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NON-METALLIC THERMAL STORAGE MEDIA FOR
BLOCK-TYPE ELECTRIC SPACE HEATERS

by

V.D. Svikig *

ABSTRACT

A series of low-cost non-metallics was submitted to determinations
of thermal properties, such as mean specific heat and heat capacity per
unit volume, to evaluate their suitability as thermal-storage media for
block -type electric space heaters. For this work a special electric furnace
and a large calorimeter using water were designed and constructed.

The mean specific-heat determinations were made by the method of
mixtures. The heat capacities per unit volume were calculated from the
densities and mean specific heats of the materials examined.

The results indicate that of the ceramic products, rocks and mineral
concentrates examined, dead-burned magnesia (over 95% MgO), ‘'highly
calcined' alumina (over 99% Al,0;), hematite concentrate, and rocks rich
in hematite, magnetite and/or magnesian compounds have high heat
capacities. Two- and three -component bodies from ceramic products or
ceramic products and rocks, bonded with aluminous cement, are econom-
ically more attractive but their heat capacities are lower than those of their
single components without the cement bond. In certain cases, the dead-
burned magnesia and the calcined alumina -- relatively expensive materials -~
can be successfully replaced in these body compositions by mineral concen-
trates and rocks, such as hematite concentrate, magnetite ore, olivine, and
talc. The fireclay brick and the building brick can be successfully substituted
by common rocks, such as sandstone, quartzite and granite.

It is concluded that materials and material compdsitions rich in
hematite, magnetite, and magnesian compounds are excellent low-cost
thermal-storage media for block-type electric space heaters.

* Research Scientist, Ceramic Section, Mineral Processing Division, Mines
Branch, Department of Energy, Mines and Resources, Ottawa, Canada.
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MATERIAUX NON ME TALLIQUI'JS POUR RADIATEUR‘3 ELﬁCTRIQUES [ | g

A ACCUMULATION
par,
V. D, Svikis®
RESUME

Divers matériaux non mdtalliques peu dispendieux ont ete
soumis & des essais de dé%ermiration de leurs proprxétés thermiques
telles que la chaleur spécifique moyenne et la capacite thermlque par
unité de volume, afin d'estimer 1la possib111t6 de leur usage comme
accumulateurs de chaleur dans les radiateurs électriques du typs "bloc",
A cette fin un four électrxque spécial et un grand calorlmetre ont été
congus et construits,

Les mesures, de 1a chaleur Sp601flque moyenne ont dte effectuees
par la methods des melanges. Les capacites thermlques des matériaux
examinés ont €t€ détermindes h partir des densxtes et des chaleurs
speécifiques moyennes.

Les résultats montrent - _que parmi les produits ceramlques, 1es
roches et les concentrds des mindraux examines, 1a magnésie grillde a
mort (plus de 95% de Mg0), 1'alumine calcinde & fond (plus de- 997 de
A1203), les concentrds d'hematlte et les roches & forte teneur en =
hématite, en magnétite ou en composes magne31ens, presentent les meilleures
cgpacités thermques° .Les composés & deux ot trois eléments des prodults B
ceramiques ou. des melanges de produits ceraquues et de roches, 1iés par.
un ciment alumineux, sont plus attrayants economlquenent mais leurs. -
capacltes thermiques sont 1nféileures a ceux de leurs. elements constitutifs
sans liant, En certains. cas la magndsie grxllee d mort et 1'a1um1ne cal=
cinée, des materlaux assez cofiteux, peuvent éire remplaces avec succes.
dans ces melanges par des. concentrds de mindraux et des roches, comme par
exemple par un concentré d'hematlte,’de magnetite, d'olivine ou de talce
I1 est possible de remplacer avec succes la brique refracta1re et la .
brique de construction par des roches ordinaires comme 1e gres, 1e quartzite
ou le granit, . *

" En conclu91on, les materlaux ou les composes rlches ‘en hématite
ou en magnetite, ainsi Jdue’ les composés magnesiens, sont d'excellentes ' ' 4
'substances % bon marché pour 1l'accumulation de chalsur, pouvant stre
utilisés dans les radiateirs electriques h accunulation. .

X Chercheur 501ent1f1que, Section de la ceramique, D1V181on du tra1tement

des minéraux, Direction des mines, ministere de 1'Energ1e, des Mines et
des Ressources, Ottawa, Canada. :




iii

CONTENTS

Abstract . . . . . . 0 s e e e e e e e e e

Resume . . . . . .. .. e e e e e e e
Introduction . . . . . ... . ... .. . e e
Scope of Investigation . . . . . .. .. .. .

.........

Review of Literature on Specific Heats of Ceramic

Products andRocks . . . . . . . . ... e e e e e e e e
Materials Investigated . . . . . . . . . ... 00
Ceramic Products .. . . . ... ... ....

