instance, some

dusting was observed. However, the weight loss was not detectable.

In the case of REG-BS, no change was observed in four specimens other
than a slight darkening in two of them which is characteristic of some impregnated

concretes.

As in the case of ABL-DD, the REG-DD combination showed some
deposition of dust in three of the four specimens tested, although this was
measurable only in one case (0.72% loss). The reason for this deposition is as

for ABL-DD and will be discussed later.

No change was observed for the REG-PEG combinations otherthan a slight

darkening found in some impregnated concretes.

No change was found in the REG-PAR other than a very small weight loss

(0.29%) probably due to drainage of excessive PCM.
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in the case of pumice concrete, no change was detected in the PUM-PAR

combination.

All of the foregoing tests were conducted using standard commercial
specimens of concrete block. The dusting which occurs with DD in most cases
appears to be similar to but actually less severe than the results produced by the
freeze-thaw effect in the unimpregnated materials. Therefore, impregnation of

these materials with PCM's appears to have a beneficial effect in this respect.

For the modified concrete types prepared in the iaboratory the following

effacts were observed.

Pre-impregnated EXS/LA/SF steam cured specimens impregnated with BS,

DD and PEG showed no change.

The pre-impregnated PUM/LA/SF steam cured specimen impregnated with
BS showed no change while that impregnated with DD showed a significant
deposit. The only change observed when using PEG with this type of concrete

was a slight darkening.

The PUMLA/SF specimens which were water cured and impregnated with

8s,DD and PEG showed no effect.

REG/LA/SF steam cured specimens impregnated with BS and PEG showed

no effect while @ slight loss (0.32%) was observed asa resul’ Af DD effloresence.
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EXS/LA/SF steam cured specimens impregnated with BS, DD and PEG
showed no effect.

PUM/LA/SF steam cured specimens impregnated with BS and PEG showed

no effect, while a very slight loss (0.17%) was observed in the case of DD.

REG/LA/SF/FA steam cured specimens impregnated with BS and PEG
showed no effect other than darkening and a slight loss (0.46%) in the case of BS.
The specimens impregnated with DD and TD showed negligible dusting and the

weight loss was only 0.04% and 0.15% respectively.

The only loss in the REG/LA/SF/FA specimens which were steam cured
foliowed by water curing then impregnated with BS, DD, PEG and TD was

observed in the case of TD which was very slight /2 36%).

No change was observed in the case of OPC impregnated with PAR.

6.11.1 Conclusions

As a result of these tests it was found that, under the conditions observed,
the only significant effects produced by the temperature cycling on impregnated
specimens were those relating to DD and this was less than that subsequently
observed in the case of unimpregnated specimens. These results were as
expected because, as seen in section 6.8, the impregnated specimens were shown

to be markedly less moisture absorbent than the unimpregnated ones and hence
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less subject to freeze thaw damage. Except in the case of a very porous test mix

the loss of PCM was observed to be negligibie.

6.12 FLEXURAL STRENGTH OF PCM CONCRETE

Figure 28 and Table 12 show that there is no significant difference in
strength between plain concrete and that impregnated with PCM in the liquid state.
This satistactory performance is possibly due fo the fact that, in the case of
absorbed PCM, the cement gel is not dilated (Neville, 1981) as well as the

absence of disjoining pressure (Mehta, 1986).

it will be noted that the presence of PAR increases the flexural strength of
concrete by about 50% when the PCM is the solid state. This is mentioned as a
matter of interest only since a practical application for this condition has not yet

been found.
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TABLE 12 - SHEET 4
FLEXURAL STRENGTH TESTS
CONTROL SPECIMEN

SPECIMEN SPECIMEN MEAN
NO WEIGHT FAILURE

[+ STRESS

N/mm?

6.12.1 Conclusions

it was found that there is no significant difference in the strength of plain or
impregnated concrete when PCMis in the liquid state. PCM in the solid state will

increase the strength of the concrete by about 50% in the case of PAR.
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6.13 FIRE_RESISTANCE OF PCM CONCRETE

6.13.1 Flame Spread

Table 13 and Figure 29 show the results produced when three 200 mm X
200 mm x 30 mm specimens were placed in the fire testing apparatus described
in section 5.9 and Figure 8 where one side of the lowest specimen was subject to

a directly impinging 700°C (+ 10°C) flame for ten minutes. The three specimens
used in each test were placed end-to-end and held at the edges to present an

area open to the flame which was sloped at approximately 33° to the horizontal to

aliow convection to assist the spread of flame.

In no case did the flame travel more than 100 mm from the point of
application, i.e. the maximum dimension of the burned area was 200 mm, SO that

buming was only visible on the lowest specimen in each test.

6.13.2 Effects of Bumning

in the case of ABL-BS, 8.3% of the weight of PCM was lost. The general
area affected by the flame was lighter in colour than the surrounding material and
had an oval shape with axes 100 mm and 200 mm in length. There was 10 after-
buming when the torch flame was removed. The visible fume discharge was

negiigible.

For the REG-BS cor bination, PCM loss was negligible. The axes of the
white, oval bumned area measured 60 mm x 100 mm and there was no after-

buming. Visible fume discharge was negligible.
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REGULAR SLOCK - PARAFTIN ) AUTOCLAVED BLOCK - PARAREN

FIGURE 29 - FLAME SPREAD TESTS
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In the case of ABL-DD, the loss in weight of PCM in the specimen touched
by the flame was 18.1%. Of all the flame tests, this was the only instance in which
loss of PCM (17.0% and 13.9%) also occurred in the two adjacent specimens.
This was possibly due to volatilization but is more probabily attributable to drainage
caused by a combination of lower PCM viscosity at the high temperature, the
relatively open structure of ABL and the fact that the hydrogen bonding is
destroyed at higher temperatures. In the specimen on which the fiame impinged
there was a white, oval area 106 mm x 150 mm. There was no after-burning. The

visitie fume discharge was slight and stopped when the flame was removed.

In the case of REG-DD, the PCM weight loss was 6.4%. The axes of the
whitish, burned, oval area were 100 mm and 120 mm. There was no after
buming. There was a visible fume discharge of moderate density which stopped
when the flame was removed. Altljough the PCM was DD, in this case there was
no measurable weight loss in the adjacent specimens. In all probability, this was
due to the greater surface tension in the smaller diameters of the pore structure

of REG when compared to ABL.

For the ABL-PAR combination, the loss in weight of FCM was 5.3%. The
burned area had a brownish colour. [t was quite small and ova! in shape with axes
of 50 mm and 80 mm. There was no after-burning. The visible fume discharge

was moderate in intensity and stopped as soon as the flame was removed.
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In the case of REG-PAR, the PCM weight loss was 7.1%. The burmed area
was brown and oval in shape with axes of only 30 mm and 40 ram in length.
There was no after-buming. The fume discharge was very slight and stopped

when the flame was removed.

6.13.3 General Observations

it should be noted that oniy the wisible portion of fume discharge was
observed. Prior to placing a PCM concrete product on the market it will be
necessary to measure and analyse the fume discharge when subjected to the
temperatures encountered in a buming building. These tests must be carried out
in an approved fiic testing establishme:t with the necessary fume measurement

facilities.

The addition of lammable material to concrete must, inevitably, lead to
some combustion under appropriate circumstances. Howaever, it will be seen that
the low proportion of combustible to non-combustible in PCM block (about 5% in
most cases) did noi give rise to a self-sustaining flame in the foregoing tests. In
addition, the edge of the torch flame was about 40 mm from the centre of flame
application and the spread of flame beyond this point was limited to approximately

80 mm.

The area of fiame application was aifected more or less in a manner which
one would find in ordinary concrete which had been heated to 700°C for 10

minutes. Moreover, it is probable that some amelioration may actually have been
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effected by the absorption of heat required to melt and vaporize the PCM.
Although very slight cracking was noted in some cases, no crumbling or obvious

physical deterioration was observed and all specimens remained intact.

No indication of burning was observed on the side opposite to that to which

the flame was applied.

After a few weeks, the PCM migrated back into the areas from which it had
been driven by the flame. The whitish areas disappeared in most cases, leaving

only a small brown residue at the centre of the point of flame application as shown

in Figure 29.

it was not deemed necessary at this stage of the development tc add a fire
retardant. This decision was made because of the apparently low rate &t iame
spread and evidently satisfactory degree of fire resistance. Furthermore, il was

desired to avoid fume generation problems which could arise from the addition of

some fire retardants.

The foregoing work gives a reasonable indication of how PCM concrete
block might perform under fire conditions similar to those used in inese tests.
However, it must be repeated that full scale testing must be carried out at an
approved fire testing establishment. At such a facility it will be possible to conduct
flame spread and fire resistance on a large scale and to perform fume

measurement tests as well. This will lead to the evaluation of the final product
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design. Then, if any modifications have been found necessary, the product may

be re-tested and an approved fire rating can be given.

Since concrete using lightweight aggregate such as expanded slag or
pumice is ideal for use with PCM's, it should be noted that the unimpregnated fire
resistance of these concretes is approximately 32% greater than that of concrete
using calcareous aggregate and 42% greater than concrete made with silicious

material (Neville, 1981).

6.13.4 Conclusions

Fire resistance of PCM concrete is good and the flame spread is minimal,
Fume discharge was observed visually and ranged frorn negligible to moderate.
However, fire spread, fire resistance and fume generation must be measured and
rated at a full scale fire testing facility before a PCM concrete product can be

placed on the market.

6.14 ABSORPTION OF PCM'S IN CONCRETE

6.14.1 Summary of Factors
It was seen that many iactors affect the absorptivity of each concrete - PCM
combination. Since this is one of the most critical aspects of the incorporation of

PCM, some oi the most significant factors are briefly reviewed here.
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(a) Concrete structure

The size and form of the gel and capillary pores as well as other openings
such as voids and fissures in the matrx will affect the volume of the space
necaessary for the storage and flow of PCM. iIn addition, the diameter of the
capillaries will determine the effect of surface tension. The porosity of the
aggregate aiso contributes to the absormptivity of the concrete. The latter effect can
be significant in the case of porous aggregates such as pumice, expanded shale

and expanded slag.

(b) Temperature
Temperature acts in various ways to affect the absomption of PCM in
concrete. It will be recalled that the rise of liGuid in a capillary is expressed by the
following formula (Hutcheon, 1983).
h- 2y (eq. 11)
ger
where h = height of liquid retained in the capillary

v = interfacial tension between liquid and air
p = density

r = radius of the capillary

g = gravitational constant

A temperature rise in the concrete will increase the radius of the capillaries.
it will also decrease both the interfacial tension and the density of the liquid but will
decrease the former more than the latter so that the net result can be a reduction
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in the amount of liquid retained in the capillaries. Therefore, it follows that, while
it is necessary to raise the temperature of the concrete and the PCM to a point
where conditions are sctisfactory for impregnation, it should not be higher than
necessary, so that retention of PCM in the capillaries will be as high as possible
when the concrete is removed from the bath. The effect of cooling the liquid
before removal of the concrete from the bath was not considered necessary at this

time because of the added cost of production which it would entail.

It should also be noted that the temperature of the concrete will gradually
approach that o: the PCM bath if the liquid mass is significantly greater than that

of the concrete.

(c) Viscosity

The viscosity of the PCM during absorption varies inversely with its
temperature and it must be low enough at the immersion temperature to achieve
effective penetration into the concrete and high enough to prevent excessive
drainage from the product when it is removed from the bath. It will be noted that
the viscosity at the upper limit of its installed environment must be such as to allow
surface tension to prevent migration of the PCM to the outer surface of the
concrete where it can be lost and cause undesirable surface effects. The effects

of viscosity are discussed laiar in this section.
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(d) Time of immersion

The absorption process is exponentially related to the time of immersion as
will be discussed later in this section. The effect of immersion time and the

number of immersions necessary was discussed in section 6.7.

(e) Area of absorption
The amount of liquid absorbed by a solid is directly related to its surface
area. Itis also affected by the size and shape of the absorbing solid as discussed

later in this section.

(f) Liguid pressure

The denth of the liquid in the bath constitutes a head pressure which drives
the PCM into the concrete. In the current research the very smail depths
employed have exerted negligible pressures. However, this factor will be important

if the head pressure becomes significant.

(g) Moisture removal

Various models of the concrete microstructure exist but common to most is
the conciusion that both van der Waals® force and the stronger ionic and covalent
bonding play very important réles in the binding wi'ich exists between the gel
particles. In addition, water in various forms exists in this structure:

(i) bulk water in the capillary pores

(i) absorbed water on and between surfaces in the micropores

(iii) water in solutions of different minerals.
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The loss of this water from the capillary pores can induce compressive stress due
to surface tension effects while loss of water from between the layers and from the
surfaces changes the bonding potential (Mindess, 1981). From this it will be seen
that the removal of water from the concrete structure through drying, together with
the physicai effects on the concrete of the drying temperature, can cause changes
in the concrete structure which will affect its reaction with a PCM in addition to the
purely volumetric considerations involved. It follows that the introduction of the
PCM into the concrete also affects it in @ manner analogous to that of the

introduction of water.

(h) Polarity

Some PCM's such as DD are polar substances and are, therefors, subject
to hydrogen bonding with polar materials in the concrete. This bonding can restrict
the amount of material absorbed because it offers an impediment to flow. “he
degree of polarity varies; for example, BS is less polar than DD and some PCM's
such as PAR are not polar at all. The effect of hydrogen bonding is discussed

later in this section.

() Age
The volume of gel pores (dia 15-20A) increases as concrete ages and that

of the larger diameter capillary pores (~1.3um) decreases so that porosity

decreases with age. This will vary with the type of concrate and with the water-

cement ratio (Neville, 1981).

-170 -



6.14.2 Technigue for the Detarmination of Constants for the Absorption of PCM
in Concrete

The specific absorptivity of a given building material for a given PCM is a
characteristic of great importance in respect to PCM impregnation. An
understanding of this property is required for all forms of impregnation but it has
particular relevance to the immersion process where it affects not only the
dispersion of PCM throughout the material but also the duration of immersion and

the amount of PCM absorbed.

it follows then that absorption constants which would relate the amount of
a given PCM absorbed per unit area by a given type of concrete in a given time
under standard conditions of temperature and pressure would be very useful in the

manufacturing process.

(@) Flow of PCM in concrete

Both liquid and vapour flow are possible through the interconnected pore
system of concrete. Liquid-like flow can be expected along thick sorbed films and
the smaller capillaries that have been filled by merged films while both film and

vapour flow may occur in the larger unfilled pores and capillaries.

The migration of liquid in sorbed films and capillaries will be determinec by
the head pressure (e.g. that produced by surface tension or external pressure} and

that of vapour by the vapour pressure gradient. Under isothermal conditions these

-171 -



different flows will reinforce one another while under a temperature gradient they

may differ in direction and magnitude (Hutcheon, 1983).

in addition, the diffusion of one substance in another is governed by four

effects.

(i) ordinary diffusion resulting from a concentration gradient

(i) thermal diffusion resulting from a thermal gradient

(i) pressure diffusion resulting from a pressure gradient (e.g. surface
tension head pressure)

(iv) forced diffusion because of unequal forces on the two substances

Where more than one substance {e.g. PCM and moisture) is being diffused
in another {concrete) the different characteristics of the three materials make the
resolution of diffusion very complicated, indeed (Bird, 1960). These flows are

described by the following equations.

(i} Permeability for liquid flow in concrete may be expressed by Darcy’s

Law in the following form (Neville, 1981):

aM - A khp (Qq 12)
dt ) 4

M = mass of liquid in kg
t=time of lowins

A = cross sectional area through which flow occurs in m?
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h = hydraulic head in m

x = length of flow pathin m

k = coefficient of liquid permeability in m/s
p = density in kg/m®

(i) Permeability for vapour transmission may be similarly expressed by an

analogous formula (Hutcheon, 1983):
eq. 13
ﬂ - -pA QE (eq )

where M = mass of vapour transmitted in kg
p = vapour pressure in Pa

K = permeability in ng/smPa

(i)  Diffusion may be described by the following form of Fick's Law:

Eﬁ-- ﬁ eq. 14
& DAdx (eq. 14)

where M = mass flow in kg
D = diffusivity coefficient in m?/s
¢ = liquid concentration in kg/m®

x = direction of diffusion (unidirectional in this case) in n:

This equation accounts for the fact that the flux goes to zero as the

specimen becomes homogeneous (Shewmon, 1363).
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In view of the fact that the flows describcz abova are not constant with time,
a modified form of Washburn’s equation (Spooner, 1983) offers a rational means

of combining them.

M=AKt* (eqg. 15)

where M = mass of absorbed PCM in kg
A = area of contact bstween PCM and concrete in m?
K = constant for the PCM-concrete combination in kg/m?s*®
t=timeins
X = exponent appropriate to the conditions and materials used

(b) Determination of absorption constants

Equation 15 becomes practical only if appropriate values of K and the

exponent of time can be determined. These may be determined as follows.

The mass of liquid absorbed by the pores in the concrete during surface

contact with liquid (PCM) may -e expressed as:
M=dpa (eq. 16)

where M = mass of absorbed liquid (PCM) in kg
d = depth of the meniscus (depth of penetration) in m
p = density of the liquid kg/m®
a = total crss section of the filled pores in m?
{i.e. the effective area of the absorbed material)
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Then, combining equations (15) and (16)

doa - AKt* (eq. 17)
and by rearranging eq. 17:
K- dra (eq. 18)
t*A

It will be seen that, for a given set of conditions and materials, the constant
(K) incorporates the relationship between the effective pore area (a) and the

contact surface {A), the depth of PCM penetration (d), the density of the liquid (p)
and the time of contact (t). I follows that the exponent (x) of the time factor (t)

must be appropriate to the relevant materials and conditions of immersion.

If values for K and the exponent of t could be established, then, knowing the
area {A) through which the material will be absorbed, it would be possible to
calculate the time required to absorb the desired mass of PCM (M) under the

given conditions from equation 15.

To confirm this, research was carried out in respect to the absorption of BS,
DD and PAR in both REG and ABL concrete. Standard conditions for absorption

were set at 80°C for both concrete and PCM at ambient atmospheric pressure.

To establish the desired values equation 15 was rearranged as:

K - MAt* {eq. 19)
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To begin with, values for M and A were established by measurement. It was also
known from a study of Washbum’s work with moisture in concrete (Spooner, 1983)
that the values of the exponents of t for PCM's would likely fall within the range 0.1

to 1.0.

Under the aforementioned standard conditions, provisional values of K were
determined for each combination of PCM and concrete through a series of
absorption times ranging from 60 to 360 seconds by successively applying
approximately twelve different time exponents within the abovementioned scale of
values. Then, since the appropriate value of K in each case would be that which
rernained virtually constant throughout the range of immersion times, it follows that
the time exponent which produced the greatest degree of constancy was also the

applicable value.

The results of this experiment are shown in Tables 14 to 18 and are

summarized in Table 20.

From Table 20 it may be seen that the foregoing procedure resulted in very

little variation in the values of K determined over the range of times selected.
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TABLE 20
VALUES FOR CONSTANT K AND EXPONENT OF TIME (t)
ABSORPTION TIMES: 60 TO 360 SECONDS

CONCRETE Constant K

& PCM COEFFICIENT OF | EXPONENT OF
COMBINATION . VARIATION TIME FACTOR (1)
%

REG-BS 3.6 0.2
ABL-BS 38 0.3

REG-DD 35 0.1

ABL-DD 23 0.2
REG-PAR 3.1 0.8

ABL-PAR 22 0.3

* Mean of five values

(c) Discussion of procedure for determination of absorption constants
Single face absorption in an upward direction through a horizontal liquid-
solid interface was the technique selected for the development of a means of

determining absorption constants. The reasons for this choice are as follows.

(i) The process of absorption can be easily observed and the
penetration determined very quickly.

(i)  Inafull size block the area of absomption remains relatively constant
during immersion. However, when a laboratory size specimen is

completely immersed, the effective area through which the liquid is
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absorbed is constantly diminishing as the advancing front of
absorbed materiai is shared with fronts from adjacent faces until, at
the centre, the area becomes a point or a line. On the other hand,
the area of absorption through a single face of a rectangular
specimen remains relatively constant.

(i)  The exact conditions of absorption can be duplicated for successive

observations.

it should be noted that the single face absorption technique was adopted
merely for experimental convenience and for reasons of observation. In practice,
under any given set of conditions complete immersion will result in establishing the

required constants.

Single face absorption would be used in production when it is desired to
impregnate only one face of the block. However, the complete immersion
technique would be used more frequently. As previously stated, this procedure
would be quite suitable with large masses such as concrete blocks. Variations in
hydraulic head resulting from the depth of the immersion tank could produce some
variation in the rate of absorption. This would depend upon the depth of the bath
and/or the application of any other pressure. These effects would have to be
measured and accounted for when designing the facilities and establishing the

variation which would thereby be produced in the constants.
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It was noted that the molding and de-molding process producad a trowelling
effect upon the surface which diminished the absorptivity when compared with that

of a cut surface.

Since most of the PCM is absorbed in the first few minutes of contact, an
upper limit of 360 seconds was used for practical reasons because of the large
number of tests required. This limit can, of course, be increased where a longer

immersion time is deemed appropriate.

Penetration depths were measured instantly after contact with the liquid was
stopped. Whereas the mass of absorbed liquid remained the same, the migration
of liquid into the concrete continued in some instances after removal of contact
with the liquid. The extent of this continued movement was usually quite smalt (0-
5 mm) and varied with the materials used. The degree of further migration was
also observed to change very slightly in some materials with the position of the
specimen, that is, whether the flow was vertically upwards or downwards. The
depth of PCM penetration is of interest because it will affect the rate of heat
transfer in and out of the material. This was discussed in a previous work

(Feldman, 1987).

The age of the concrete will affect its absorptivity. This was obssrved
during the early stages of this work (Hawes, 1989). All the specimens used in the
development of the technique for determination of absomption constants were

mature specimens of the same age.
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It should be pointed out that the purpose of the foregoing work was to
develop and prove a procedure for establishing absomption constants for PCM in
concrete. However, it is not intended to limit or fix these values since they must

be established for each combination of materials used and the conditions of their
absorption.

Exponents given were rounded off to one significant figure but this can be
further refined for a standard product where operating corditions are rigidly

controlled and a large number of specimans may be measured to obtain greater
accuracy, if required.

6.14.2.1 Conclusions

An equation was developed which relates the mass of absorbed PCM to the
time of immersion and the surface area through which it is absorbed. It was also
found that, for a given set of processing conditions (e.g. type of PCM, type of
concrete, temperature and pressure), it is possible to arrive at a set of absorption
constants. Then, through the application of the appropriate constants in this
equation, one can predetermine the amount of PCM (and hence the latent heat
storage capacity of the product) which will be absorbed in a given time. This was

tested and found to be practical.
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6.14.3 The Effects of PCM Viscosity, Concrete Structure and Hydrogen Bonding
on PCM Penetration and Filled Void Fraction

The nature of the work involved and the results of the foregoing tests aiso

offered an opportunity to observe the effects of viscosity and hydrogen bonding on
PCM penetration and the filled void fraciion.

6.14.3.1 PCM penstration

From Tables 14 to 19 the single face penetrations at 360s are :
REG - BS: 17.7 mm REG - DD: 13.3 mm REG - PAR:17.1 mm
ABL - BS: 25.5 mm ABL - DD: 19.8 mm ABL-PAR:21.8 mm

The viscosities of the PCM's at 80°C are:
BS: 0.0028 Ns/m®

DD: 0.0029 Ns/m?

PAR: 0.0053 Ns/m?

Comparing the penetration in REG-BS with that of REG-PAR it will be seen
that the lower viscosity of BS has allowed somewhat greater penetration.
Similarly, in the case of ABL-BS and ABL-PAR the penetration of BS is slightly
greater than that of PAR for the same reason. It is noted, moreover, that the more

open structure of ABL permits deeper penetration for both PCM's.
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In the case of REG-DD, despite a viscosity comparable to that of BS, the
penetration is markedly lower than the other two PCM's in REG. The reason for
this is that the polarity of

DD [CH,-(CH,),,-OH] is much higher than that of

BS [CH,-{CH,),,-COO(CH,);-CH,] while

PAR [CH,-(CH,),-CH,] is not a polar material

From this it will be seen that hydrogen bonding can occur very 2asily between
DD and the silica hydrates in the concrete. Moreover, the degree of bonding is
much greater in regular concrete than in autoclaved concrete because the former
contains much more Ca(OH), than the latter, as discussed in Saction 4.2.3. It was
also noted that hydrogen bonding retarded the speed of penetration, particularly

in the case of REG-DD and, to a lesser degree, with ABL-DD.

One would expect to see a greater difference in penetration between BS and
PAR in both REG and ABL because the viscosity of PAR under the conditions of
the test is nearly twice as great as that of BS. However, the penetration difference
is not very great, despite the difference in viscosity, and this is due to the fact that

hydrogen bonding has also occurred to retand penetration in the case of BS,
although to a lesser degree than with DD.

6.14.3.2 Conclusions

It was found, as one might expect, that penetration of PCM's in a given

concrete at a given temperature is increased by a lower viscosity and retarded by
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a more dense concrete structure. Hydrogen bonding depends on the polarity of
the PCM and the amount of available Ca(OH), in the concrete. Its action retards

penetration but does not limit it, as will be seen in the next section.

6.14.3.3 Filled void fraction

From Tables 21, 22 and 23 the filed void fractions in the concrete

impregnated with PCM after 2 hours are:

REG-BS: 0.117 REG-DD: 0.130 REG-PAR: 0.109

ABL-BS: 0.158 ABL-DD: 0.164 ABL-PAR: 0.157

These specimens were immersed for a period of 2 hours which was sufficiently
long for the effect of retardation of absorption by hydrogen bonding to be negligible

in respect to filling the voids with PCM.

During the course of this work it was observed that if concrete is immersed in
PCM long enough, a small absorption-desorption cycle can occur so that the
amount of PCM in immersed specimens may fluctuate slightly. In the case of DD
it will be seen that the PCM content is higher than the other two PCM’s and that
this condition is more marked in the case of REG than for ABL. The reason for
this is that the hydrogen bonding which retards the absorption process can also
act to retain polar PCM's in the concrete by slowing down the effect of desorption
in the cycling process mentioned above. In addition, it may also provide an

attractive force into otherwise unfilled small pores. As before, the bonding effect
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is stronger in the case of DD than BS and does not apply in the case of PAR. In

a long immersion such as this, the effect of viscosity becomes less marked.

6.14.3.4 Conclusions
Three anticipated phenomena were confirmed:
() The void volume was found to be greater in ABL than in REG

() The voids were filled more effectively and more quickly in ABL than in
REG

(i) If surficient time is allowed for immersion, viscosity will not be an
important factor

In addition, it was also established that hydrogen bonding can cause the filled

void fraction to increase.

6.15 STABILITY OF PCM CONCRETE

The stability of several PCM concrete combinations were examined for periods
up to 692 days. The thermal characteristics of these specimens are shown in
Table 24 and are examined in detail in the following discussion. The relative DSC

analyses are found in Appendix B, Figures A1 to A23.

The effects of modifying the concrete and using an improved immersion
technique may be seen in the later results shown in Table 24 (specimen nos. 209
and up). In some cases the Increase in latent heat values were as much as 196%
of the values of the earlier specimens. In addition, modifying the concrete by
means of pozzolans has rendered feasible the use of more highly alkaline
concretes such as PUM with more alkaline sensitive PCM's such as BS.
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€.15.1 Stability of Butyl Stearate in Concrete

Great attention was paid to ensuring the stability of BS. As a saturated fatty
ester it is chemically stable but, in alkaline conditions, it can hydrolize according

to the following reaction:

RCOOR,+H,0 — RCOOH+R,0OH (eq. 20)

and it was important to ensure that this did not occur to a significant degree.

Figure 30 shows the stability of BS in ABL over an extended period which
indicates a satisfactory performance for this service. Inthe present work, ABL. was
left unmodified because it was deemed to be a satisfactory medium. The slight
diminution in latent heat in the case of specimen 31 was not deemed to be serious
since the most recent test (day 692) showed a latent heat value approximately
equal to the initial value. All curves shown in Figures 30 to 33 inclusive and 35 to

39 inclusive were generated by the least squares method.

Figure 31 illustrates the performance of BS-REG. Specimen 37 demonstrates
that BS remains stable in REG over a long period. It was prepared in the early
stages of the work when the stability of this PCM was unknown. Therefore,
modification of the concrete was tried using low alkali cement and silica fume and
the results of this are represented by specimen 168 whers it will be seen that,
although the specimen is stable, the greater density of the modified concrete
resulted in less absorption of the PCM so that a further modification was required.

This is shown in specimen 248 where a combination of low alkali cement, silica
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fume and fly ash was used in a mix which was less dense than that of specimen
168.

In many respects, pumice is an ideal medium for the absorption of PCM
because of its porous structure. Unfortunately, it is relatively alkaline, with the
result that PCM's such as BS and DD suffer destructive reactions in unmodified
pumice. This is shown in Figure 32 by specimen 24. To offset this, silica furne
was incorporated in the mix of specimen 179 and, while the result was stable, the
reduced porosity produced a corresponding diminution in the absorption of the
PCM. To increase the PCM content in this case, an alternative technique was
used. The pumice aggregate was pre-impregnated with BS and was then
incorporated into the mix, together with the low alkali cement and silica fums, to
reduce the alkalinity. The hardened concrete was then immersed in PCM with the

result shown in specimen 153.

In Figure 33, expanded shale was used as the aggregate. Earlier experiments
had shown that unmodified concrete with expanded shale aggregate (ordinary light
weight concrete) was not a good medium for atkali sensitive PCM's. Therefore,
modified concrate was used in later experiments. In this case, low alkali cement
and sifica fume was incorporated in the concrete and both the specimens shown
demonstrated good stability. Since both specimens were steam cured in this
instance, the difference in absorptivity was attributed to differences in the

composition of the mix.
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6.15.2 Stability of Dodecanol in Concrete

Figure 34 demonstrates the stability of DD in ABL. It will be seen that, after
a significant initial loss of latent heat, the performance remained stable for an
extended period. Since there wers no facilities for producing autoclaved concrete
in the CBS laboratory, it was not possible to modify ABL and observe the effect
during these tests. However, it is reasonable to assume that the most likely
reason for this loss of latent heat is that some of the DD migrated into smaller
pores of ABL where increased surface tension would cause it to remain liquid far
below the normal freezing point (Harnik, 1980) so that the heat of fusion would not
be released. It is probable that hydrogen bonding is also a factor in the retention

of PCM in the smaller pores.

Figure 35 represents the behaviour of DD in REG. Specimen 39 shows the
steady loss of latent heat due to the instability of DD in unmodified concrete. This
deterioration was noticed early in the research so steps were taken to effect an
improvement by modifying REG by the addition of low alkali cement, silica fume
and fly ash. The results of this modification are shown in specimen 250 which

demonstrates a stable performance.

Figure 36 represents the perfoimance of DD in PUM. In the initial experiment,
DD was incorporated in unmodified PUM with the result that a steady deterioration

of the PCM took place because of its instability in atkaline PUM concrete (curve
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for specimen 27). Again, this trend was observed at an early date so the PUM
concrete was modified by the use of low 2lkali cement and silica fume. This
proved to be effective in bringing the stability of DD to a satisfactory level as

shown in specimen 229.

6.15.3 Stability of Tetradecanol in Concrete

The experiments conducted in respect to the stability of Tetradecanol (TD) in
concrete were cared out after some experience had been gained with the
behaviour of DD in concrete. Since they are both fatty alcohols and since the
performance of DD in modified concrete was satistactory, while that in unmodified
concrete was not, it was deemed appropriate to use only modified concrete with

TD.

Figure 37 illustrates the performance of TD in modified REG. Both specimens
were steam cured but the after-curing is the case of specimen 346 was in air while
that for specimen 358 was in water. Both specimens have stable latent heat

values but a 10°C shift was noted in the freezing point of specimen 346 and this

is examined in section 6.15.5.

In Figure 38 the results of impregnating modified PUM with TD are shown.
The negative slope of specimen 333 in likely due to the fact that, although both
specimens were initially steam cured, the after-curing in the case of specimen 333
was in warer while that of specimen 321 was in air. Since PUM is more reactive

to DD and TD than REG, it is likely that the after-curing in water may have
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interfered with the continuing formation of Ca CO, to the degree that it left the
PUM mix more reactive than that of specimen 321. As a resutt, the latent heat in

this case was significantly diminished while that of specimen 321 demonstrated a

satisfactory stability.

6.15.4 Stability of Paraffin in Concrete

Figure 39 shows the performance of PAR in various types of unmodified
concrete. As one would expect from a non-reactive substance such as paraffin,
the latent heats are very stable. I will be seen that there is no necessity to modify

any of the concretes used.

PAR is a PCM which is very easily absorbed because its viscosity can be
reduced to a satisfactory level by moderate heating (e.g. the viscosity of the type
used was 0.0053 Ns/m® at 80°C). In addition, it is a non-polar substance so that

hydrogen bonding with the hydrates in the concrete is not a problem.

The different latent heats reflect the absorptivity of the different materials which
have progressively more open structures from OPC to PUM. While the larger
values of latent heat are of interest, at this stage of the research it is not expected
that the greater amounts of absorbed PCM which they represent will often be

required.

The paraffin studied in this work has been confined to those paraffins melting

in the 55°C - 60°C range because they can be easily impregnated using either the
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direct or indirect method and because information about their behaviour was
desired. It fellows logically from this study that paraffins metlting in the human
comfort temperature range can also be used for thermal storage and that, for the

present, immersion offers the most practical method of impregnation of PAR in the

lower temperature range.

6.15.5 Phase Transition Temperature Shift

No problems of any significance were observed in respect to the transition

temperatures of the aforementioned specimens of BS and PAR as these

specimens aged.

However, this stability was not found to the same extent in the specimens
impregnated with the fatty acid alcohols. In the case of all of the aforementioned
DD specimens it was observed that the transition temperatures became
progressively lower with age (about 2 years). On the other hand, about half of the
specimens impregnated with TD showed a downward shift only in their freezing
points while their melting points remained relatively unchanged. This is explained
below.

In specimen 7 (ABL-DD), Figure 34, for example, the freezing point dropped

from about 20°C to 11°C while the melting point drop was from 18°C to 16°C. In
the case of specimen 38 (REG-DD), Figure 35, the freezing point drop was from

19°C to 6°C and that of the melting point was from 20°C to 9°C. In the case of
specimen 250 (REG-DD), Figure 35, the freezing point drop was from 20°C to
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10°C and that of the melting point from 20°C to 5°C. For specimen 229 (PUM-
DD), Figure 36, a 6°C drop in the freezing point was noted but the melting point
remained stable.

This phenomenon was also observed in the case of specimen 333 (PUM-TD),
Figure 38, where the freezing point dropped from 37°C to 27°C but the melting
point was not affected. In the case of specimen 346 (REG-TD), Figure 37, the
freezing point drop was from 36°C to 26°C while, again, the melting point was

relatively unaffected.

As the PCM migrates into the smaller pores, surface tension will cause the
freezing point to drop (Harnik, 1980). As a result, although heat will be released
on freezing, this will not occur until increasingly lower freezing temperatures have
been attained. Conversely, as the temperature rises above this freezing point,
latent heat will begin to be absorbed by the PCM in the smaller pores at a lower
temperature than that by the PCM in pores with a larger diameter. it follows that
the temperature range over which the liquid-solid transition occurs will reflect the

range of pore sizes in which the PCM is distributed.