Ceramic Body Compositions . . . .". . . . .. ..
Rocks . . . . . . 0 v e e e e e e e e e e e

Experimental Apparatus and Procedure . . . .
Preparation of Test Specimens . , . ., . .

(i) From Ceramic Products and Rocks

.........

5 & » & s & & s

L s e

(ii) From Ceramic Bodies and Ceramic-Rock Boches ce

Determination of Mean Specific Heats . . .

(i) Method of Measurement . . ... . . .

(ii) Electric Furnace ., . . . . . . . . ..
(1ii) Calorimeter . . . . . . . . . . . . . ..

(iv) Heat Capacity of the Calorimeter
(v) Procedure for Determination of Mean
Specific Heats . . . . . . . .. ...

nnnnnnnn

........

e &+ s s s s s e

Accuracy of the Apparatus and of the Experimental

Technique . . . . . . .. ... ... ...

(i) Apparatus . . . . .« v o 00w e
(ii) Experimental Technique . . ...... ...

Bulk Density and Appareﬁt Specific Gravity . . .

True Density of Rocks . . . . .. .. ...

nnnnnnn

--------

P )

~N 30>

1

11
11

12
12
13
13
16

16

19

19
19

20

cont'd




iv -

(Contents, cont'd) -

Experimental Results

Ceramic Products and Ceramic Bodies
Rocks and Ceramic-Rock Bodies

Discussion of Results
Ceramic Products and Ceramic'BQdies . e

(i) Ceramic Products .
(ii) Two- and Three —Component Ceramlc Bodles

Rocks and Ceramic-Rock Bodies
(1) Rocks e e . . .
(ii) Two-Component Ceramlc —Rock Bodles
(iii) Three -Component Ceramic-Rock Bodies
Summary
Conclusions . . . . « v ¢« « 4 « o v .0 o &

Acknowledgements

References

.......

31
31

31
32

33
33
36
37
38
42
42

43-44




10.

11.

1.

2.

TABLES

Compositions of Bodies with Two Ceramic Components ..
Compositions of Bodies with Three Ceramic Components .

Classifications and Compositions of Selected Rocks
and Mineral Concentrates ..........c. i,

Bodies with One Rock and One Ceramic Component ......

Compositions of Bodies with One Rock and Two
Ceramic Components .........c0vveunn.. e

Mean Specific Heats, Heat Capacities, Bulk Densities,
and Apparent Specific Gravities of Ceramic Products ..

Mean Specific Heats, Heat Capacities, Bulk Densities,
and Apparent Specific Gravities of Two-Component
Ceramic Bodies .............. teee e haesessasacen

Mean Specific Heats, Heat Capacities, Bulk Densities,
and Apparent Specific Gravities of Three ~-Component

Ceramic Bodies .. ... et s eeeneee e

Mean Specific Heats, Heat Capacities, and True
Densities of Rocks and Mineral Concentrates .......

Mean Specific Heats, Heat Capacities, Bulk Densities,
and Apparent Specific Gravities of Two-Component
Ceramic-Rock Bodies .............. e ceeeen

Mean Specific Heats, Heat Capacities, Bulk Densities,

and Apparent Specific Gravities of Three ~-Component
Ceramic-Rock Bodies .........c0iecieniriennonns

FElectric FurnaCe .. .....ceveeesosconns ee e e

Calorimeter ...... oot vetocesassscasnossns C e et e e

10

10

22

23

24

26-27

28-29

30

14

15



INTRODUCTION

Recent technological advances and developments within the electric power
generating industry have made the cost of electrical energy competitive with other
heating media in many industrial fields as well as in space heating. The cost of
electricity would be at a minimum if consumérs could take supplies of electric

power during the night at off-peak hours. 1,2

The use of off-peak electrical energy
for heating is a logical development in power-station economy. This problem will
be especially important when nuclear-power stations begin to produce electric
power. An adequate off-peak loaé will have to be ensured; otherwise, the electric
power available at the time of light load will have to be turned to waste, resulting
in loss of efficiency and in increased costs.

Electrical energy, as supplied to the public, is different from fuels in
that it cannot be stored unless it is qonverted into some form of thermal energy.
Consequently, an off-peak electrical heating system must make use of a medium
that can store thermal energy. In earlier thermal-storage heating systems, soap-
stone and cast iron were used as thermal-storage media; later, they were replaced
by fire brick and building brick. Modern block-type space hea;ters‘ are filled with
refractories or blocks made of refractory concrete. W‘he‘n such blocks are
heated by properly designed electrical heating elements to about 430°C, they store
electrically generated heat. The blocks, or batteries of blocks, can be econom-
ically heated at night by utilizing low rate off -peak electrical energy. During
the day, when both industry and households require a large amount of electric

power, the block-type thermal storage heaters can discharge the accumulated heat.