In addition, both DD and TD exhibit polymorphism and have two distinct
crystallization points, so that even a slight drop in the freezing temperature caused
by the above effect could cause a shift downwards in the transition temperature
and rasult in a domination of crystallization temperature by the lower point. This

dominance by the lower point does not necessarily occur on melting, which
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explains the lack of downward shift in melting transition temperature in some

cases.

Both DD and TD are the most highly potar of the PCM's used and, as
discussed in sections 6.5.3 and 6.14.3, migration of PCM is influenced by this
effect. Therefore, it is possible that, as the PCM contracts on freezirig, hydrogen
bonding may cause retention of materiai in the smaller poras to a greater extent
than with other PCM’s. Further modification of the concrete is indicated towards

the improvement of the performance of DD and TD in this respect.

The range of pore sizes is, therefore, a parameter which must be considered.
Ideally, the smaller pores would constitute a relatively small percentage of the total
into which the PCM is absorbed but this will vary with each combination of PCM
and concrete. Should the absorption into the smaller pores have a significant
effect upon heat storage performance, then consideration should be given to

changing the combination of materials, modifying the concrete or simply using

more PCM.

In some cases the transition temperature not only shifts downward but the
characteristic peaked curve also becomes flattened and can extend wel! below the
useful range, indicating that the PCM has migrated into a wider range of smaller
pores. Further investigation is required in this area to study the effect of

controlling this prccess by further modification of the concrete and by pre-
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impregnation with an appropriate liquid filler so that the PCM will remain in those
pores where the transition temperaturs is not greatly affected. It will be seen that
improvements in this area will not only ameliorate the problems of transition
temperature shift and extension of the transition range in the fatty acid alcohels but

it could lead to a means of optimizing the thermal performance of all impregnants.

6.15.6 Deferred PCM Candidates

As previously mentioned, work on PEG was discontinued for the time being.
Later in the work it was found that DS was also a material which would require a
degree of modification which was beyond the scope of the present research. Itis
intended that work on these and other candidates requiring further modification of

the concrete or modification of the PCM itself will be continued at a later date.

6.15.7 Confirmation of Method for Determination of PCM Stability in Concrete

Table 25 shows the comparative results of two distinct tests for PCM content
in concrete after 400 days. Inthe chemical tests the PCM samples were extracted
with methanol, the extract was filtered and the filtrate was then evaporated. The
residue was then reported as the appropriate PCM. In the samples measured by
DSC the amount of residual PCM was determined from the measured latent heat
divided by the latent heat per unit weight of the appropriate PCM. It will be seen
that, in most cases, there is reasonably close agreement between the two methods

of measurement and this serves to confirm the validity of using the DSC method
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as a means of determining the amount of PCM in a concrete sample with a

reasonable degree of accuracy.

Losses of PCM from the specimens may be due to reaction with the
hydration products of the impregnated concrete or drainage from the concrete
specimen. By intention, these losses are as small as possible. However, even if
they were negligible, perfect agresment between original and measured PCM
content is not probable because it is likely that some PCM will be permanently
retained in the gel pores even after preparation for analysis. In addition, some

losses occur during the preparation process, principally during crushing.

6.15.8 Conclusions

The use of modified concrete was found to increase the stability of PCM's,
particularly in the more alkaline concretes. This procedure, together with the
development of improved means of PCM incorporation techniques, resulted in a
greater range of stable PCM concrete with good thermal performance. BS was
found to be stable in ABL and REG as well as in modified REG, PUM and EXS.
DD suffered some initial foss in ABL then remained stable. DD and TD maintained
stable latent heat values in modified REG and PUM but their phase transition
temperatures showed a tendency to drift downwards and this will require
rectification. PAR v:as found to remain stable in ABL, REG, PUM and OPC.
Stability was measured by DSC analysis and confirmed by chemical analysis of

selected specimens.
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CHAPTER 7

ECONOMIC IMPACT

7.1 COST OF PCM CONCRETE THERMAL STORAGE

It is estimated that the average two .:orey residence could have about 2000
(190 mm x 190 mm x 390 mm) hollow concrete blocks in the external walls which
would be suitable for thermal storage. [f internal masonry walls were aiso used
for this purpose, the total figure would be approximately 3800 blocks. A row house
would attain about 90% of this value. The foregoing values comprise about 60%
of the total wall area, since the reraaining 40% would be rendered impractical for
this purpose because of window and door openings and other building features.
These blocks would sit on a conventional perimeter foundation for the external
walls and rest on their own footings for the intemal walls. Other arrangements are

also possible. There are 12.5 blocks per m? of wall area.

From Figure 40 it is seen that 2.0 MJ/m? is a conservative estimate of the
thermal storage capacity of PCM impregnated concrete block. This comprises
both the latent heat and the sensible heat through a 6°C temperature change.
Then, with 3800 blocks, 12.5 blocks per m?, a thermal storage value of 2.0 MJ/m?
and a heat recovery efficiency of 66%, the thermal storage capacity would be

approximately 402 MJ. This may be compared with the average daily space
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heating requirements for Canada shown in Table 26 and wili be found to equal or

exceed the requirements in 115 of the 126 cases mentioned.

For thermal storage to be cost effective, the additional capital cost which it
entails should be recovered through energy savings within a reasonable period.
Some major cost elements are estimated as follows in 1990 dollars:

(@) PCM: 2000 to 4000

(b) Cost of impregnation: 1200 to 1800

(c) Extra cost of masonry construction: 0 to several thousand

(d) From the above, deduct the difference between fossil fuel heating

system and electric (backup) heater: ~ 1500

As a large market develops for PCM it is expected that the cost will drop

significantly so that it is unlikely that (a) above will exceed 3000.

The additional cost for the incorporation of PCM for a concrete block building
of any type is estimated to be $16/m? and this includes commercial industrial and

institutional buildings which can be ideal candidates for PCM thermal storage.

7.2 BENEFITS OF PCM CONCRETE THERMAL STORAGE

The benefits to be derived from a thermal storage system wiil be determined
principally by the cost of energy, the installed and operating cost of the system as

well as the efficacity of the installation in a given environment. Among the
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principal factors affecting the latter aspect are the sources of energy and

applications of therma! storage as discussed in section 2.3.

In parts of the U.S. and in other regions of the world where the diurnat
temperature cycle rises above and falls below the thermal comfort zone throughout
a major part of the year, PCM concrete can now offer an attractive economic
altemnative to heating and cooling systems or to the installation of mass concrete
(or equivalent) required to effect the same degree of thermal storage necessary
for temperature regulation in buildings. In addition to providing inexpensive
thermal storage, PCM therma! storage systems do not occupy valuable space and

are relatively maintenance free.

At the present time, for PCM concrete block to be cost effective in most
Canadian houses, a source of low cost heat would be required such as
appropriately designed passive solar facilities, Trombe wall or active solar
collection system. Altermnatively, heat obtained as a waste product from some
exothermic process could fumnish the required therrral energy to be stored and

released as required.

Commercial and industrial applications can be easier to justify where the
energy required for space conditioning is largely consumed during working hours
and can be replenished over the remaining hours of the day either from natural

sources or by-product energy.



Fossil fuel reserves are diminishing, their cost of extraction is increasing, the
market price fluctuates in 2 manner which contributes significantly to instability in
the national economy and the hazards associated with their transport and
consumption are becoming increasingly unacceptable. Nuclear oower has an
uncertain future for reasons of ultimate environmental safety and it may not be
possible to depend on it indefinitely as an energy source for space heating either
(Hawes, 1990). In addition, it appears that energy rationing will become an
increasingly important factor in this process. For example, California has recently
er.acted legislation vwhich requires homeowners to install solar units to meet at
least 50% of their hot water requirements. As a result, when used appropriately,

PCM concrete can becorae increasingly competitive as a building material.

Although the foregoing observations have largely been confined {0 concrete
block, it follows that a wide variety of other concrete eroducts may be similarly
treated. In particular, this applies to hollow core panels and slabs so that floor and

ceiling areas can be used for latent thermal storage as well.

7.2.1 Conclusions

Through the use of PCM concrete it is quite possible to provide thermal
storage capacity in a house which is equal to most daily space heating
raquirements, even in Canada. The extra cost of such an installation will be
approximately $5000 and wilt be cost effective whenever the diumnal temperature

rises above and falls below the human comfort zone for a significant part of the

«229 -



year. In most parts of Canada it would require a low cost energy source (e.g. a
solar array) to provide a satisfactory return on investment. Commercial
applications can be justified where low cost exhaust heat is available. The trends

in energy cost and availability increasingly favour the use of PCM concrete.
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CHAPTER 8

GENERAL CONCLUSIONS

8.1 OUTCOME OF THE RESEARCH

This research has realized its objectives and demonstrated that PCM
concrete shows considerable promise as a cost effective and practical means of
thermal storage in buildings. While it is now ready for use, it is still in an early
stage of development and further work is expected to extend its range of

application.

Although suitable in Canada under appropriate circumstances, the principal
application of latent heat storage in concrete at present will be found in those
climates with a significant diurnal temperature swing such as that found in large
areas of the U.S. However, when fossil fuel prices tise significantly, as they
inevitably must or when the use of high grade energy is restricted, then, as a
practical means of thermal storage, PCM concrete will find a wide range of

application in Canada as well.

8.2. CONTRIBUTIONS TO THE TECHNOLOGY

As a result of this work, the original concepts listed below were established

and patent applications have been made in respect to this research.



(a) PCM concrete was developed in several practical forrns which render
possible economic advantages to be derived fror. energy storage at
reasonable cost through use of walls, floors and ceilings i< enhanced
thermal storage without the necessity for massive construction or the
installation of heat storage reservoirs. This permits the use of low cost

energy from a wide variety of sources which can resutt in:

{i) reduction of energy consumption for HVAC
(ii) reduction of HVAC equipment size

(i) more economical cperation of bumers and chillers.

The energy savings in any particular building will vary with type, occupancy

and location but can range upwards from about 30%.

(b) It was demonstrated that thermal storage capacity of several types of
concrete block can be greatly enhanced when it is impregnated with

a fatty ester such as BS as the PCM.

{¢) It was proven that C-22 and C-24 paraffins can function very well as
PCM's in many types of concrete and can be used with a heat source

in the 50°C - 60°C range (e.g. with solar collectors).

(d) I was shown that TD can be used for latent heat storage in modified

concretes where it is desired to store heat in the 30°C - 40°C range.
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(e)

{f)

(9)

(h)

Further work is required to control the phase transition temperature

shift on freezing.

it was found that DD can be used for latent heat storage in modified
concretes in the human comfort temperature range. Further work is

indicated to control the shift in both transition temperatures.

It was shown that all of the abovementioned PCM's can be
incorporated in concrete by immersion; in addition, TD and PAR in
prepared, solid forms can also be incorporated directly into the

conctete mix.

A technique was developed whereby PCM's which are liquid at
ambient temperatures can be incorporated directly into the concrete
mix without tﬁe use of cariers. This was achieved by pre-
impregnating porous aggregates such as expanded shale, expanded

slag and pumice with PCM prior to mixing.

Techniques were developed whereby concretes whose hydration
products react with some PCM's to destroy all or part of their latent
heat capacity can be modified by the use of pozzolans so that the

thermal storage values remain stable.



(i} Theoretical considerations of PCM dinusion in concrete were

developed together with the determination of absorption

characteristics.

(i) A technique was developed for the definition of absorption constants

for particular combinations of concrete and PCM (or any fiuid).

(k) It was shown that PCM'’s can be used to improve the durability and to
impart other desirable characteristics to concrete so that it is less
water absorbent and hence has greater protection from freeze-thaw

damage and attack by harmful liquids.

() The effects of incorporated PCM’s on various physical and chemical

properties of concrete were determined.

8.3 RECOMMENDATIONS FOR FURTHER WORK

As in most research projects, the work undertaken here has noi only
resulted in enlightenment in a number of areas but it has also disclosed some
aspects of latent heat storage in concrete which, aithough beyond the scope of the
present work, are nevertheless worthy of further investigation as the necessary

persennel, time, facilities and money become available for this purpose. They

comprise the following projects:
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(@)

(b)

(©)

(d)

(e)

(f)

(@)

(h)

(i)

Carry out fult scale fire and fume tests at a recognized fire testing
facility.

Conduct research in the modification of PCM's to extend their
applications and improve their thermal characteristics.

Extend the work already done with pozzolans to further examine their
rOle in safely reducing the effects of PCMi-alkaline reaction.

Carty out full scale thermal performance testing of PCM concrete by
means of a small test structure.

Continue with further development of direct incorporation techniques.

Extend the use of PCM concrete into other applications.

Determine optimum pH for stesl reinforced PCM concrete.

Study the means of optimizing the combined use of PCM concrete and
solar arrays.

Conduct a comprehensive economic study for the use of PCM

concrete which will be related to the projected cost of energy.
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TABLE A2 - PCM IMPREGNATION PROCEDURE - 21/9/88
REGULAR BLOCK - MIXED 20/9/88

SPECIMEN|CONCRETE] PCM |INIT. WT.|FINAL WT. GAIN IMMERSION( IMMERS ION|CONCRETE

ND. TYPE g g TIME TEMP. TEMP.
9 % | MIN. “C ¢
8 REG BS | 202.16 | 206.91 | 4.75| 2.35] 12 78-82 80
9 REG BS | 197.09 | 203.01 | 5.92{ 3.00 |

10 REG DD | 204.80 208.80 4.0] 1.95
11 REG DD | 209.03 215.61 6.58f 3.15
12 REG PEG | 199.89 203.79 3.80] 1.95
13 REG PEG | 206.81 216.95 [10.14} 4,90
14 REG 8BS | 212.40 218,89 6.49} 3.06

15 REG DD { 197.41 200.41 3.0} 1.52
16 REG PEG | 215.30 222.70 7.40) 3.44
17 REG DD | 197.89 202,75 4.86) 2.46
18 RER 8BS | 202.75 207.26 4.511 2.22
19 REG DE | 215.07 220.04 4.97| 2.31
20 REG PEG | 187.60 198.24 {10.64| 5.67 + + L

Average PCM in REG - % of Concrete Weight

BS - 2.66
Db - 2.28
PEG - 3.99
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TASLE A3 - PCM IMPREGNATION PROCEDURE - 21/9/88

PUMICE BLOCK - MIXED MORE THAN 60 DAYS

SPECIMEN|CONCRETE| PCM |INIT. WT.|FINAL WT. GAIN IMMERS 10| IMMERSTONECONCRETE
ND. TYPE g g TIME TEMP. TEMP,
g k] MIN. °C ‘C

24 PUMICE 8S | 142.40 148.60 6.20] 4.35 12 78-82 80
25 PUMICE | BS | 143.85 | 150.24 | 6.39} 4.44

26 PUMICE { DD { 144.31 | 150.34 | 6.03) 4.18

27 PUMICE DD | 142.50 147.77 5.27} 3.70

28 PUMICE | PEG | 139.89 | 148.69 |11.80{ 8.62

29 PUMICE | PEG | 138.55 148.14 9.59) 6.92

30 PUMICE | PEG | 139.14 149,90 (10.76] 7.73 - * L

Average PCM in PUM - % of Concrete Weight

8S - 4.40
o0 - 3.94
PEG - 7.76
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TABLE A4 - PCH IMPREGNATION PROCEDURE - 28/9/88
AUTOCLAVED BLOCK - MIXED 20/9/88

SPECIMEN|CONCRETE| PCM {INIT. WT.|FINAL WT.| GAIN  |IMMERSION|IMMERSION]CONCRETE
NO. TYPE g g TIME TEMP. | TEMP,
g | % | MmN, “C C
31 ABL 8BS | 178.64 | 186.43 | 7.79} 4.36] 12 78-82 80
32 ABL BS | 167.86 | 175.71 | 7.85} 4.68
33 ABL o0 | 177.10 | 182.02 | 4.92| 2.78
34 ABL. 00 { 218.34 | 230.38 [12.00[ 5.50
35 ABL | PEG | 169.45 | 177.04 | 7.59] 4.28
36 ABL | PEG | 165.37 | 175.00 | 9.63| 5.82] A g

Averazge PCM in ABL - % of Concrete Weight

3§ - 4,52
0D - 4.128
PEG - 5.15
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TABLE AS - PCM IMPREGNATION PROCEDURE - 28/9/88

REGULAR BLOCK - MIXED 20/9/88

SPECIMENJCONCRETE] FGM JINIT. WT.[FIN'. WT.] GAIN  |IMMERSION|IMMERSIONJCONCRETE
XO. TYPE g 3 TIME TEMP. | TEMP.
g | = | min C t

37 REG s | 196.31 { 200.91 | 4.60| 2.38] 12 78-82 80
38 REG Bs | 210.60 | 218.64 | 8.04| 3.82

39 REG po | 200.63 § 214.94 | s5.31| 2.53

40 REG oo | 206.50 | 213.49 | 6.99| 3.38

a1 REG | PEG | 186.58 | 193.80 | 5.82( 3.56

42 REG | PEG | 199.62 | 210.10 [10.48| 5.25{ | %

Average PCM in REG - % of Concrete Weight

85 - 3.08
DD - 2.95
PEG - 8.46
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TAPLE A6 - PCM IMPREGNATION PROCEDURE - 20/10/88
AUTOCLAVED AND REGULAR BLOCK - MIXED 20/9/88

SPECIMEN]CONCRETE INIT. WT.{FINAL WT.| GAIN  |IMMERSION]IMMERSIONICONCRETE
NO. TYPE | PCM g g TIME TEMP. | TEMP.
g | % | MIN. “C C

a3 ABL | BS | 169.50 | 177.05 | 7.s5{ a.a5] 12 80-82 80
a4 AL | 00 | 128.20 | 130.15 | 5.951 4.79

as ABL | PEG | 167.40 | 174.20 | 6.80] 4.00

46 ABL | BS | 172.60 | 176.0 | 4.0 2.31

a7 ABL | DD | 124.00 | 129.45 | s5.45] 4.40

a8 ABL | PEG | 183.60 | 190.05 | 6.45] 3.51

89 REG | 35 | 167.25 | 171.50 | 4.25] 2.54

50 REG [ 00 | 164.40 | 167.90 | 3.50| 2.13

51 REG | PEG | 177.05 | 182.60 | s.55 3.13

52 REG {85 | 195.80 | 201.89 | 6.09] 3.11

53 REG | DD { 183.90 | 190.00 | 6.1 ] 3.32

54 REG | PEG | 183.75 | 190.70 | 6.95 3.78 4 4 3

Average PCM in ABL -

85 - 3.38
DD - 4,60
PEG - 3.79

Average PCM in REG -

BS - 2.54
0D - 3.03
PEG - 3.45

% 9f Concrete Weight

% of Concrete Weight
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TABLE A7 - IMPREGNATION PROCEDURE - 21/11/88
REGULAR AND PUMICE BLOCK (CONCORDIA MIX) - MIXED 14/11/88

SPECIMEN{CONCRETE INIT. WT.IFINAL WT.}  GAIN IMMERSION| IMMERSIONECONCRETE
TYPE TYPE | PCM g g TIME TEMP. TEMP.
q - MIN. *C °C
55 REGC 85 97.60 100.11 2.51) 2.57 12 80 80
56 REGC | B8S | 158.80 | 151.34 | 2.54] 1.60
57 REGC ] 104.26 106.60 2.34} 2.24
58 REGC 2o} 165.12 167.15 2.03} 1.23
59 REGC | PEG | 102.60 | 104.85 | 2.25| 2.19
60 REGC PEG | 105.84 108.55 2.711 2.56
61 PUMC | 85 93.50 97.33 | 3.83] 4.10
82 PuMc | 88 | 130.23 | 133.24 | 3.01f 2.3
63 PUMC | DD | 126.75 | 130.40 | 3.65] 2.38
64 PuMC | 90 | 121.66 | 125.31 3.65} 3.00
&5 PUMC PEG | 119.51 124.10 4,49} 3.75
66 puMc | pes | 124,71 | 129.42 | 4.71f 3.78
57 REGC 85 157.39 160.20 2.811 1.79 10§0 + b

Average PCM in REGC - % of Concrete Height

BS =~ 2.10
0D - 1.74
PEG - 2.38

Average PCM in PUMC -~ % of Concrete Weight {Specs. 51 - 66 only)

85 - 3.84
DD - 3.65
PES - 4.60
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TABLE AS - IMPREGNATION PROCEDURE - 24/11/85
REGULAR AND AUTOCLAVED BLOCK - MIXED 20/9/88

SPEC IMEN{CONCRETE INIT. WT.{FINAL WT.{ GAIN  |IMMERSION|IMMERSION]CONCRETE
No. TYPE | PCM g q TIME TENP, TEMP.
g s | MIN C °C

68 REG | 85 | 185.50 | 193.96 | 4.46] 2.35] 12 80 80
69 REG | B8S | 188.46 { 192.68 | 4.22| 2.2

70 REG | 00 | 184.16 | 187.80 | 3.s4] 1.98

Ip! REG { DD | 168.27 | 173.80 | 5.53f 3.29

72 REG | PEG | 189.29 | 195.55 | 3.32] 1.75

73 REG | PEG | 182.50 | 189.82 | 5.92{ 3.79

74 REG {85 | 215.11 | 225.05 | 9.94 4.62

75 ASL | 85 | 172.66 | 180.52 | 7.86| 4.55

76 a8L | o0 | 173.68 | 178.45 | a.81 2.77

77 sBL | oD | 195.66 | 200.15 | 4.49] 2.29

78 ABL PEG | 172.85 | 180.55 | 7.70| 4.45

79 ABL PEG | 169.41 | 177.93 | 8.52| 5.03

+

Average PLH in 8BL - % of Concrete Weight

BS - 4.59
00 - 2.53
PEG - 4,74

Average PCM in RES - % of Concrete 8lock

BS - 2.30
oD - 2.64
PEG - 2.77
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TABLE A9 - IMPREGNATION PROCEDURE - 14/3/88
REGULAR AGSREGATE, LOW ALKALI TYPE 10 CEMENT
AND SILICA FUME, CONCRETE MIXED 23/1/89, AIR CURED 43 DAYS

SPECIMEN INIT. WT.{FINAL WT.] GAIN  |IMMERSION{IMMERSINN[CONCRETE
No. PCM g g TIME TEMP. | TEMP.
g 1 % | M\ °C °C
80 BS 253.79 | 257.8¢ | 4.05| 1.60] 12 80 80
81 BS 260.62 | 265.05 | 4.43| 1.70
82 PEG | 259.64 | 264.02 | 4.38| 1.69
83 0D 237.20 | 236.58 | 2.48} 1.05
84 DD 255.71 | 258.85 | 3.14{ 1.23
8s PEG | 261.80 | 265.92 | 4.12| 1.57
86 8§ 305.80 { 313.20 | 7.40| 2.42
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TABLE A10 - PCH
EXPANDED SHALE ASGREGATE
AMD SILICA FUME, CONCRETE

PROCEDURE - 14/3/88
» LOW ALKALT TYPE 10 CEMENT

MIXED 23/1/89, AIR CURED 43 DAYS

SPECIMEN INIT. WT.IFINAL WT.[ GAIN  |IMMERSION|IMMERSION|CONCRETE
No. PCM g g TIME TEMP. | TEwP.
g | % | Wi, c “c
87 8S 187.80 | 190.60 | 2.80( 1.49] 12 80 80
88 8§ 117.17 | 119.22 | 2.05] 1.75
89 no 180.29 | 182.20 | 1.91( 1.0
90 oo 12.71 | 14.28 | 1.53] 1.36
91 PEG | 227.23 | 230.37 | 3.14 1.38
92 PEG | 119.90 | 122.56 | 2.66] 2.22
93 0D 245.06 | 247.80 [ 2.74( 1.12
- v +
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TABLE All - PCH IMPREGNATION PROCEDURE - 14/3/88
PUMICE AGGREGATE, LOM ALXALI TYPE 10 CEMENT
AND SILICA FUME, CONCRETE MIXED 23/1/89, AIR CURED 43 DAYS

SPECIMEN INIT. WT.|FINAL ¥T.| GAIN IMMERSTON| IMMERSION|CONCRETE
No. PCH g g9 — TIME TEMP. TEMP,
g H MIN. °C °C
94 BS 151.727 | 154.51 3.24| 2.15f 12 B0 80
95 8s 57.81 59.74 1 1.93] 3.34
96 DD 172.05 | 174.29 | 2.24| 1.30
97 ] 53.72 54.90 | 1l.18{ 2.20
98 PEG 167.12 | 171.30 | 4.18) 2.50
99 PEG 60.96 62.96 2.00] 3.28
100 BS 184.85 | 191.11 6.26| 3.39 I
- &
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TABLE Al2 - PCM IMPREGNATION PROCEDURE - 14/3/88 PUMICE AGGREGATE,
LOW ALKALI TYPE 10 CEMENT AND SILICA FUME, CONCRETE MIXED 23/1/89,
INMERSED IN WATER 24/1/89, REMOVED 28/2/89 THEM AIR CURED 14 DAYS

SPECIMEN INIT. WT.[FINAL WT.] GAIN IMMERSTON| IMMERS ION{ CONCRETE

No. pCM g g TIME TENP. TEMP.
g % | MIN. c “C

101 8S 286.14 | 290.45 | 4.31| 1.51] 12 80 80

102 BS 92.13 | 99.64 | 7.51| 8.15

103 b 265.25 | 267.94 | 2.59| 1.0,

104 bD 147.11 | 149.70 | 2.59{ 1.76

105 PEG | 255.41 | 259.00 | 3.39( 1.41

106 PEG [ 100.50 | 102.76 | 2.26{ 2.25

107 SPARE | 323.10 - - -
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TABLE Al3 - PCM IMPREGNATION PROCEDURE - 14/3/88, EXPANDED SHALE AGGREGATE,
LOW ALKALI TYPE 10 CEMENT AND SILICA FUME, CONCRETE MIXED 23/1/89,
IMMERSED IN WATER 24/1/89, REMOVED 28/2/89 THEN AIR CURED 14 DAYS

TPECIMEN INIT. WT.|FINAL WT.[ GAIN  {IMMERSION|IMMERSION|CONCRETE
%o. PCH g g TIME TEMP. | TEMP.
g | = | MIN. “C <
108 8$ 208.75 | 212.20 | 3.85} 1.65 12 80 80
109 8s 112.40 { 114.26 | 1.86] 1.65
110 b 192.60 | 195.10 | 2.50| 1.30
111 00 112.75 | 114.80 | 1.65 1.46
112 PEG | 208.25 | 212.01 | 3.76| 1.81
113 pEG | 113.80 | 115.95 | 2.15) 1.89
114 D) 238,75 { 237.42 | 2.67| 1.14
+ + &

- 246 -




TASLE Al4 - PCM IMPREGNATION PROCEDURE - 14/3/88, PUMICE AGGREGATE,
LOW ALKALI TYPE 10 CEMENT AND SILICA FUME, CONCRETE MIXED 23/1/89,
IMMERSED IN WATER 24/1/89, REMOVED 28/2[89 THEN AIR CURED 14 DAYS

SPEC IMEN INIT. WT.[FINAL WT.| GAIN  |IMMERSION]IMMERSION|CONCRETE
No. PCH g g TIME TEMP. | TEMP.
g | % | MIN. “C C
115 8§ 146,70 | 151.21 | 4.61f 3.14; 12 80 80
116 35 38.00 | 40,09 | 2.09] 5.50
117 00 177.90 | 181.80 | 3.90{ 2.19
118 0D 42.20 | 43.97 | 1.77 8.19
119 PEG { 153.67 | 158.22 | 4.55{ 2.96
120 PEG 54.39 { 56.62 | 2.23| 4.10
121 Pec | 202.04 | 207.72 | 5.68[ 2.81
- + +
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TABLE Al5 - PCM IMPREGNATION PROCEDURE - 14/3/88, REGULAR AGGREGATE,
LOW ALXALI TYPE 10 CEMENT AND SILICA FUME, CONCRETE MIXED 1/2/89,
STEAM CURED 1/2/89 - 2/2/89 THEN AIR CURED 40 DAYS

SPECIMEN INIT. WT.{FINAL WT. GAIN IMMERSION| IMMERSION|CONCRETE
No. PCM g g TIME TEMP, TEMP.
g 1 uIN. C ¢
122 BS 201.64 208.00 6.36| 3.15 12 8? 80
123 BS 133.88 139.84 5.96) 4.45
124 oo 205.10 209.10 4.00] 1.95
125 0D 132.60 135.54 2.94] 2.22
126 PEG 204.23 209.65 5.42| 2.65
127 PES 136.32 141.00 4.58( 3.43
128 8S 283.31 290.28 7.57| 2.67 |
v v +
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TABLE A16 - PCM IMPREGMATION PROCEDURE - 14/3/88
EXPANED SHALE AGGREGATE, LOW ALKALI TYPE 10 CEMENT
AND SILICA FUME, CONCRETE MIXED 1/2/89, STEAM CURED 172789 - TO 272/89

THEM AIR CURED 40 DAYS

SPECIMEN INIT. W JFINAL WT.]  GAIN IMMERSION| IMMERS ION[CONCRETE
No. PCM g 9 TIME TEMP. | TEMP.
g [ %= | win. C c
129 BS 217.31 | 222.87 | 5.56 2.56] 12 80 80
130 35 104.80 | 108.34 | 3.54] 3.38
131 DD 182.85 | 186.29 { 3.44{ 1.38
132 0D 106.05 | 108.50 | 2.45{ 2.31
133 PEG | 184.25 | 189.45 | 5.20| 2.82
134 PEG | 107.39 { 111.41 | 4.02] 3.74
135 BS 226.70 | 232,34 | 5.18| 2.71
- + +
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TABLE Al7 - PCM IMPREGNATION PROCEDURE - 14/3/88
PUMICE AGGREGATE, LOW ALKALI TYPE 10 CEMENT AND SILICA FUME,
CONCRETE MIXED 1/2/89, STEAN CIRED 1/2/89 - 2/2/89

THEN AIR CURED 40 DAYS

SPECIMEN INIT. WT.[FINAL WT. GAIN IMMERSTON| IMMERSION{CONCRETE
No. PCM g g TIME TEMP. TEMP,
g - MIN. *C °C
136 85 147.95 153.41 5.46] 3.69 12 80 80
137 BS 91.00 94.51 3.51] 3.86
138 oo 154.83 157.55 2.72| 1.76
139 p] 90.06 92.62 2.56] 2.84
140 PEG 139.40 143.83 4.43} 3.18
141 PEG 87.51 90.50 2.99| 3.42
142 0o 190.85 193.56 2.717 1.42
+ + +
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TABLE A20 - PCN IMPREGNATION PROCEDURE - 14/3/88

ORDINARY PORTLAMD CEMENT COMCRETE (STD TYPE 10 CEMENT)
MIXED 5/5/88 ~ WATER CURED (28 DAVST}

SPECIMEN INIT. WT.|FINAL WT.| GAIN IMMERSTON| IMMERSTION{CONCRETE
No. PCM g g TIME TEMP. TEMP.
g 1 MIN. *c °t
161 BS 140.12 | 141.80 | 1.68) 1.20{ 12 80 80
162 00 255.23 | 257.25 | 2.02| 0.79) 12 80 80
163 PEG 93.55 94.39 | 1.34| 1.43 12 80 80
{a)
ORDIMARY PORTLAND CEMENT CONCRETE (STD TYPE 10 CEMENT)
MIXED 5/5/88 - MOIST CURED (28 DAYS)
SPECIMEN INIT. WT.[FINAL WT.| GAIN IMMERS10M| IMMERSION|CONCRETE
No. pCM g g TIME TEMP. TEMP.
9 43 MIN, °c c
164 8S 170.38 | 173.06 | 2.72| .60 12 80 80
165 Do 284.50 | 287.26 | 2.76| 0.97] 12 80 80
166 PEG 92.11 98,20 | 2.09 2.277 12 80 80
{b)
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REGULAR AGGREGATE, LOW ALKALI T7PE 10 CEMENT AND SILICA TUME,

TABLE AZ1 - PCM IMPREGNATION PROCEDURE - 3/5/89

CONCRETE MIXED 23/1/89, AIR CURED 100 DAYS

SPECIMEN INIT. WT.{FINAL WT. GAIN IMMERSION| IMMERSION| CONCRETE
No. PCM g g TIME TEMP. TEMP,
g % MIN, °C °C
157 as 225.85 229.60 3.75{ 1.661 12 80 B0
168 BS 182.00 | 185.65 3.65( 2.00
169 oD 264.65 | 267.75 3.104 1.17
170 0o 174.23 176.55 2.32| 1.33
17 PEG 236.73 | 240.20 3.47| 1.47
172 PEG 185.31 188.08 | 2.77) 1.49
+ + +
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TABLE A22 - PCM IMPREGNATION PROCEDURE - 3/5/89
EXPAMDED SHALE AGGREGATE, LOW ALKALI TYPE 10 CEMENT AND
SILICA FUME, CONCRETE MIXED 23/1/89, AIR CURED 100 DAYS

SPECIMEN INIT. WT.|FINAL WT. GAIN IMMERSTON| IMMERSTON{CONCRETE
No. PCM 9 g TiME TEMP. TEMP.
g A MIN. ‘c o
173 8s 205.01 | 207.15 | 2.14| 1.04] 12 80 80
174 BS 106.59 | 108.14 1.55| 1.45
175 oD 219.03 { 220.85 1.82] 0.83
176 oo 107.71 108.66 | 0.95f 0.88
177 PEG 191.40 193.29 1.891 0.99
178 PEG 115.00 116.50 1.50( 1.30
v + !