Thus, low rate off-peak-hour electrical energy can be economically used to heat



not only most commercial and industrial préemises but also private houses.
The idea of storing electrically generated‘heat is relatively old. Electric
thermal storage block-type heat.er.s have been quite populai‘ in Europe.- At present

they are also gaining popularity 1n Canada and in the United States.

SCOPE Of INVESTIGATION

This work was undert.aken_' to de.ve'lo’p hon-metallic.fchermal-étorage. media
that can be used in block-type .electric épace'heaﬁ:ers.v Théii‘ prvincip'a.l reqﬁire—
ments are high heat capa’cit‘y and economic productioh costs. ‘Ac;colrdingly,
some ceramic products, rocks, and simil’ar'kmaterials’of. low ant were selected
and examined to dgtefﬁine Whethe_r the& rﬁeet th’e:se réquiremehts. :

A well-insulated muffle fur.nacé ;nd a larée.Q'cépacity calorixﬁeter using
' watei' were designed and con‘étrué:tgdfoir ;chis_rinvesﬁigatior;'. |

The mean sp’ecific heéts and the de'r;s';lt‘iles of the _éelected _mat‘e-rials and
their coxﬁpositions were determined. -The 'ddfa 6btaineyd.'were i;s’éd tq calculate
and compare the heat capaéit_ies’o’f the différent .mate‘rials aﬁd t‘héi: _c_qmpositions,

and to determine their value as thermal-storage media. .

REVIEW OF LITERATURE ON SPECIFIC HEATS
OF CERAMIC PRODUCTS AND ROCKS

The literature cox}ering, the specific heats of ceramic j)i-oducts‘and rocks
indicates that much work has been devoted to céramic materials and _products;.
particularly to refractories. However, fewer data are available or‘lvthe specific .

heats of rocks and minerals,




The specific heats of fireclay bricks have been studied over a wide
range of temperature and reported by several investigators, among them
Wilson, Holdcroft and Mellor, 3 Bradshaw and Emery,4 Heyn, Bauer and
Wetzel, 5 Todokoro, 6 and MacGee. 7

Commercial magnesite and magnesite bricks have been studied and
reported by Heyn et al., 5 Todokoro, 6 Green, 8,9 and some others. WilkeslO
has determined specific heats on chemically pure magnesium oxide and alum;
inum oxide over a range of temperature extending from 20° to 18000C. Seil,
Heck and Heiligmanll‘ investigated magnesite ores and chrome ores and
reported specific heats l;etween 25° and 850°C. Specific heats of chrome
ores and chrome bricks have also been determined by ’I‘odokoro.-6

The specific heats on silica bricks have been studied by Todokoro, 6
Heyn et al., 5 and Bradshaw and Emery. 4 The ;results of their work indicate
that there is little difference between the specific heats of silica aﬁd fireclay
products.

Ceramic materials and products, such as clays, quartz, sillimanite,
zirconia, building brick, insulating brick, etc., have been investigated, and
their specific heats reported, by Knote, 12 Navias, 13 Cohn, 14 MacGee, ! White, 15, 16
Winkler, 17 and others. Determinations of the specific heats of some refractory
materials have been reported by Clements. 18

Few references on the specific heats of minerals and rocks are found in
the 1ite£ature. Todokoro® studied the specific heats of a large number of different

rocks at temperatures up to 100°cC. Whitel® examined the specific heats of

selected minerals over a wide range of temperatures.




" The 1itefa.ture survey reveals a laék of vsystemétic‘ and coz;nplete in.fdrma-
tion. Diffgrent ’a.uj:hcirs have _ﬁsed &_ifferent _mlet"hods for ?he aeté;rr;inati;)n of‘
specific heats. .The. J::anges of témperat"ure ovér whicﬁ the rnéaﬁ specifiq heats
are determined by different investigators also vary.-l It is quite difficult to make
a comparison of the data given by fﬁe x}ariou‘s vautl"l:ors'. | |

In view of the above literature sqrvef, and of the s’p’eci'fic_r'eqqiréménts
of this Work,, it was realized thé,t the ép:ecifi.c l;ieats. of vt{he selg’ci%ed cen.r.aﬁ;ic
- products and rocks, aﬁd particuia;‘lyvbf their body con'ipovslitions, sﬁould be

investigated.

MATERIALS INVESTIGATED

Low-cost commercial ceramic products and certain types of rocks were

selected as non-metallic mat'érials for this projéct. |
| The selection of high-hé_a’c- capacity gel;arhic products was chiefly based
on data fouﬁd in the literature.
Because the 1i’ﬁera1¥ure on’ the specific heats of rocks is sparse, sA'ome
preliminary 5peqi‘fic-heat deterfnina;,tions were ruﬁ prior to the seleétion of tl.'uvaiv

types of rocks to be used.