- 255 -




TABLE AZ3 - PCH IMPREGMATION PROCEDURE - 3/5/89
PUMICE ABGREGATE, LON ALKALI TYPE 10 CEMENT AND
SILICA FUME, COMCRETE MIXED 23/1/89, AIR CURED 100 DAYS

SPECIMEN INIT. WT.|FINAL WT. GAIN IMMERSION| IMMERSTON{CONCRETE
No. PCM 9 g TIME TEMP. TEMP.
g - MIN. *C C
179 85 100.66 103.66 3.00| 2.98 12 80 a0
1380 BS 77.11 79.54 2.43] 3.15
181 by 89.79 91.70 1.911 2.13
182 ph] 83.15 84.65 1.50| 1.80
183 PEG 79.65 82.10 2.45| 3.08
184 PEG 98.14 100.30 2.66¢ 2.71
13 + +
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REGULAR AGGREGATE, LOW ALKALI TYPE 10 CEMENT AND SILICA FUME,

TABLE A24 - PCM INPREGRATION PROCEDURE - 4/5/89

COWCRETE MIXED 23/1/89, IMMERSED IN WATER 24/1/89,
REMOVED 28/2/89 THEM AIR CURED 65 DAYS

SPECIMEN INIT. WT,|FINAL WT. GAIN IMMERSION| IMMERSION|CONCRETE
Ro. PCM ] g TIME TEMP, TEMP.
g z MIN, *C C
185 35 98.89 102.00 3.11§ 3.14| 12 80 80
186 85 146.68 | 147.80 1.12| 0.76
187 DD 96.55 | 98.12 1,47 1.82
188 oD 150.54 | 152.95 2.11] 1.40
189 PEG 154.39 156.76 2.37] 1.54
190 PEG 85.21 86.79 1.58¢ 1.85
+ + *




TABLE A25 - PCM IMPREGMNATION PROCEDURE - 4/5/89
EXPANDED SHALE AGGREGATE, LOW ALXALI TYPE 10 CEMENT AND SILICA FUME,
CONCRETE MIXED 23/1/89, IMMERSED IN MATER 24/1/89,
REMOVED 28/2/89 THEM AIR CURED 66 DAYS

SPECIMEN INIT. WT.|FINAL WT.] GAIN  |IMMERSION|IMMERSION[CONCRETE
No. PCH g g TIME TEMP. | TEMP.
g | % | MIN ° C
191 3$ 119.75 | 122.15 | 2.40{ 2.00{ 12 80 80
192 BS 80.40 | 82.30 { 1.90{ 2.36
193 0 118.57 | 120.50 | 1.93{ 1.63
194 00 76.80 | 77.78 | 1.38{ 1.75
195 PEG | 116.98 | 119.56 | 2.58) 2.21
196 PEG 74.46 | 76.30 | 1.84| 2.47
+ + v

- 258 -




TABLE A2F - PCM IMPREGNATION PROCEDURE - 4/5/89
PUMICE AGGREGATE, LOW ALKALI TYPE 10 CEMENT AND SILICA FUME,
COMCRETE MIXED 23/1/89, IMMERSED IN WATER 24/1/89,
REMOYED 28/2/89 THEN AIR CURED 66 DAYS

SPECIMEN INIT. NT.|FINAL WT.| GAIN  |IMMERSION|IMMERSION]JCONCRETE
No. PCM 7 g TIME TEMP. TEMP.,
g | % | MIN. C c
197 BS 96.61 | 100.12 | 3.51 3.53] 12 80 80
198 3S 61.21 | 64.08 | 2.83| 4.62
199 ] 90.10 | 92.75 | 2.65| 2.94
200 oo 62.93 { 64.80 | 1.87| 2.97
201 PEG 73.99 | 76.99 | 3.00] 4.05
202 PEG 48.16 | Su.52 | 2.38( 4.90
- - +
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REGULAR AGGREGATE, LOW ALKALI TYPE 10 CEMENT AND SILICA FUME,

TABLE A27 - PCM IMPREGNATION PROCEDURE - 4/5/89

CONCRETE KIXED 1/2/89, STEAM CURED 1/2/89 - 2/2/89

THEN AIR CURED 91 DAYS

SPECIMEN INIT. WT.|FINAL WT.[ GAIN  {IMMERSION]IMMERSION|CONCRETE
No. PCM g g TINE TEMP. | TEMP.
g | 3 | MIN °C C
203 3s 126.08 | 131.63 | 5.55| 4.40{ 12 80 80
204 BS 138.78 | 142.91 | 4.13{ 2.98
205 ) 115.41 | 118.64 { 3.23| 2.80
206 oD 67.92 , 71.06 | 3.14| 4.62
207 PEG | 130.82 | 136.19 | 5.37{ 4.10
208 9EG 70.87 | 75.04 | 4.17| 5.88 |
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TABLE A28 - PCM IMPREGNATION PROCEDURE - 4/5/89
EXPANDED SHALE AGGREGATE, LOW ALXALI TYPE 10 CEMENT AMND
SILICA FUME, COMCRETE MKIXED 1/2/89, STEAM CURED 1/2/89 - 2/2/89
THEN AIR CURED 91 DAYS

SPECIMEN INIT, WT.|FINAL WT.[  GAIX IMMERSION| IMMERS10N|CONCRETE

No. PCM g g TIME TEMP. | TEMP.
g | % | MIN. *C T

209 8S 115,30 | 119.10 ¢ 3.80| 3.30 12 80 80

210 8S 105.80 | 108.76 | 3.36{ 3.19

211 0D 100.46 | 101.87 | 1.41{ 1.40

212 20 71.20 | 72.42 | 1.22) 1.71

213 %E6 | 104.39 | 107.75 | 3.36{ 3.22

214 PEG §3.32 | 65.69 | 2.37| 3.74
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TABLE A29 - PCM IMPREGNATION PROCEDURE - 4/5/89
PUMICE AGGREGATE, LOW ALKALI TYPE 10 CEMENT AMD SILICA FUME,
COMCRETE MIXED 1/2/89, STEAM CURED 1/2/89 - 2/2/89

THEN AIR CURED 91 DAYS

SPECIMEN INIT. WT.[FINAL WT.[ GAIN  [IMMERSION|IAMERSION]CONCRETE
No. PCM g g TIME TEMP. TEMP.
g | = | win. -2 C
215 8S 90.25 { 94.62 | a.37) 4.88{ 12 80 80
216 8s 84.82 | 88.32 | 3.50f 4.13 !
217 90 92.35 | 95.10 | 2.75{ 2.98 ,l
218 o0 86.30 | 47.98 | 1.68{ 3.63
219 PEG 96.08 | 100.55 | 4.47| 4.55
220 PEG 50.71 53.05 | 2.34] 4.51
+ - ¥
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TABLE A31-S SHEET 1
% BS IN SPECIMENS - SUMMARY OF TABLE A9 TO A3l
CONSERYATIVE VALUES ONLY (LARGER SPECIMENS)

REG (WC)(AC)} : 1.14 TABLES AlZ & A24
EXS (AC) : 1.27 - TABLES Al0 & A22
REG (AC : 1.74 - TABLES A9 & A2l
EXS (WC){AC) : 1.83 - TABLES Al3 & A25S
PUM (AC) : 2.92 - TABLES All & A23
EXS (SC)(AC) : 2.94 - TABLES Al5 & A28
REG (SC)(AC) : 3.30 - TABLES Al5 & A27
PUM (WC)(AC) : 3.39 - TABLES Al4 & A26
PUM (SC)(AC) : 4,13 - TABLES Al7 % A29

PRE - IMMPREG. EXS (SC){AC) : 5.25 - TABLES Al8 & A30
PRE - IMM2KEG. PUM (SC)(AC) : 7.82 - TABLES Al9 & A3l
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TABLE A31-S SHEET 2

% DD IN SPECIMENS - SUMMARY OF TABLE A9 TQ A3l
CONSERVATIVE VALUES ONLY (LARGER SPECIMENS)

EXS (AC)
REG (AC)
REG {WC)(AC)
EXS (WC)(AC)
PUM (AC)
EXS (SC)(AC)
PUM (SC){AC)
REG (SC)(AC)
PUM (WC) (AC)

PRE - IMMPREG. EXS (SC)(AC)
PRE - IMMPREG. PUM (SC)(AC)
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TABLES AlO & A22
TABLES A9 & A2l
TABLES Al2 & A24
TABLES AlZ & A25
TABLES All & A23
TABLES Al6 & A28
TABLES Al7 & A29
TABLES AlS5 & A27
TABLES Al4 & A26

TABLES Al8 & A30
TABLES Al9 & A31



TABLE A31-S SHEET 3

% PEG IN SPECIMENS - SUMMARY OF TABLE A9 TO A3l
CONSERVATIVE VALUES ONLY (LARGER SPECIMENS)

EXS (AC)
REG (WC)(AC)
REG (AC)
EXS (WC)(AC)
PUM (AC)
EXS (SC)(AC)
REG (SC)(AC)
PUM (WC)(AC)
PUM (SC)(AC)

PRT - IMMPREG. EXS (SC)(AC)
PRE - IMMPREG. PUM (SC)(AC)
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1.19
1.48
1.56
2.01
2.76
3.02
3.35
3.43
3.91

6.25

. 18.41

TABLES Al0D & A22
TABLES Al2 & A24
TABLES A9 & A2l
TABLES Al3 & A25
TABLES All & A23
TABLES Al6 & A28
TABLES Al5 & A?7
TABLES Al4 & A26
TABLES Al7 & A29

TABLES Al8 & A30
TABLES Al9 & A3
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TABLE A32 - SHEST 2
AVERAGES FOR TABLE A32 - SHEET 1 PCM:PAR

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. CONCRETE 9 1st 2nd 3rd
IMMERSION| IMMERSION| IMMERSION
20 MIN. | 270 MIN.] 120 MIN.
233 REG 321.53 3.63 4.75 6.63
234 REG 285.46 .14 5.17 7.14
235 REG 296.40 3.04 3.28 6.33
AVG
233-235|  REG S 3.60 4.73 6.70
INCREASE OVER INITIAL WEIGHT %
SPECIMEN| PCM |INITIAL WT.
No. 9 1st 2nd 3rd
IMMERSION| TMMERSION] IMMERSION
20 MIN. | 270 MIN.] 120 MIN.
236 ABL 229.32 7.06 7.70 8.54
237 ABL 178.89 7.22 7.94 8.95
238 ABL 183.05 6.69 7.59 8.16
AVG
236-238 |  ABL - ) 6.99 7.74 8.55
INCREASE OVER INITIAL WEIGHT %
SPECIMEN] PCM [INITIAL WT.
No. 9 1st 2nd 3rd
TMMERS ION | TMMERSION{ IMMERS TON
20 MIN. | 270 MIN | 120 MIN.
239 PUM 130.81 7.90 10.3 10.55
240 PUM 84.19 6.06 8.43 8.11
241 PUM 133.54 7.97 11.7 11.75
AVG
239-241 PUM ——- 7.31 10.14 10.14
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TABLE A32 - SHEET 3- AVERAGES FOR TABLE A32 - SHEET 1 PCM:PAR

INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM |INITIAL WT.
No. 9 1st Z2nd 3rd 4th
immersion{immersion{immersion|immersion
20 min. { 270 min | 120 min
242 oPC 359.68 1.23 2.56 2.56
243 opPC 323.99 1.13 1.64 1.71
244 opPC 336.30 1.34 2.67 2.82
AVG
242-244 oPC -——- 1.23 2.29 2.36
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TABLE A33 SHEET 2

AVERAGES FOR TABLE A33 SHEET 1

REG/LA/SF/FA/SC/AC, 22.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN PCM  |INITIAL WT.
No. 9 ist 2nd 3rd ath
IMMERSION] IMMERSION| IMMERSION| IMMERSION
30 MIN. | 30 MIN. 50 MIN.| 300 MIN.
246 8S 131.57 3.23 §.21 4.89 5.38
247 BS 127.17 3.21 4,15 4.98 5.53
248 85 127.50 3.26 4,24 5.03 5.34
AVG BS —_— 3.20 4.20 4.97 5.42
246-248
INCREASE NVER INITIAL WEIGHT %
SPECIMEN PCM  FINITIAL WT.
No. 9 1st 2nc 3Ird 4th
IMMERSION| IMMERSION| IMMERSION] IMMERS ION
30 MIN. | 30 MIN. A0 MIN.{ 300 MIN,
249 DD 129.25 2.37 3.30 3.87 4.63
250 oD 129.50 2.77 3.39 3.67 4.12
251 0o 126.71 2.96 3.689 4.17 4,69
AVG po R 2.70 3.46 3.90 4,48
249-251
INCREASE OVER INITIAL WEIGHT X
SPECIMEN INITIAL WT.
No. PCM 9 Ist 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSTON| IMMERSION
30 MIN. | 30 MIN. 60 MIN.| 300 MIN.
252 PEG 129.19 5.14 6.78 6.97 8.09
253 PEG 133.57 3.74 5.28 6.27 7.85
254 PEG 130.20 5.71 6.57 6.95 B.33
AVG PEG —_— 4.86 6.04 6.73 8.09
252-254
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TABLE A34 SHEET 2

AVERAGES FOR TABLE A34 SHEET 1

REG/LA/SF/FASSTNHIC, 22.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN PCM | INITIAL WT.
No. 9 ist 2nd 3rd 4th
IMMERS TON| IMMERL [ON| IMMERSION| IMMERSTON
30 MIN. | 180 MIN 60 MIN.| 300 MIN.
255 8s 132.94 2.33 3.13 3.20 3.32
256 BS 130.45 2.34 3.26 3.33 3.5%
257 8S 132.70 2.22 2.90 2.90 3.09
AYG BS —_ 2.30 3.09 3.14 3.32
255=-267
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  JINITIAL WT.
No. 9 1st 2nd ird 4th
IMMERSION| IMMERSION| IMMERSTON| IMMERSTON
30 MIN. | 180 MIN 60 MIN.| 300 MIN.
258 o0 131.90 1.71 2.73 3.03 3.12
259 00 133.12 1.75 2.73 2.99 3.15
260 ) 134.34 1.67 2.58 2.87 2.99
AVG oD —_— 1.71 2.h8 2.56 3.09
258-250
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd dth
IMMERSION| IMMERSION| IMMERSION| IMMERS ION
30 MIN, | 180 MIN.{ 60 MIN.| 300 MIN.
261 PEG 128.29 3.75 5.31 5.64 5.49
262 PEG 131.45 3.08 4.45 3.33 5.52
263 PEG 131.40 3.36 4.84 +.96 5.78
AVG PEG —_— 3.40 4.87 5.14 5.93
251-263

- 274




IHDI3N WILIND KO Q35VE &

81°2 | 65°¢ [2z ols¥ 0] ot 891 Jvur0]90°0f suci9t (scrofusto] 6£:49 |2scrjos 2lnzLor| vty91 | oL 52
so'2 | ve'c |1z ofve o] v6 591 |80°0|p1°0] 09°591 |0z 0}ce o] 9¥ S91 |95 T)es 2E1°S91] 09°2¢l | 01 viz
po°2 | ot°c (ui*o}sico| veesot |ottofzito] €1°s91 |ezto|or o 9o vyt [vs1]os 2]0s ¥9T] 00°291 { a1 €2
12°C | 16°S SkeOjbL 0] $E°S90 lv2 0JO¥°0) 09°¥91 |6v°0fou 0} 02°¥91 |o¥*2|L6°€|ov €91 €¥°6ST | 93d 212
1w | €59 jrecofis o] 16°sot Jez o|ee 0| 00°s91 f2s o|suto]| 29°¥9t Jroej6L p|Le°€91] 86°841 | 934 122
00°v | 09°9 |ts*0joe 0] sy* Lt [v2eofiveo] sitoit Jescolvett| veoll Jevez|eobje1 691} S0°591 | 934 0Lz
g1*2 | 6c°¢ |2e-ofis o) €265t | -} -~ | 2e'8St |92'0|ikr0] 22°8SU Juscifevrefiecesl) e8'sst | Qo 692
be'2 | 06°€ (0E°0)59°0] OF°0L1 |60°0)S1°0] S2°691 (€€°0]S5°0) 09°691 €5 1)55°2]05°691| 05991 | aa 892
#1°¢ | es°c |veco9sof 96°v91 | - | - | obcvot |2ecofescof ovceor [1S*1{pvt2{seesr]| ve'191 | 00 192
¥9°2 | €6'v {€€70]ss°0] 60°891 | - | -~ | ¥S°£91 |1 0[69°0| vs i91 | 1]60tE|56 9511 9Lyl | S8 94z
‘6°2 | sey |e2eojob u| ok*cer | - | - | oocesn Joetojisto] ovcger |coc2|evie|evres1) soe9t | se 542
§4°2 | Z4°v [£2°ospro] s0°0L1 JE2To}seeu| 097691 [ye0]09°0] S2*691 |10°g|ecte|sete9i] €£t°691 | se 92
1 b b X B b % I 6 % b b

3 b 119134 119134 11934 1H913hn

HIVO TE NIVD NI NIVD NI nIve | vaid b H2d *ON
HIVO WIOL | HOISUIMI Hib ROISHIHN] QHE HOISHIMHT  uNZ HOISYTML 351 Rl HaHI9348

..z_:.en = PU2 “°NIW OE - ISI :SIMIL NOISHUIWMI *HIV UINIVHIND ¥S°F ‘6875762~ 68/6/61 0IWND HIV
68/¥/61 - 68/p/81 (3UNI KVILS *68/¥/BT 0IXIW ILIHINOD “HSY AT OGNV IWNS VOIS HLIM
ININID OF 3dAl 1WAV A0 *ILVDHHO0OV *938 *68/9/€1 - 68/5/62 JBNUIN0US NOLLIVNDIUINL WIJ

2.02 “dW3L N3WID14S ‘2,08 *dNIL NI4 ‘NIH ODE ~ Yip *NIN 09 - PiE

T 133HS StV 378yl

275



TABLE A3S SHEET 2
AVERAGES FOR TABLE A35 SHEET 1
REG/LASSF/FA/SC/AC, &.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN PCM  |INITIAL WT.
No. 9 1st 2nd 3rd ath
IMMERSION| IMMERSION| IMMERSINN| IMMERSION
30 MIN. | 30 MIN. 60 MIN.| 300 MIN.
264 85 165.33 2.01 2.37 2.58 2.85
265 85 169.05 Z2.03 2.34 2.34 2.57
266 8s 163.76 1.89 2.3t 2.31 2.64
AVG BS —_— 1.98 2.34 2.41 2.69
264-2606
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  JINITIAL WT.
No. 9 1st nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
30 MIN, | 30 MIN, 60 MIN.| 300 MIN.
267 DD 161.44 1.51 1.83 1.83 2.18
268 oD 166.50 1.53 1.86 1.95 2.34
269 oo 155.84 1.58 1.85 1.85 2.18
AVG 1]1] — 1.54 1.85 1.88 2.23
267-269
INCREASE OVER INITIAL WLIGHT %
SPECIMEN INITIAL WT.
Ne. PCM 9 1st 2nd 3rd 4th
IMMERSTON{ IMMERSION| IMMERSION| IMMERS ION
30 MIN. | 20 MIN. 60 MIN.| 300 MIN.
270 PEG 165.05 2.47 3.21 3.45 4.00
271 PEG 158.98 3.01 3.55% 3.79 4.11
272 PEG 159.43 2.49 2.99 3.28 3.71
AVG PEG _ 2.49 3.25 3.49 3.94
270-272
.../2
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TABLE A35 SMEET 3
AYERAGES FOR TABLE A35 SHEET 1
REG/LA/SF/FA/SC/AC, 4.5% EA

INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  |INITIAL WT.
No. 9 15t 2nd 3rd ath
IMMERSION| IMMERSION| IMMERS ION| IMMERSION
30 MIN. | 30 MIN. 60 MIN.| 300 MIN.