Ceramic Products

The following commercial ceramic products were used for this

investigation:

(1) High-alumina brick (99. 4% AL, 03)

(Zi Periclase brick . {93.0% MgO) 4

(3) Magnesite brick (85. 0% MgO)

(4) Silica brick (94. 5% Si0;)

tS) Fireclay brick C37. 0% A120-3, 60. 0% SiOy)

(6) Building brick (16.0% AlO4, 56.0% SiOz)A

(7)- Dead—burne.d magnesia (95. 4% MgO) |
(magnesite clinker)

(8) dhrome-magnesite brick (70.0% Crp,0j5, 30.0% MgO)
{crushed)

(9) Aluminouis-cement clinker (approx. 40.0% Al,Oj3)

(10) Aluminous cement (approx. 40.0% Al;Oj3)

Ceramic products from (1) to (4) were investigated principally as
single materials. They were considere;i as the basis for comparison.
Products from (5) to (9) were employed as constituents in ceramic bodies.
Aluminous cement was used chiefly as a binder in body compositions; how-
ever, it was considered as one of the body constituents in all bodies made

from ceramic products and rocks.

Ceramic Body Compositions

The ceramic bodies consisted of two and three ceramic components.

Identifications and compositions of the ceramic bodies are given in Tables

1 and 2.



TABLE 1

Compositions of Bodies with Two Ceramic Components

Bodies Magnesite | Chrome- Fire~ Build~ | Aluminous Aluminous
Clinker, Magnesite clay ing Cement GCement,
o Brick, Brick, { Brick, Clinker,
T % % 4
Al 75 - - - - 25
A2 ) 75 - - - 25
A3 - - 75 - - 25
AL - - - 75 - 25
A5 - - - v 75 25
TABLE 2
Compositions of Bodies with Three Ceramic Components
Bodiaes Magnesite | Chrome=- Fire- Builde Aluminous
Clinker, Magnesite clay .ing Cement,
Brick, Brick, Brick, .
% % %
Bl 25 50 - - 25
B2 25 - 50 - 25
B3 25 ot o 50 25
By 50 25 - - 25
B6 50 - - 25 25
B7 e 25 50 w 25
B8 P 50 25 - 25




Rocks

Thirty-four Canadian rock types and two mineral concentrates
were selected for the investigation. A study of the rocks was made in
the laboratories of the Mines Branch, 19 and a brief description of their
mineral compositions and texture is included in Table 3.

Some of the rocks were investigated as single materials, but
the majority of them, including the two mineral, concentrates, were
employed as constituents in ceramic-rock bodies. In this work the term
* dolostone! refers to a type of rock which has the mineral dolomite as its

principal component.

Ceramic-Rock Body Compositions

The ceramic-rock bodies consisted of two and three ceramic and
rock components. Identifications of these bodies and their respective

compositions are shown in Tables 4 and 5.

EXPERIMENTAL APPARATUS AND PROCEDURE
Details of the ﬁrocedure, as well as of the design and operation of
the equipment used in this work, have been published elsewhere. 20
Consequently, only a brief description of them will be given here. Some

changes in the procedure, particularly in the specimen preparation, were

made at a later stage of this work; these changes will be desgribed in detail.




Magnenicn Limestono
587 ’

“TABLE 3
\naaifiogtions tigng of Heleot
oncantrat
EAMPLEB CORBTITUSHTS, % -
Ho, Rooks and Mineral : . TRITURE
Congentrates Major Hinor .
1 Alblte Uranito, =195 ﬁi;ﬁggg:go,;&); Quartas, 29} Biotite, 5; llnpoovit., 2 ﬁndiu--guind
. "
2 Anorthonito, M=193 l.’lngioc:bma (@m), 97 K—Poidlpu', l; Augite, 1; Coarze-grained
3 Sandstono, K—17§ CQuarts, 92; E~Feldspar, 8 - - Sugary, finee
. . . graimd .
I3 gﬂ%o {D1obasic), Plegioclase {Ang,), 46} Hornblende, Biotite, Chlorite, 11 Dilbuic, medivme
fugite, 2'.{1 Quartx, E-Feldspar : : grained
intergrowth, 12} Kagnetite, 7
5 mﬁ;lim Syenite, sa;‘ﬁﬁ}l:sobsh K-Feldmpar, 23} | Magnstito, 1.5} Muscovits, 1 Medium~grained
) N X .
6 Bacalt, N-~189 Epidote, %2; Quarts + Feldapar, Hagnetite, 5 Fine-grained,
: ’ 23; uglte. 203 Ghiorite, 10 EroRIe 2 eloorea ‘_'°d'
-7 Rhyoldto, =190 EPeldepar, 52 Plagioclano Hagnstite, 3} Biotite, 1 Mediumegra’
) “\“10)! ?12 ngrr.u, 1 Zn » -l 'Y edivn-grained
8 8yonita, H-19% - gut'o:.’duﬁdnr, 693 Mbite, 173 Magnatite, 3} Biotite, 2 Hedium~grained
ornblende, -9 b .
9 Hordmarkite, X-192 Kieroporthite (K, Nu-!oldlpnr Augite, 2} Kagnetite + Hewatite, 1 ‘Coarse~grainad
intergrowvh), 73; Quarts . .
Plagioclans, 8: {iornblnnao ]
10 Gronito, Ke-19% Cuarts, 34} E~Foldapar, 31} “Biotite, 33 Magnetite + Chlorite, 1 | Mediumegrained
. ) . Plngiooluuo, 31 ) . o
n Granediorito, H«208 Plagioclase (Anm) 511 ‘Quarte K-Feldspar, 4} Epidote, 2; Sphens, 1 Madium~grained
: 21} Hornblende, 15; Blcotite, 4 . * : )
32 [ to, Mo Quarts, 333 EaPoldspar Quartl-?lagiocla 3; Sphene 1] Moddum=grained
ronito, M:209 ) Plagioclauo, 233 Bil; iéo io Other minor consti@uont-, i o
1 Quaxrts Monsonite Ple 1oc1m;o { Muscovite, X Coarse-grained
3 210 * guug't An”roldapnr, 203 ? -
10%1“,
1 “Quarts Rock®, M=l79 Quarts, 100 - : Coarss crystale
15 Quartsite, M=207 Quasts, 93 H\lx.acovito, 7 ‘.‘;xt::;:r:ad. fine=
16 Limestona, M«18h Calcite, 9% Dolomite, &k} Clay, 2 Sodin:atu'y, finee
& : Diopeid rts, Oraphite, 2 H.loryltnllilod
17 Limestono, n,.],.as Calcite, 88; Dolomite, 10 opside, QuaA s p! A 3 ‘ coarn-z;rained
.18 " Caloite, 72; Dolomito, 27 Impurities, 1

Fine~grained

{Qontinusd)




TABLE 3 (contt'd)

. : c tiong and Compositions Selected Rock
and Mineral Concentratee*

R SAMPLE- GONSTITUENTS,#
No. Rocks and Mineral TEXTURR
) Concentrates Najor Minor
19 Dolostone, M-186 Dolomite, 80; Voids, 19 Sulphides, 1 Medium=grained
20 Dolostone, M-168 Dolomite, 98 Tremolite, 2 . Coarse crystals
FA Y Mierosysnite Albite, 50; Pyroxene, 15 Hornblends, 5; Chlorite,<l,5) Fine-grained
” _ E-Feldspar, 13; Magnatite, 10; | Quarts,cl;’ Apatite<l, Byrite,<l
Biotite, 6 .
2 ol 011 bably forsterite),< Ortho xene, <5 hibole,<5 Cataclastic
%2 | Ottvine Livine (probably forsterite) <0 | Benetioe, Cntoalte; Serpentin,
atce,<1 .

23 Dumortierite () In the approximate order of Diaapore Fine«grained

sbund;nﬂith‘ conut%guo;l:l aret

) te} Dumortierite;

Q\yl:rzl};' Krolin i
2h “Tale®, dark Chlorite,<95 . Tale, <5} Rutile, trace Fine-grained
25 Talo , dark-gray Talc,<90; Chlorite,<10 Mica, trace Fine-grained
26 Tale, light-gre Talc,<9%0 Chlorite,<5} Mica,<5; Fine-grained

sle, light-grey ’ Mmphibole, trace
) Serpentine, dark-gresn Serpentine (probably echryaotila), | Brucite (as fine-grained aggre- Mediumwgrained
2 P * & 80; Olivine,c10; Spinel,<10 ' | eates)y<3 :
28 Serpentine, light-green | Chrysotile, 60; Olivine, 203 Brucite, trace Medivm-grained
P v Lightogn Dolemite + Maghesite, 20 . I
29 Auphibole #420 Amphibole, 50;Magnetite, LO; Mediun-grained

Pyrite, 10 )

30 Specular Hematite, Hematite, 85; Quarts,<l5 Minor constituents (unidentified), Fine-grained
Ontario <5
3 ®"Iron FPormation™ Quarts 35; Magnetite (plus Caloite (plus minor constituents), Fine~-grained

hematife 0<R5 <5 .