273 TD 162.00 1.54 1.83 1.93 2.04

274 TD 162.60 1.56 1.76 1.84 2.05

275 T 164,71 1.52 1.87 1.91 2.18

AVG TD 1.54 1.82 1.89 2.09
273-275
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TABLE A35 SHEET 2
AVERAGES FOR TABLE A36 SHEET 1
REG/LA/SF/FA/SC/NC, 4.5% EA

INCREASE OQVER INITIAL WEIGHT %
SPECIMEN PCM  (INITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION{ IMMERSION| IMMERSION] IMMERSION
30 MIN. { 30 MIN. 60 MIN,{ 300 MIN.
276 as 163.10 1.06 1.29 1.42 1.47
277 BS 164.81 1.06 1.21 1.27 1.46
278 BS 171.01 1.10 1.27 1.34 1.46
AVG BS _— 1.07 1.26 1.38 1.46
276-278
INCREASE QVER INITIAL WEIGHT %
SPECIMEN PCM  {INITIAL WT.
No. 9 1st 2nd 3rd ith
IMMERSION| IMMERSION| IMMERS ION{ IMMERSION
30 MIN. | 30 MIN. 60 MIN.| 300 MIN,
279 o}s] 162.28 1.08 1.21 1.28 1.34
280 0] 174.85 0.92 1.12 1.32 1.45
281 a]3; 163.33 0.99 1.14 1.14 1.33
avG oo —— 0.98 1.16 1.25 1.37
279-281
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM g 1st 2nd 3rd ath
IMMERSION| IMMERSION] IMMERSION| IMMZRSION
30 MIN. | 20 MIN. 60 MIN.{ 300 MIN.
282 PEG 187.2% 1.50 2.02 2.29 3.09
283 PEG 180.50 1.31 1.83 2.02 2.71
294 PEG 170.11 1.35 1.69 1.88 2.55
AVG PEG — 1.45 1.85 2.06 2.78
282-234
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TASBLE A36 SHEET 3
AVERAGES FOR TABLE A36 SHEET 2
REG/LA/SF/FA/SCNIC, 4.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN PCM  [INITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERS [ON
30 MIN. | 30 MIN. 60 MIN.{ 300 MIN.
285 TD 162.00 0.87 1.05 1.12 1.32
283 7D 165.61 0.96 i.14 1.21 1.31
284 TD 171.90 0.98 1.11 1.20 1.40
AVG T R 0.94 1.10 1.18 1.34
285-287
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TRBLE A37 SHEET 2

AVERAGES FOR TABLE A37 SHEET 1
PUM/LA/SF/FA/SC/AC, 28.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd -4th
IMMERSION] IMMERSION{ IMMERSION| IMMERSION
60 MIN. | 60 MIN. | 240 MIN.| 240 MIN.
288 BS 94,12 2.00 2.53 4.25 4,25
289 BS 93,78 2.18 2.66 4.52 4,52
290 BS §97.74 1,90 2.43 4.10 4.10
AVG BS _ 2.03 2.54 4.29 4.29
288~290
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM {INITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
60 MIN. | 60 MIN. | 240 MIN.| 240 MIN.
291 DD 96.86 1.92 2.721 3.60 3.50
292 DD 94.44 1.65 2.02 3.05 3.05
293 oD 96.41 1.67 2.06 3.26 3.26
AVG DD —_— 1.75 2.10 3.30 3.30
291-293
INCREASE QVER INITIAL WEIGHT %
SPECIMEN INITIAL UWT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
60 MIN, | 60 MIN. | 240 MIN.| 240 MIN.
294 PEG 93.89 2.51 3.1] 4.96 4.96
295 PEG 97.22 2.56 3.39 5.14 5.14
296 PEG 102.26 2.46 3.05 4.34 4.34
AVG PEG —_ 2.51 3.25 4.81 4.81
294-296
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TABLE A37 SHEET 3

AVERAGES FOR TABLE A37 SHEET 1
PUM/LA/SF/FA/SC/AC, 28.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSINN| IMMERSION| IMMERSION
60 MIN. { 60 MIN. | 240 MIN.| 240 MIN.
297 TD 95.31 1.76 2.28 3.35 3.35
298 7D 92.58 1.79 2.18 3.24 3.24
299 TD 98.55 2.18 2.43 3.63 3.63
AVG TD _— 1.91 2.30 3.41 3.41
297-299
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TABLE A38 SHEET 2

AVERAGES FOR TABLE A38 SHEET 1
PUM/LA/SF/SF/FA/SCHIC, 28.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSIONj IMMERSION| IMMERSION] IMMERS ION
60 MIN. | 60 MIN. | 240 MIN.| 240 MIN.
300 8S 98.31 2.08 2.74 3.45 3.86
301 BS 100.07 2.03 2.93 3.63 4.03
302 BS 96.59 1.63 2.39 3.27 3.59
AVG 8S —_— 1.91 2.69 3.45 3.83
300-302
INCREASE NVER INITIAL WEIGHT %
SPECIMEN PCH JINITIAL WT.
No. 9 st 2nd 3rd 4th
IMMERSTION| IMMERSION| IMMERSION| IMMERS [ON
50 MIN. 1 60 MIN. | 240 MIN.j 240 MIN.
303 D)) 99,21 1.53 2.21 2.21 2.21
304 D 97.88 1.30 1.98 2.22 2.22
305 pla] 98.31 1.36 2.31 2.31 2,31
AVG oD —_— 1.40 2.17 2.25 2.25
203-305%
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSTON{ IMMERSIOM| IMMERSION| IMMERSION
B0 MIN. | 60 MIN. | 240 MIN.| 240 MIN,
306 PEG 93.24 2.20 3.55 4.18 4.18
307 PEG 94,58 2.03 3.29 3.72 3.72
308 PEG 92.51 2.37 3.h6 4.10 4.10
AVG PEG —_— 2.20 3.50 4.0 4.00
306-308
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TABLE A38 SHEET 3

AVERAGES FOR TABLE A38 SHEET 1
PUM/LA/SF/FA/SC/NC, 28.5% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| TMMERSION| IMMERS ION
50 MIN. | 50 MIN. | 240 MIN.| 240 MIN.
309 TD 98.30 1.37 1.92 1.92 1.92
310 T 92.90 1.41 2.04 2.48 2.48
311 TD 38.78 1.34 2.17 2.17 2.17
AVG D _— 1.37 2.04 2.19 2.19
309-311
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TABLE A39 SHEET 2

AVERAGES FOR TABLE A39 SHEET 1

PUM/LA/SF/FA/SC/AC, 14.2% EA

INCREASE OVER INITIAL YWEIGHT <
SPECIMEN INITIAL YT.
Ho. PCM 3 Ist 2nd 3rd ath
IMMERSION| IMMERSION{ IMMERSIONI IMMERS ION
80 MIN. 60 MIN. 240 MIN.{ 240 MIN.
312 8S 108.50 3.91 4.24 5.69 5.89
313 BS 106.90 3.88 4.58 6.02 6.45
314 BS 108.19 2.97 3.57 4.68 4.91
AVG BS R 3.59 4.16 5.46 5.7%
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  FINITIAL uT,
No. g 1st 2nd 3rd 4t
IMMERSION| IMMERSION| IMMERSION| IMMERSINN
60 MIN. 60 MIN. 240 MIN,| 240 MIN.
315 no 109.04 2.71 3.22 4.32 4.41
316 00 110.16 3.03 3.52 4.82 4.62
317 oD 103.00 2.86 3.36 4.37 4.47
AVG i P 2.87 3.37 4,41 4.50
INCREASE OVER INITIAL NEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 Ist 2nd 3rd ath
IMMERSION| IMMERSION| IMMERSTON| IMMERSION
60 MIN. 60 MIN. 240 MIN.] 240 MIN.
318 PEG 108.41 .45 5.60 7.00 7.60
219 PEG 107.84 4.83 6.04 7.65 8.23
320 PEG 107.20 4.90 6.07 7.29 7.96
AVG PEG —_— 4.73 5.90 7.31 7.93
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL 4T,
No. PCM 9 Ist 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
60 MIN. | A0 MIN. | 240 MIN.| 240 MIN.
321 7D 105.96 2.72 3.28 4.28 4.33
322 0 109.50 2.37 2.88 3.86 3.89
323 TD 107,74 3.17 3.77 4.84 5.07
4vG ™ —_— 2.75 3.31 4.33 4,43
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TABLE A40 SHEET 2

AVERAGES FOR TABLE A40 SHEET 1
PUM/LA/SF/FA/SC/MC, 14.2% EA

INCREASE OVER INITIAL WEIGHT %

SPEC IMEN INITIAL WT.
Yo. PCM % st 2nd j 3rd 4th
IMMERS ION| IMMERSIC ! IMMERSION{ IMMERSION
§0 MIN. | 120 MIN.| 240 MIN.| 240 MIN.
324 BS 114.44 3.03 3.46 4.67 4.90
325 BS 107.82 3.55 4.13 5.29 5.61
326 8S 109.10 2.75 3.02 4.05 4.27
AVG BS - 3.11 3.54 4.67 4.93
324-326
INCREASE OVER INITIAL WEIGHT %
SPECIMEN| PCM |INITIAL 4T.
No. 9 Ist 2nd 3rd ath
IMMERSTON| IMMERSTOM | IMMERS TON| IMMERS ON
60 MIN. | 120 MIN.| 240 MIN.| 240 MIN.
327 0D 112.41 2.53 2.88 3.82 3.82
328 DD 112.65 2.33 2.57 3.29 3.41
329 Db 110.95 2.67 2.75 3.61 3.61
AVG 0D - 2.51 2.73 3.57 3.61
327-329
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL 4T.
No. PCM g lst 2nd 3rd 4th
IMMERSION| IMMERSION | IMMERS ION! IMMERS TON
60 MIN. | 120 MIN.| 240 MIN.! 240 MIN.
330 PEG 108.79 4.55 5,43 6.48 6.81
331 PEG 106.00 4,96 5.89 6.97 7.27
332 PEG 107.39 4.94 5.73 6.84 6.95
AVG PEG - 4,82 5.68 6.76 7.01
330-332
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TABLE A40 SHEET 3
AVERAGES FOR TABLE A40 SHEET 1
PUM/LA/SF/FA/ST/HE, 14.2% EA

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCH 9 Ist 2nd 3rd 4th
IMMERSION{ IMMERSION| IMMERSION] IMMERSION
50 MIN, | 120 MIN.| 240 MIN.| 240 MIV,
333 T9 111.00 2.61 2.97 3.87 3.87
334 D 109,19 2.34 2.79 3.49 3.49
335 0 105.29 2.95 3.19 4.35 4.35
AVG 3$ —_ 2.63 2.98 3.90 3.90
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TABLE A41 SHEET 2

AVERAGES FOR TABLE A41 SHEET 1

REG/LA/SF/FA/SC/AC, 112 EA

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCH 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSTON| IMMERSION
120 MIN.} 180 MIN.} 240 MIN.| 240 MIN.
336 BS 147.90 1.99 2.49 3.24 3.48
337 3S 1586.76 1.91 2.46 3.29 3.56
338 8S 154.12 1.48 1.87 2.64 2.93
AVG 85 —_— 1.79 2.27 3.06 3.32
336-338
INCREASE OVER INITIAL WEIGHT ¢
SPECIMEN DCM  JINITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION{ IMMERSION
120 MIN.) 180 MIN.| 240 MIN.| 24C MIN.
339 ob 157.82 1.51 2.08 2.50 2.81
340 20 157.59 1.50 2.17 2.h1 2.82
341 0 154,66 1.56 1.97 2.35 2.55
AVG oD —_ 1.52 2.07 2.49 2.73
339-341
INCREASE QVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCcM 9 Ist Z2nd 3rd 4th
« IMMERSTON| IMMERSION| IMMERSTON| IMMERSINN
120 MIN.Y 180 MIN.] 240 MIN.] 240 MIN.
342 PEG 152.51 2.29 3.11 3.93 3.80
343 PEG 160.37 2.08 3.14 3.97 4.10
344 PEG 152.91 2.33 3.20 3.85% 3.98
AVG PEG —_— 2.23 3.15 3.92 3.96
342-344
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TABLE A41 SHEET 3

AVERAGE FOR TABLE A41 SHEET 1

REG/LA/SF/FA/SC/AC, 11% EA

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION]{IMMERSION| IMMERSION
120 MIN.] 180 MIN.| 240 MIN.]| 240 MIN.
345 ip) 153.65 1.46 1.95 2.44 2.70
346 TD 151.98 1.59 2.05 2.78 2.90
347 1D 148.21 1.75 2.24 2.81 3.18
AVG TD —_— 1.60 2.08 2.68 2.93
345-347
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TABLE A42 SHEET 2

AVERAGES FOR TABLE A42 SHEET 1

REG/LA/SF/FA/NC/AC, 112 EA

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL NWT.
‘ No. PCM 9 Ist 2nd 3rd 4th
ITMMERSION| IMMERSION} IMMERSION| IMMERSION
120 MIN.| 300 MIN.{ 240 MIN.{ 300 MIN.
348 BS 155.29 1.04 1.49 2.27 2.33
349 8s 159.74 1.01 1.35 2.35 2.35
350 BS 168.75 0.91 1.19 2.10 z2.10
AVG BS —_— 0.99 1.34 2.24 2.26
348-350
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  JINITIAL WT.
No. 9 Ist nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
120 MIN.] 300 MIN.| 240 MIN.{ 240 MIN.
351 DD 159.00 0.82 1.18 2.01 2.01
352 DD 163,51 0.76 1,00 1.79 1.80
353 20 166.60 0.84 1,17 1.95 1,95
AVG on —_ 0.81 1.12 1.92 1.92
351-353
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION{ IMMERSION{ IMMERSION| IMMERSION
120 MIN.} 300 MIN.| 240 MIN.| 300 MIN.
354 PEG 153.41 1.39 2.20 2.81 2.94
355 PEG 164.21 1.41 2.39 2.99 3.11
355 PEG 158,50 1.67 2.59 3.41 3.46
AVG PEG —_— 1.49 2.39 3.07 3.17
354-356
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TABLE A42 SHEET 3

AVERAGES FOR TABLE A42 SHEET 1

REG/LA/SF/FA/SC/AC, 11% EA

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION{ IMMERSION| IMMERSION| IMMERSION
120 MIN.| 180 MIN.§{ 240 MIN.| 240 MIN.
357 0 161.49 0.87 1.21 1.94 1.94
353 70 161.32 0.92 1.33 2.15 2.16
356 1B 1588.25 1.13 1.48 2.46 2.46
AVG TD —_— 0.97 1,34 z.18 2.19
357-359
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TABLE A43 SHEET 2

AVERAGES FOR TABLE A43 SHEET 1

PCM:DD

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st end 3rd 4th
IMMERSTION| IMMERSION| IMMERSION| TMMERSION
240 MIN.| 240 MIN.| 240 MIN.)} 300 MIN.
360 REG 154.90 4.03 4,52 4,36 4.42
361 REG 152.10 4.93 5.03 4.94 5.06
362 REG 142.00 4,05 4.26 4,19 4.19
AVG REG —— 4,34 4.60 4.50 4.56
360-362
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  |INITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION} IMMERSION| IMMERSION] IMMERSION
240 MIN.| 240 MIN.| 240 MIN.| 240 MIN.
363 ABL 127.09 7.13 7.29 7.55 7.52
364 ABL 138.90 7.38 8.02 8.14 7.85
365 EBL 132.71 6.74 7.59 7.41 7.15
AVG ABL —_— 7.08 7.63 7.70 7.51
363-365
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL MT.
No. PCM 9 1st nd 3rd 4th
IMMERSIONI IMMERSION| IMMERSION| IMMERSION
240 MIN.} 240 MIN.j 240 MIN.| 240 MIN.
366 PUM 98.00 6.76 8.08 8.37 8.78
367 PUM 102.42 7.43 9.11 9.96 10.13
368 PUM 97.89 9.26 11.09 11.66 12.01
AVG PUM —_— 7.82 9.43 10.0 10.31
365-368
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TABLE A44 SHEET 2

AVERAGES FOR TABLE A44 SHEET 1

PCM: PAR

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSTON| IMMERSION
240 MIN,| 240 MIN.| 240 MIN.{ 300 MIN.
369 REG 147.94 5.41 7.31 7.37 7.14
370 REG 168,54 5.26 7.57 7.13 7.17
371 REG 182.19 4.94 7.15 6.80 6.92
AVG REG —_— 5.20 7.34 7.10 7.08
369-371
INCREASE NVER INITIAL WEIGHT %
SPECIMEN PCM  INITIAL ¥T.
No. g 1st 2nd 3rd 4th
IMMERSTON| IMMERSION| IMMERSION{ IMMERSION
240 MIN.| 240 MIN.| 240 MIN.| 240 MIN.
372 ABL 154,55 9.22 10.35 10.58 8.73
373 ABL 117.09 9.89 10.30 10,94 10.21
374 ABL 18.52 9.26 9.3¢ 10.23 9.52
AVG ABL —_— g.46 10.01 10.58 9.82
372-374
INCREASE OVER INITIAL WEIGHT %
SPECIMEN THITIAL YT.
No. PCHM 9 1st Znd 3rd 4th
IMMERSION{ IMMERSION| IMMERSION| IMMERSION
240 MIN.t 240 MIN.| 240 MIN.] 240 MIN.
375 PUM 895.55 20.44 18.07 19.32 19.42
376 PUM 96.90 21.16 17.66 19.14 19.81
377 PUM 107,55 19.43 17.67 17.90 18.55
AVG PUM _ 20.34 17.80 18,79 19.26
375-377
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TABLE A45 SHEET 2