32 Aaphibolite ' Hornblende + Chlorita, 55 Quarts, 5 e Minerals (preb- Medium-grained

Feldspar, 35 s 2% ably nﬂgnie?g:ﬂl 5 P &

33 Specular Hematite, Quarts, 55; Hematite, 45 ’ Powder (as re-
Labrader celved)

3h |- Hematite ¢ trat Hematite, 92,4; Quarts, 6.4 Minor constituenta (unidentified Powder (as re-

L3 Donasite oncentrate, s 924b43 'Sy Oe 1.2 ( an )y orven)

35 Hematite Supere Hematite, 99.8 Quarts, 0.2 Powder (as ree
soncentrate : ceived )

36 Nagnetite Ore, CN«}23 Magnetite, 80; Pyroxene,<20 Pyrite, 1; Hematite, trace Fina~grained

* Nos. 1-20, after'd, A, Solesl?,

No. 21, after J. A, Soles, Mineralogical Regém. Nov., 1963

Minaral P
Mines Branch, Department of Mines and Techn P anadas- tonine Dive

oal Surveys, Oteawa, Canada.

Nos, 22-33 and 36, after R, HrsuchananbéIﬂneralogicnl Reports, Jan. and May,: 1956,

Mineral Processing Div., Mines Branch, Department of Mines and’Technical Sugvoyu
Ottawa, Canada. . '

Nos. 34 and 35 calculated from chemical analyses, L. McCorriston and D, T Charett
Internal Reports MS-AC-66-84 and 563, H.inarai ge{sncca Div., Mines BPI;IQ’!: Tette,
Departrent of Mines and Tachnical Surveys, Ottawa, cnna_dg.

** The rock is too variable to provide reliable estimates of composition,
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TABLE 4

Bodies with One Rock and One Ceramic Component

(Body compositions: 75% rbck + 25% aluninous cement)

Bodies Body Rock Bodies Body Rock
Components Components -
c, Quartzite, M-zo? Cqp Tale, light-grey
Cy Sandstone, M-176 C13 Serpentine, dark-green
03 Granite, M-195 _ Cis Serpentine, light~green
c, Anorthosite, M~193 Gy Amphibole, #420
Cs Gabbro, M-178 Ci6 Specular hematite, Ontario
Ce, Basalt, M-189 017' "Iron Formation®™
Cy Microsyenite Cya Amphibolite
Cq Olivine C19 Specular hematite, Labrador
09 Dumortierite " Cyp Hematite concentrate, Labrador
Ci0 "Talc™, dark Coy Hematite super-goncentrate
Cll “Talc“, dark-grey Coo Magnetite ore, CM=323
TABLE 5

Compositions of Bodies with One Rock and Two Ceramic Components

Bodies Magnesite Quartzite Sandstone Granite Aluminous
Clinker, - M-207, M-176, M-195, Cement,

% b % %
D1 50 25 - - 25
D2 25 .50 - - 25
D3 50 - 25 ) 25
D5 50 - - 25 25
D6 25 - - 50 25
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Preparation of Test Specimens

(i) From Ceramic Products and Rocks

Commercial ceramic products, with the exception of Nos.7 to
10, were received in the form of a brick. The rock samples had irregular
sizes and shapes. One rock sample and two samples of rock concentrates
were received in ground condition. Three specimens, measuring 1 1/2 in.
x11/2 in. x 4 in., were cut from each brick and solid rock sample. At
first a hole was drilled along the 4-in. axis to the centre of each specimen,
in which a thermocouple was inserted to measure the temperature of the
specimen during heating; later, the temperature was measured outside the
specimen and no hole was necessary.

(ii) From Ceramic Bodies and Ceramic-Rock Bodies

Ceramic products and rocks, which were selected as aggregates

for bodies, were crushed, screened and graded as follows:

Mesh (Tyler) %o
- 8 +20 50
- 20 +65 15
- 65 35

The bodies were prepared by mixing, in various proportions, graded
aggregates and high-alumina cement. The identifications and compesitions-

of the bodies are shown in Tables 1, 2, 4 and 5.
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The dry-blended batch materials were tempered with the minimum
amount of water. Three to four test specimens from each ceramic and
ceramic-rock body were formed by tamping the'mixture into 1 1/2-1n
% 1 1/2~in. X 4-in. wooden moulds that were subsequently vibrated. After
24-hour setting the specimens were removed from the moulds and air-dried
for a further 24-hour period. As was done for single materials, a hole 1/4 in.
in diameter was drilled along the 4-in. axis to the centre of each spevcimen.