AVERAGES FOR TABLE A45 SHEET 1

PCM: PAR WIiTH 5% ETHANOL

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3~d 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
240 MIN.| 240 MIN.| 240 MIN.| 300 MIN.
378 REG 139.75 4.27 4.69 4.79 4.79
379 REG 137.30 5.03 5.28 5.39 5.39
380 REG 146.95 4,92 5.24 5.24 5.24
AVG REG —_— 4.74 5.07 5.14 5.14
378-380
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM (INITIAL WT.
No. 9 1st Znd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
240 MIN.| 240 MIN.| 240 MIN.}{ 240 MIN.
381 ABL 110.70 5.15 6.59 6.78 6.37
382 ABL 115.89 5.44 7.82 7.21 7.56
383 ABL 120.76 5.08 7.28 6.82 7.503
AVG ABL —_— 5.22 7.23 6.94 7.15
381-383
INCREASE OVER INITIAL WEIGHT %
SPECIMEN IMITIAL MT.
No. PCM g 1st 2nd 3rd 4th
IMMERSION; IMMERSION! IMMERSION| IMMERSION
240 MIN.| 240 MIN.] 240 MIN.| 240 MIN.
384 PUM
385 PUM 92.58 g8.01 8.72 10.59 9,94
386 PUM 96.80 9.45 Q.97 8.72 11.78
AVG PUM —_— 8.73 Q.35 9.66 10.86
384-386
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TABLE A46 SHEET 2

AVERAGES FOR TABLE A46 SHEET 1

PCH: PAR WITH 5% TURPENTINE

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSICN
240 MIN.{ 240 MIN.| 240 MIN.| 240 MIN.
387 REG 117.00 5.74 7.74 7.61 7.61
388 REG 126.95 5.51 7.40 7.14 7.14
389 REG 127.85 4.73 6.37 6.29 6.29
AVG REG —_— 5.33 7.17 7.01 7.01
387-389
INCREASE QOVER INITIAL WEIGHT %
SPECIMEN PCM tINITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSTON} IMMERSION
240 MIN.| 240 MIN.| 240 MIN.| 240 MIN,
390 ABL 121.50 6.83 10.04 9.34 9.38
391 ABL 145.10 5.89 9.10 8.17 8.86
392 ABL 118,14 7.11 - 10,59 5.28 9.62
aAvVG ABL —_— 6.61 9.91 8.93 9.29
390-392
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
240 MIN.| 240 MIN.| 240 MIN.i 240 MIN.
393 PUM 98.50 12.69 13.40 20.71 20.15
394 PUM 98.82 12.48 12,48 19.91 16.46
395 PUM 95.35 13.90 15.21 21.24 21.66
AVG PUM _— 13.02 13.70 20.62 19.42
393-395
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TABLE A47 SHEET 2

AVERAGES FOR TABLE A47 SHEET 1

PCM: PAR WITH 10% ETHANOL

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION: IMMERSION! IMMERSION] IMMERSION
240 MIN.| 240 MIN.| 240 MIN.{ 240 MIN.
396 REG 183.89 5.04 5.04 5.01 4.87
397 REG 192.53 4.46 4,54 4,56 4.49
398 REG 126.70 5.05 5.29 5.25 5.13
AVG REG _— 4.85 4,96 4.94 4.83
396-398
INCREASE OVER INITIAL WEIGHT %
SPECIMEN PCM  {INITIAL WT.
No. 9 1st 2nd 3rd 4th
IMMERSION| IMMERSION] IMMERSION| IMMERSION
240 MIN.{ 240 MIN.| 240 MIN.}| 240 MIN.
399 ABL 118.86 5.75 5.26 6.18 6.43 |}
400 AB 114.69 7.33 8.03 8.03 7.46
401 ABL 133.78 5.14 £.44 £.22 6.59
AVG ABL _ 6.41 6.91 5.81 6.83
399-401
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION! IMMERSION| IMMERSION| IMMERSION
240 MIN.{ 240 MIN.| 240 MIN.| 240 MIN.
402 PUM 89.20 9.53 14.09 11.64 11.55
403 PUM 97.25 §8.67 8.71 10.28 10.28
404 PUM 102.60 8.87 9.26 10.55 13.67
AVG PUM — 9.02 9.35 10.82 11.83
402-404
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TABLE A48 SHEET 2

AVERAGES FOR TABLE A48 SHEET 1

PCM: PAR WITH 10% TURPENTINE

INCREASE OVER INITIAL WEIGHT %

SPECIMEN INITIAL WT.
No. PCM 9 1st end 3rd 4th
IMMERSION| IMMERSION| IMMERSION| IMMERSION
240 MIN.| 240 MIN,| 240 MIN.| 240 MIN.
4058 REG 195.70 7.56 5.72 7.46 5.80
408 REG 192.34 7.02 5.62 6.87 5.54
407 REG 189.70 6.46 4.85 6.38 4,89
AYG REG —_ 7.01 5.40 6.90 5.41
405-407
INCREASE OQVER INITIAL WEIGHT %
SPECIMEN PCM INITIAL 4T.
No. g 1st 2nd 3rd 4th
IMMERS ION) IMMERSION| IMMERSION] IMMERSION
240 MIN.| 240 MIN.{ 230 MIN.{ 240 MIN.
408 ABL 136.27 7.14 7.69 7.36 9.05
409 ABL 161.51 7.81 8.45 7.98 1N.06
419 ABL 129.30 7.35 7.66 7.70 8.47
AYG ABL — 7.43 7.93 7.68 9.19
408-410
INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSIONY IMMERSION| IMMERSION| IMMERSION
240 MIN.| 240 MIN.{ 240 MIN.| 240 MIN.
411 PUM 106,15 9.99 14.20 19,43 19.00
412 PuM 104,75 8.45 12.27 16.75 17.10
413 PUM 98.95 8.79 13.04 13.04 17.53
AVG PUM —_— 9.08 13.17 18.07 17.88
411-413
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TABLE A49 SHEET 2

AVERAGES FOR TABLE A49 SHEET 1

PCM: DIMETHYL SULFOXIDE

INCREASE OVER INITIAL WEIGHT %
SPECIMEN INITIAL WT.
No. PCM 9 1st 2nd 3rd 4th
IMMERSION| IMMERSIONS IMMERSION| IMMERSION
414 REG 200.10 5.27 5.66 £.56 5.60
415 ABL 163.60 5.84 6.30 6.14 6.08
416 PUMC 84.70 10.57 12.16 12.€9 12.69
417 REG + 160.65 4,79 5.14 5.27 5.29
SF + FA

- 311 -




AHOI3K TWHESTY0 01 JALIVIIY ST NIV &

A AR

't

vort Jres

w9 lop*01
b8*L 1601

10°s |1
98°S |t
9't |u
w'e |4

99
5L
b9
L

%

_hive

[

S¥'89 | becs9

6118 | St°S5¢

ceteyt| 9t
SLTLVIT v6totd
05°8t1] 68°IE1
EOEVT] 0S°SET
00°y91| Dz*8s1
S OEIY Bz el
--nwm.--.-wﬂao;
1HDTIR] 1HO] 3H
LLLE] RUFICT

Gev
ver
tey
']
12%
ozv
olv
8y

K.
HELS

06°9 |6L°¥ |ez°vL | v¥'69 thh |B1%9 [21's oo eg |ue2e £ep
99°¢ 106°v Jve*09 | w69 Obk J12°L Jes's ezt |oi'ne AN
L0*L jostor]eo6st] 65 wre] oty leecz lveemn LT isijue vl | ey
¢9°6 st ¥rfosteyt] steov1| vev lwe'w |sytor 09 9tTs1 9zl | wiy
09°9 pv1°e fue 1£0] v2eet| sev Jsu's fup*s eyruenyse ser | ey
0£*9 111°8 |2e 9t 12°021| vevw Jzb's [e2°s verarl|1stost | sey
1e'S peo e v vst) 1s uvt] scv Jvo'y J22°9 OSTIST 8L Vel | 22y
56°0 [21°e feet2an) oztvui| ey eocy loze 000k us et | yzy

N T D ' A O e

WONIRE L 3R] o == an) meran] conf------
HiVY LLLE] LTS _T0ads LN BULLLE anc.._.__lz._:.uu,_w .
J.001 N 2.0 N |

J.u2

HOISHIIMI IV J8NIVHIINIL 313HD0)

‘68/8/2¢

-—_—

"IN OF2 :3MIL NOISHMI
- 68/8/01 :31va 2,08 *dW31L W4
INVIAYOSHY W34 NO IuNIVHISMI) 31TFHINOD 30 103443

11

334S 0S¥ 38Vl

Hyd
i}
yvd
9314
ao
sS4
ivd
1]

H)d

-

kNd
lnd
L
T
v
Ll
U3y
03y

3dA1
J1IWH0D

.

—

312



T4}
55
02
br
ey
9
4
111

3- 2.091 01 J.02
HOY4 J01VATIHIAL
AIAMOT MRISIVY
AQ 03BHOSBY HId
K1 ISYIYIH] T11VHIAO

eettijeecd
16°01]25°L
928 16¥° 11
tee1ieest
kleL Joe's
19°¢ fe6'a
166 Jei°t
16°% |¥2°9

4 b

HIVD

15'9¢
Iyt
2r'osl
1€°561
15°r21
not 121
6%°0c1
|29

-

]

1H913M
LLLLE

61°89
06°69
£0°6E1
05°'6€1
12° 9l
90°011
9grotl
ozt

crrw e

Junian
Iyiling

2.091

S9¥
var
or
29y
19y
09¥
65¥
131}

1’6
98°6
€i°a
98°6
£e*d
469
S9°F
20°)

3

't
v¥°9
mw'el
02*yl
o6
9y
L9
99

b

WMHIVD

SB°SB

0E* 1t

285yl
0L 691
il
pLt2EN
(o' el
T 7!

[

1h3In
(UL E

89°8t

06°¥9

strisl
OL°¥s1
oy*2él
et
19°9t1
6191

hmalan
I¥ISIN]

J.0¥1

HOISHINHL 1V JUNLVHIGHIL 313HINCD

‘UN
*I3ds

¥i'g |50°9 Job 08
S0°6 J15°S |0b°99
FI*L Fev°e (0P IRL
65°6 [roct1joLerl
1£°9 |69°¢ JU16°£21
659 Jvk°e Jle il
29y |au°8 090U
oty okt |osTesl

b

e 110134
HIvD Wil 4

SE°¥L
66°09
86" 1€l
£2°9t1
i o
1741
SL° 161
uzteun

b
LHD13N
WiiINl

HP A Ryt

J.gl

(1]
ery
ibh
9k
Sty
ker
114
vt

‘UM
2148

¥vd

yvd
01d

HM

3dAl
31343400

"NIW O¥2 1L HOISHIHM]
‘6B/8/2z - 68/8/0F *31V0 2,08 “dWik WXd

IMV1dYOSEY HId N0 JBNIVEIHIL 313¥N0D 30 133347
Z 1331s 0S¥V 319v1

313



9L°01 | £41°8
2L°6 it
82°8 | 28°¢l
09°01 | 82°91
£9°9 91°01
15%¢L 2
8E'9 | o101
14°S ve'g

' nirllMWlu;

sHIVD no;
J.0¢1

¢L*Ub
S1°16
1£°081
HB* 691
14°€91
69°691
£v*891
8L 651

b

NI 4

£s*
19°
95*
i8°
P’
16°
T
v6*

1

——

g1 969
8| 81°¢
L {1921
6 | 0L°11
S e
9 1 U6°01
S 1016
b e

et — e e ]

b

L0

sHIVO |

- e e - -

J.0u1

b b

VNI 4 NIVD

F1dHVS 3WVS 40 NO
‘68/6/12 o1 68/

ISUIWHI IA1SSIBOOUI

15°48 | 61°9 |su's
Ys*06 | 989 {eL°s
049°6L1) 12*9 ietul
0E°B9T] 61°8 J85°21
SL°191] 14°G |sb°s
99°091) 66°S {5¥°6 |1
EvTL9T) TE°Y ey
86°441F 91°y |ue'g

NG ="}

A T e e A c— -y

]

VNI M

FMVIAHOSAV WId NO FUNIiVHIdWIL
1 1330S 1SV 318V

1HOTIH WHIOIUO OL IAIEVIIY ST NIVD &

T

09°48 65°18
01°68 ge'te
9¢7 L] 68991
8179911 09°esi
0y 191} Se*est

¢t L9l 9L°is1

91°691] €e°nsl
0B YSTL 157 0s]

b b

lDI3IN] LHOTIN
VNITA| IVILIND

VLT
viey
vier
veer
Vieh
voer
1184
Veiv

"ON

J3dS

J.0¢

T T T T e e e . e e ———————— o

WX 30 123443

SN L S . S

_ Un1vyAdN3L WOd

yvd
ad
Hvd
93d
aa
sd
ivd
aad

Hld

Hnd
IE]
8y
Uy
Ty
8y
b3y
HEL]

1dAi
313800

‘RIKH OFZ 3HI1 NOISHINK]
8/01 :31V0 “2.0Z NOISUINWI 1V IUNIVHIdNIY

314



LHDI3H TWNIDINO OL JATIVIIY S]1 NIVD «

2g°01 | 288 |zc°06 |82°01 |6L°8 |¥E°06 |2B°21 |9kTOIfI0"26 gi*et | £6°6 (BY°16

{5°6 g6°L l9g°16 {e1°01 Js¥°8 |€8°16 }86°01 |80°6 |9v°26 { 16°6 9¢°8 |[v9°'16
80°*L z0°11 {vzesitleL 9 fve* 1t {ezesLijyscL |TI°ET]00T08T} Vi°L T¥*etr joe° 6Ll
peeor | s9°91 szeost]os ot Jev-9r {€0t0LTfG2 11 |82 LT[0 0LT] 16701 | 09°9T |0¢*OL1
G[*9 geeor lozeg9r|o6 9 |8S°01 |€6°€9T] Ov°L JSETLJOL VIT| 80°L G8°01 {02°v91
9G°L c6°11 leo69otfoL s vz 2t |00°0L1) G0°8 |OL* 1|9 0L1) B9°L 21°¢l |88°691
L2's ge's [89°991|2c s |ev'8 |SL°991) L6°G JSb°6 |BLTLOT| VB'S £2°6 09°L91
89t G0*L 16G°LSTfvev vy L |86°LST)| 61°G JI8°L [GE°8BST] 90°S 19°L |S1°8S1

b4 umﬂ b 1 b b &1:, b b 9 b b
1H9T13IM - 1HOT3N 1HOT 3N LHOT 3N
*NIVE TYNI 4 *NIVD NI *NIVD NI d *NIVO NI 4

J.001 2.001 J.08 J.001

21dWVS THVS 40 NOISHIWWI FAISSIUIOUd ‘NIN OF2 IWIL NOISUIHWI
‘68/6/12 OL 68/8/01 :31va “J.02 NOISYIWWI 1V JUNLVHIAWIL NIWIIIAS
JONVIGHOSEY WOd HO JUNIVHIAHIL W4 40 103443
Z 133HS 1SV 318v).

315



APPENDIX B
FIGURES A1 -A 23

-316 -



(SAVa 065 - L 23dS} 20718 03AV1I01nNY NI 3ILWHVILS 1ALNG 40 SISATVNY 3SA - LV NI

€J0) GLJJBLGQEGH

gepl IvHed"o
9E Z€E a2 ¥e ne

i
'

2t

o v @

¥- 8-
8-

- b — ——

T 2,1°12

4
T

L

4
T

-
-
e
o
3

(M¥) AOT4 jomy

-
L
-
-
-+

-
-
-
-

d/ *J3SY *p/82@ *1 "3 t4ojpusdy
¥8 "0 XS10 1A°YNIYOO *=1td
g1y g1 1ewr]  pE-4APH-y  tw3eQ

-

a°cA

uwr a>-m05Low:_..EvLmonm

HIW/JZ @32y

‘OWIEE "12 1®=1§

*15'8 X0L°'E-1-

1ay e (duog

317



(SAVQ 269 - 1€ 23dS) 32018 QIAVTI04NV NI 31VHV3ILS 1ALNG 40 SISATYNY 2SQ - 2V JUNOI4
00%2 Juod'td HO°VYA 980 (9.) 8sunjvvedwe)

g

E

. e . g . i , g . -

0'e-~
I

-G 8-

~0'd-

-G* §-

0" 1-

. 6° 0~

6/reng’g
J.EE'BT

0.8V °Vi [

0'e
) INIOd/J36F "0 "NIH/D.2 3LVH ONILY3H :juowwog
8E :GF 06-Bny-j2 lejwg uny "18°8 NIW/D.2 °HINOD/WId :Poyjen

.m.azoan.:ac U m D anovmv..m".ﬁa
689°VNIHOO :0r%d v ‘18°0 X8E°'V-F€ -""1g¥ erdueg

(Mm) MOTS $@aH

318



(SAvVO 885 - £€ 93dS) 32078 ¥YINYIY NI ILWYVALS TALNG JO SISATYNYV ISQ - €V JUNDId

2381 vedno
8€g cE ez ¥e

s) IL:JBL'mEnh
pe a1 mq

"
T

y 8 v

e
-
b

4 F 3 & 3
L A T ¥ L2

-

J.0°12

3 3 & 3
T \J ¥ L4 ¥

¥ } + 4 —f——t + L] 4 ] = -t
G218y 121  0B-AoK-8 Pe3IeLd a°2A
*d/235F */828°1 '] 1Mojoandp }
¥B'0 Y510 ¥B YNINOO 'S11d s
9E 'Bp 121 'owr)  pB-ApN-8 1e3PQ

3. 'y

b I - ]
L L T

Uwr ¢>-¢OULUJC~..£ULmoLL

‘NIW/J2
‘OWBES 81

1mq0)y
LTS I

*16 *AXVE "2-LE-03Yy ‘eiduog

(Mw) moT4 3Oy

319



(SAVQ ££€ - 891 93dS) )09 UYINDIY QITJIA0W NI ILVHVILS 1ALN8 40 SISATVNY IS0 - vV 3¥n91d

26087 jvodrn

Ja) ULJaULt&EUh

8 % , 8  ve @ o =@ & v By @
T 2.8°12 12
1 19°1-
= liNl“l

b

1 o

ﬁ‘l

L limcslu

0

i i H

| e
1 18°0
+ 1r'0
e e's
81 'as 191 nm:xuzl: pe33iold @'2A 2S00 ®Arjovuaju] .suamonm
*d/33Sy */828°1 *) ‘] r1-ojouwndp ‘NIW/J2 ‘ejoy
$O°'0 MSIO 41 °VNIYOOQ o1ty U m D ‘ONa2e 'n2 1ezig