At the later stage of this work, each cement-bonded{specifr}ep was
enclosed in an aluminum container to prevent complete or partial _hydr;atior_l
of cement by the calorimeter water. To accomplish this, the air-dried .
cement-bonded specimen was cfushed to pass an 8-mesh Tyler screen. The
crushed specimen was placed in a crucible and heated at 5000C to constant
weight, cooled down to about 100°C, and tightly packed int;o al 1/8«in.-
diameter and 5 1/4-in.-long aluminum container. The open end of the filled-
up container was covered with an aluminum cap and sealed water-tight with

aluminum solder.

Determination of Mean Specific Heats

{i) Method of Measurement

Of the numerous methods that are employed fo.r. specific heat
measurements, the ""method of ‘r_nixfcu:.ces‘r' is generally acknbwle@ged to
be the most convenient and sufficiently accurate fo; the deterrginatior;:of the
specific heats of fired ceramic products and rocks. In this method a
specimen of the material under investigafion, after béing brought to a

known temperature in a furnace, is dropped into a calorimeter which, operating
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near room temperature, measures the heat the specimen evolves in cooling
to the calorimeter temperature. Most of the available data on specific heats
of ceramic products and rocks have been obtained by using various modi-
fications of this method. For these reasons it was decided to use the method
of mixtures for the determination of specific heats in this investigation.

(ii) Electric Furnace

The central part of the furnace is shown in Figure 1. It consisted of
a 14-in.~long, 7 1/2 in.-wide and 5 1/2-in.-high refractory muffle. The
muffle was wound externally with a coiled 12 B&S gauge Chromel "A!' (Cr 20%,
Ni 80%) wire. The pov‘.rgr consumption of the heating element was 3. 4 kilo-
watts at 115 volts. The muffle was set horizontally inside a transite box,
and was well insulated to ensure uniformity of temperature within the fnufﬂe.
A b-in.-thick, tightly fitting door was used to close a 5 1/2 in. x 7 1/2 in.
opening in the front of the furnace.

(iii) Calorimeter

The calorimeter shown in Figure 2, consisted of a 12-in.-—diam¢ter,
24-in.-high glass jar having about a 39, 000-ml capacity. It was inclosed in a
wooden case and well insulated. The top of the calorimeter was covered with
an insulated wooden lid. The stirring arrangement consisted of a glass shait
with two propellers driven by a small electric motoxr.

Heated specimens were lowered into the calorimeter through a 4-in.-
square opening in the 1lid. The opening was kept closed by an insulated wooden
cover. The latter was removed only for a short period when the specimen

was dropped into the calorimetexr.
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The rise in temperature of the water was measured with a Beckmann

thermometexr.

(iv) Heat Capacity of the Calorimeter

| An important factor encountered in all specific-heat determinatibns
is the heat capacity of the calorimeter éyst_em. Initially, 34,000 'ml o‘fl
distilled water was accuraﬁely measured and transferred to fhe calofirneter
jar. The heat capacity of the ca,-lorifnetér systefn was dét’ermined by
inserting a copper vessel conta.ini'n.g.,a weighed quéﬁtity (%uf, hot water into the
ca.lorim.eter water. The quan.t.ity of the hot water was 1000 ml and’ i‘ts temp-
erature was 60°C. This was sufficient to produce a rise 'intempéi'a..ture of the
calorimeter system of abouf ldc. The precise temperature rise in the .
calorimeter wafer was obtainéd as in a normal specific heat’determination,

that will be described latexr.

(v} Procedure for Determination of Mean Specific Heats

The specimen of thej' material, on whi(‘;h the mean specific heat was
to be determined, was kept at 500°C for about an hour fo remove absorbed
water, then cooled to room temperature in a desiccator‘>and wéighed. The
weighed specimgn was put in 2 6in. x 2 in. x 2 in. ceramic container made
from insulating brick or semi-porcelain body. The container was closed by
a ceramic plug and placed in the muffle éf the furnace as 's,vhown in Figure 1.

In the early stage of this work the furnace was c’oﬁtrolled manually.
It was hveated up to about 430°C and maintained at this temperature qonstantly. .
When a specimen ';vas placed in the furnace thé‘tempérétu're Qf the furnace,
was slowly raised from 430°C fo the final heating vi’:empe‘ratu're. The tefnp61;5,—

ture of the specimen was measured by a calibrated chromel-alumel thermo-
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couple which was inserted into the thermocouple hole of the specimen,

through a small opening in the back of the furnace and in the ceramic
containex.