1€ '6¥ '6

tewy |

Pa-4Aol-11 te3pQ 1S '8 X0 '2-891-93Yy ‘'ecung

320



(SAVa 16€ - 8¥2Z 93dS) 22078 ¥YIN9IY GITJIA0W NI 31VdYILS TALNG 40 SISATVNY ISA - SV JUNOI4

(D) lLD..—.uLIn_E!.w

2681 3uedn
g€ 2€ Bz re

pe

ry

a1 cl 4] 1.4 a r- 8-
4 + St 4 + + [ '

3 'y
'

-
-
o

4 Fl i 3
L LJ v L

4 -1
T —

1

Sl W ¥ IS UL NADY S0 S

/*d/ *D3ASY 'B/2FD *1 700 1ejauedg
880 MSI0 ZP°YNIYMOO ™itd
YE'ES B  tewil ga-Inf-y  1*3=0

J.8°12

L A

+¥ oﬂl

J.0°0
]

'y 5 » ry i 'y ' :
L) — ]

-

-

-
-

-

m..N> . Um.c a..a;s.o..uwcm twouBouy
. NIW/22 '*3°Y
U m D *OHZYB "ET 18235

‘1S ‘BXVE 'S-B¥2- "93y 19(dung

»o1d 3o8Y

CRE)

321



(SAVa ¥9€ - v2 23dS) %2078 3DINNd NI ILVuVILS TALNG JO SISATYNY DSQ - 9y JuN9Id

BERT IH°dnQ

8E cE 82 ae

(2s) !LDJUL&&EU.—.
m.— el @

-

3
-
-

& i 2
T L L \J ¥

Y

3 n 3
L T ¥

-

2

Bsr vee

3 3 4 4

T1'I5%21  gg-degs-pz ipejyory
‘d/ *23SY "B/BSP T "3 *]) 1dojoaedy
84°0 JISIO 69 *VNINOO *®[74
OLIEE T 1wy  gg-deg.pz ww3pg

-
-
-
-

B 2A umW urm$muLwW:—..ELLm0L&
NIW/J2 1e3uy

'GHBIg “L1 @x1§5

"SBXSE '? ¥2-HNd iedwng

asd

(M9) meld joey

322



(SAVO €2F - €St 93dS) %9078 30IWNd QIT4IC0W NI 3LVHVILS TALNG “IIUdWI-IUd 40 SISATYNY ISG - LV JUNDI4

peat ved 0 (3,) ®-njpundus)

gE 2€ 8z re B2 81 2t 8 K g - 8-

=

.

N
)

i 3
¥ ¥

3 + r ' 3 Fy
T T T ¥ T

JuL°12

1 B/r 20°5

(M) #oTd IOBY

1 +8°A
22'8€'8  @B-AoH-11 1P*3301d @'2A 150 ®ATjopumqup twouBoug
*d/35Y /@28 °1*3 '] tojousdg ‘NIW/32 @30y
¥8°0 MS10 91 ‘VNI¥OO *®17 Jasd ‘OWBBO ‘E1 1915

PAIEP '@ BWIL  @B-A°H-IT 1®3°Q 1°d/°1S°8 %00 ‘8-EST-HNd 1= 1dwog

- 323



(SAVO €46 ~ 641 93dS) 2019 3DIWNd GI1I1G0H NI JLVIVILS 1AL0G 40 SISATUNY ISQ - 8V Jun9I4

2841 3vedng

(Do) CLDJBL.-&EU._.

% , % e vz B2 e a2 8y a  y g
1 }az-
i Lg 1~
4 2]~
} 60~
1 ‘8-
i a0
1 1o

———— —i — o'p
BISIIEL  PB-AbH-1] 13301y B°2A  3SO ®AToPuw3ul swouBouy

"d/23SY /8281 '3 ") tusqouandy 'NIN/JZ %30y
¥8°0 ¥SI10 61 'VNINOO '®[1 aJsd "OHLEB LI ez

@2'€221 mwi) pg-Aoj-11 m3oq

14 '8 %66 ‘2-BLI-HNd '®[dupg

324



(SAVQ 2.€ - 161 23dS) %2019 IIWHS QIONVAXI Q3II4100W NI ILVYVILS TALNG 40 SISATWNV ISO - 6V UN9DId4

a6a1 IYedna (,) ®unjousdus)
B o 2 e vz 8 o & 8 vy B 1
2.0°12 %201

B/r 15°6

J.¥ 01

e et § * |

61 '€E'ST  PB-4°PH-11 'P*13°1d B°2A 050 ®A1jepusju] wwoubouy
“d/3SY /826 °1 *3 ') 1dojpusdy ‘NIW/OZ 1wyoy
¥8°0 ¥S10 12 "YNINOO **1%4 50 “OWSIZ ‘61 'wxIG

@z 'ar 'y

] tewrl  pe-Avl-11 e3oQ *1S°8 %09 '2-181-5°3 w[dung

(M) #o74 FO8Y

325



Amka SLb - 602 23dS) %2018 IWHS Q3ANVdXI Q314I00W NI 3LvyvaLs 7ALNG 40 SISATVNY 3Sa - oty undI4

00%2 juodng go°'vA 950 (Do) ounjeundwa)
f+1 g2 qt g 4 [+] 25

" 1 2 [} 1 1 " 1 M loum.l
€I
1]
o
I
Ll
[
o]
X
)
B/reey ‘g x

J. FE" BT
u *
-E9'4}T .01
- G't

. INIOd/D3SF "0 *NIW/D.2 3LVH ONILV3IH ijuauwo)

20 0F 06-Bny-22 :ajeg uny "18°8  NIH/D.2 *HONDI/HIJ oy

‘#'0 ‘gojwdedp Umo Bw geez‘rz2 :ozig

ES VYNIHOO:D :orty V '1l8°@ X0£'E€~602-°'8°3 8rdung

- 326 -



(SAva £59 - £ 23dS) X078 GIAVII0LNY NI T0NVI3IA0Q 40 SISATVNY ISA - LIV 3¥NII4

gegt vednd (Do) ©unjpuedus)
¢ e e vz oz @ 2 8 vy B _ ¥ e
.. |u*..l
<4 ._..
1 te-

J.E°IC

4. -.-N!.
- ;vﬁl-
4 1
3 ..rn
N ....ﬂ
1 4.N
§ } 4 4 $ } + 4 + + 4 + } + $ ) $ + ' + 4 + 4
@218 P8-1nr-8  'PeIIeld B'ZA 350 ®AT30Duvau]  tupaBouy
/°d/ *03SY ‘B/2yB "1 0] 1-ojpuandg NIW/D2 1830y
980 MSIO TT°YNINOO "% as0U ‘ONVBS *LE 19Z15

criglig tewrl  @ge-1nr-g  *jeQ “0°0%81 "€~£ ~°gy weduog

(hw) #Ao1d Foey

327



(SAVE €69 - 6€ 93dS) %2018 UYINIIY NI JONYI3000 40 SISATVYNY 9SO - 2LV 3WnvId

(3,) sunjededwep

00F2 3juodng go°'vA 980

4E

. e

g

¥

g

1

gf-

Q484" 2Y

B/ro9g°2

. .

] J.EE"Y L g0
PR § Y -0
51

¥2 vt 06-Ony-12 ‘ejeg uny
‘dg°'0 :dojededp

£9'VYNIHOO

ortd

1NI0d/338F 0 "NIR/D,2 3LVH ONILVAH :juewwo)

JS0

‘00 NIW/J.2 “HONDD/HOd :poyjen
8w 0g99°ez ‘ezig
vV "00 XEQ°2-BE -°93H ‘e[dueg

(mw) Mmold ey

328



(SAVa 26 - 062 23dS) 00718 ¥yIN93Y @314100H NI T0NVIIA0G JO SISATYNV ISA -~ €LV 3UNdId

00F2 3uodng €0°vA 0350
ge g2

a2

(0,) eunijeuadus]

L . #

G- 2] 2od

D.,98° 0%

0°g--

-2

6/ralo‘y !
0,86° ¥

B/rregt
1.1976
1

-0 2~

-G F-e

Uomw. ﬂ [~

EE IV 06-Ony-v}
‘a'q
08° YNIHOO :2

9380 uny
wJojededp

81%d

J50

0°0
"NId/Do2 3LVH SNILVIH (jusuwo]
*00 NIW/J.2 °“HINOD/WOd ‘pOylIeH
Bw OLeV‘/2 ‘0218
8 '00 %27 °'v-082-°034 ‘erdues

MOLS @3l

(M)

329



(SAVA ¥9€ - £2 33dS) %2078 3DIWNd NI T0NVJ3G00 40 SISATYNY 250 - biv 3yn9Id
BEAT uedn()

(J,) ®unjoaaduwa)

¥, % 8 v PR @ & 8 v B y- g
4 +2°1-
J.2 22
1 18'9-
1 6/r 28 1
< +¥ ‘-
1 108
{ 1rp
1 182
J.¥ ‘61
| e /1 8SE T
+ BN T2t
e t— 2°1
L2'91'91  BB-deg-pz tpejjeiy @°2A 350 @Arjopuajul  wouSouy
*d/ "33SP "B/0S5@ *1°3°] dojpaadg NIH/22 te30y
B4°0 3SI0 21 °'YNINOO *o1%4 50 ‘OHEZ1 'v2 zig

€D 12151 ga-dag-pz 1e3op

1wy

‘00XBL °E L2-HNd t=1dwoy

CRU) MoTd 3oy

330



(SAVA LLE - 622 J3dS) %018 3DIWNd GIIAIQOW NI I0NY2300Q 40 SISATIVHY JSA ~ SlV JUNDIS

2881 Iodnd

(Do) wunjousdus )

e e ez ye e e 2 @ v 8 | - %
Jl Alml
i 2,622 1
.T 12
4 e g = - ' 41~
2.0°rt o~
1 B/r 821 1
1 10
s ( T
+
L o nuN
T il
T +E
8¥ 'Pe 181 g8-4cH-g1 'P*3}3°ld p*eA 2s0 ..>-.._ooL...“_c_ woJuBaay
@de *d/23s8 /828 "1 "2 *J 1403pundp ‘HIH/J2 =3vY
SO0 MSI0 L2 °YHIHOO *=1td U m D *OHIYE *22 1**1§

1w

PS '8€ '01

pa-4eH-g1 '*32Q

[ *d/ 00 %218 °8-622-HNd '»1duog

(pun aol4 FORY

331



(SAVO S0 - 9¥E 23dS) 20718 ¥YINIIY GITATA0W NI TONVIIOWYLIL 40 SISATYNY 9SQ - 9Ly 34noid

0012 3Jucdng €0°vA 2%0

0

g

{D,) @Jnjvdsoduo)
ov (414 mm

1 1 A 1 N

B/riEV g
D0’ 2E

J.EE" V2

T
(=]
(Mw) MOTd 3IRIH

I iPT 0B-INfr-g2 t93B0 uny
“f§1'0 :iJojededp
67 "YNIHOO ‘ertd

Jsd

c

Js 2 3LVH ONILVIH :jusuwo)

‘0L NIW/3,2 "HINDI/HOd :pOY3IOH
6w opar-'6T 0218

V/ ‘01 X06°2 9vE 934 ‘erdueg

332



(SAvQ £0b - 85¢ 93dS) %2078 ¥YINOIY G314100W NI TONVIIAWYLIL JO SISATYNY IS0 - LY Wno1d

00tz uodno 80°vA 9SO (0,) BJnjeJedwBl
ey o oge oe g o2 9 O | § , D,
0.,08'€E geg-
-0 €~
Im.ml
1 i "
8/rgGr’9 o' a-
9,09° 1€ ‘
-Gy
6/rgee"9 -0°¥-
J,E9'GE L.
= - .G° 0~
-0°0
N.E8'EE X
-8 0
o't
0, @ BLVH ONILVIH Ijuewwo)
T¥ ivF 0B-INr-E2 10380 uny ‘0l NIW/D.2 ‘HONOO/W)d ‘POUIeH
‘g'q ‘tgo3jededp Ome 6w obga°02 0718
02°VNIHOO :8rvd @/'0L X97°'@ B8G6E ‘'03y :erdwes

(M) MOTd 3REH

333



(SAVQ ¥Ov - L2€ 23dS) D019 I2IUNd AII4IA0N NI TONVIIAWILIL 40 SISATIVNY 2SQ - 8LY 3yN9I14

00¥2 JvUodng €0°'vPA 380

g

(2.) Bunjededway

v, %W o B g §2 ve o2 o A m.o.m:
9,2%° L€ -a°e-
-0°2~
im.ﬁl
I.coﬁl.
B/rE9 T} I
Dol 2E -8°0~
B/ray gt [ )
0,69 GE ~0°0
208G°EE I
g}
——— o2
O, 2 3LVH ONILVIH :juswwo)
TE '€ 0B-INP-£2 8360 uny ‘0L NIW/D.2 ‘HINOD/HId :POYIeH
‘8°¢ :Jojededp U m D Bw oopr‘Lt ‘ezig
LY YNIHOO :eryd V/ ‘0L XEE'V T2€ ‘WNd ‘efdwes

(M) mold @8y

334



(SAVQ €0V - €£€ 3dS) %2078 IDIMNd IIAIA0W NI TONVO3AVHLIL 40 SISATVNY 250 - 6LV 3uNDI4

0052 3uodng €0°bA 950 {0,) @unjsuadwoy
ar b o ae 2€ 82 va 0z ar ay :
" [ | 2 1 M 'l i [ M 1 " 1 M 1 s i P [ M °-v.l
Do V8" VE i
lm-ml
....o-mr.
im.ml
B/PLEG L [
D,86° }E -0"2-
lm-.ﬂr.
6/r066°9 i
. 2.84° 92 -0"§-
R e ———
1‘4 “ |
lmuo...
2.6V Ve "
° -0°0
.g'0
.
0°'f

O @ 3LYH SNILIVIH :juewwon

FTE €% 06-TNp-Eg2 8380 uny 'OL NIH/D.2 "HONDI/WOd :poylen
‘g'a ‘Jojedadg U m D Bw p2e2°'02 :9IF8

87 "YNIHOO :81vd 8/°01 X.B'E €EE ‘HNd ‘e{dwesg

{Mm) MOT4 3WaH

335



00T2 3juUoyng d0'rA 980

0

(SAvQ 820 - €62 D3dS) 2078 YYINOIY NI NIJ4W¥Vd 40 SISATWNY IS0 ~ 02V IWADIA

0L 08
- |

(9,) ounjedadwa)

08

oy ot

0/rog rr
0.02°09

\
2,9£°94

8/1g0° 2%
0,0k 26

ag 27 os-Ony-p¢1 8300 uny
‘8°a JojwJdedg
TS VNIHOO D 8ty d

50

"NIH/Da2 3JLVH ONILY3H
28N "NIW/0.2 °“HONOD/HId :pOyjen
Bw 0020°0€

Y 28N XE9°6-EES-"O3H

0'e

:juowwmo)

H-Fa4:1
‘o1 dueg

3294

MoTS

(M)

336



(SAVQ L2t - 9£2 23dS) %3079 QIAVTIOLNY NI NI44vdvd 30 SISATYNY 350 - L2V 3YnOId
{7.) euJdnjgusdws]

00te juodng d40°'bA 3SO

C

B/ree "' 61
0,549°09

8/
JoV'1"ES

21699

8y T

@ . o @ e e e
Jo.LE7°88 g2
.02
-
.g* -
s
-0 § -

g 0¥

06-8ny-/ ‘8380 uny
‘g°g ‘:Jojedadp

PP SYNIHOQ 22

eIt

Jsd

Jo € HLYH BNILV3H
29N *NIH/J.2 "HIND0J/HOd

0'E
R T %)
‘poyjen

Bw 0g¥g°gQF 19218

¥4 280 X90° L-9E2-18avY

tordueg

(MZ) MOTZ 3@aH

337



(SAVG LOb - 6€2 23dS) %2078 3DIWnd NI NI44Vavd 40 SISATWNY IS0 - 22v 3unold

00t2 juodng B0'VA 50 {D.) eunjegadway
8 0L 09 09 oy CE

Q

L [] " 1 i oomnl

HPY ) 1]

B/rg6 - a2
2.68°20

B/rce 2 L0'0
0.€L° 09

o'e

N Jo € 3LVH ONILYIH !juewwn))

29N "NIH/0,2 "HINDI/HIJ ‘poyjen

‘d'q ‘Jojededg U (- Q bw QpTE Ot :ezyg
N | v/ 28N X08°'Z BEB ‘'WNd ‘o1duug

08 :0F 06-TNP-p2 i83eQ uUny

E2YNIHOO D 01Vvd

(M@} MOT3 3e8H

338



(SAVQ LOY - 2b2 23dS) 313YINOD INIHID ANVILYO4 AUVNIQYO NI NIJJvuvd 40 SISATTYNY 2SO - €2V J¥N9Id

0012 Juodng 60'vA I58Q (9,) @Jnjededuwal

09 ) 0L . 09 . 03 . oy ) omo "

Db 6G ~8°€-

8/ryeqa° s
D.49°16G

B/rovs L
J,8E°09
=4 ! 0" -

I
0
T
(MB) MOTS 3Ieay

J.E6°98

o'y
Jo & ILVH ONILVIH Juewwo)
09 0¥ 06-TNP-b2 :838Q uny 290 *NIW/J.2 "HINOD/HId ‘Poy3el

.m.nr_oun._mno Uma nﬁcmhm.mm"auﬂm
P2°VYNIHOO '3 81T g/28n Xe€2'y 2v2 '0do ierdweg

339