At the later stage of this work the temperature of the furnace

was controlled by a Honeywell Proportioning Controllsr. To reduce the

error of the proportioning controller, a co;;.stant-volta.ge transformer was
used to eliminate the voltage fluctuation of the 115-volt mains. A calibrated
chromel-alumel thermocouple of the controller was imbedded into the wall

of the furnace muffle. Once the furnace was heated up to the desired tempera-
‘ture it remained constantly at this temperature, except for very short intervals
when a specimen was placed in or removed from the furnace. The tempera-
ture of the specimen, which at this stage of the investigation was sealed in

an aluminum cylinder, was measured outside of the ceramic container holding"
the aluminum cylinder. Two calibrated chromel-alumel thermocouples were
placed approximately in the middle of the furnace muffle, on opposite sides of
the ceramic container. In both stages of the work a Leeds and Northrup
portable potentiometer wAas used that could be read directly to 0.0l millivolt.

In order to attainthe maximum uniformity of heat distribution, the

specimens were kept in the furnace at top heating tempe:rature for four hours.
Towards the end of this heating period, the water in the calorimeter was
stirred and the temperature of the water observed on the Beckmann thermo-
meter every minute, When the rate of change in temperature was constant

in the calorimeter for teﬁ. minutes, the heated specifnen was quickly trans-

ferred from the futrnace to the calorimeter. This was done in less than six



seconds. With continuous stirring of water in the calorimeter, the rise

in temperature of the water was noted at one-minute intervals. Wilen the

rate of tempe ratﬁre ghange' remaiﬁéd constant for about twenty minutes

the operation was di's.continued. The exact tefr.lperatuz.:e- rise in the calori-

meter watér was o;t)ta.iried graphic;é.lly when“ﬁle_ ;cuirv‘es »s.]élo;wi‘ng the. c;);tlstant

rates of change beféi*e and after dropping the heated specirﬁen were plotted.
The mean specific heat betw.een‘the tempera’cureﬁTSv and T was

calculated by the following formula:

C = S (T-t)‘
Ws(Ty -T)
where S = heat capacity of calorimeter system,

T = final temperature of wkater in calorimeter,

t = initial temperature"_of’watler in ‘calorimeter,
= weight of specimen;' |

= temperature to which the specimen is heated,

C = mean specific heat of specimen between T  and T,

For specimens that were enclosed in aluminum cylinders, a correction
was applied to the values of T for the effect of the sealed, empty cylinder.

This was determined from blank runs to be 0.003°C/g.
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Accuracy of the Apparatus and of the Experimental Technique

(i) Apparatus

The specimens were weighed on a sensitive balance with an
accuracy of 0,05 g.

The temperature of the water in the calorimeter was rgad on a
Beckmann thermomgter that was certified by the U.S. National Bureau of
Standards. It had a range of 6.25°C and was graduated in hundredths of a
degree. With the aid of a thermometer reading lens the readings were
estimated to 0. 001°C and the necessary corrections were 'applied.

Satisfactory uniformity of temperature throughout the specimen in
the furnace was achieved by using a large, well-insulated furnace. The
ceramic specimen-holder distributed the heat more evenly throughout the
specimen. When the furnace temperature was controlled manually, the
fluctuation in power input caused a temperature variation of +2°9C. With
an automatic control arrangement, no change in temperature in thé furnace
could be detected for the time interval which was necessary to attain the
maximum heat distiibution throughout the specimen (4 hours).

(ii) Experimental Technique

The time required to transfer a specimen from the furnace to'the
calorimeter was approximately four to six seconds. It was verified by
experiment that practically all heat loss in the transferring process came
from the ceramic container. The quantity of heat lost from the specimen
itself was negligible. The distance through which the specimen feil from

the container into the water of the calorimeter was about four inches. As
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the time of fall was only a fraction of a second, ‘che.heat loss 'of the specimen
due to convection curreﬁts and radiation was considered neglig_ible.

The watér raised by the small splash caused by the fall usually fell |
back into the caloriméter. 'I‘hg heat lost in this way, and from the few
drops which occasionally esca.peél altogefherﬁ was extreﬁely small. » fI‘hé‘
steam producedl in a fall was usually almost imperceptible_ié-

One uncertainty in specific heat deternfx,iﬁationvwals the amount of
heat,tra.nsferred‘ between the calorimeter and its environment. Extreme
care was empioyed'in_l.;eep‘i/ng.t};e:temperature of the room and the j.nitia.l
tempefa;ture ‘of the qalérimeter close to the same value. Because the room
temperature was not> aﬁtom_atically com:ro.l'led9 there was some variatién '
from the initial temperature of the éalorimetero Normally this variation
was not more than a few tenths of a degree, but if ‘chgre was t.c;o great a
difference the determinations of the specific. heats Were not Car:{:ied 6ut.~

In the determination. of thg'heat capacity of the Calorimeter' _syvstem,
the copper cylinder, with or without water, was heated in a large water
béth which was mainfaineda"p a constant tempera‘cﬁrg, The water m theA
copper cylinder was weighed and the temperatures ihvolved in.t\he.deterf-
mination of the heat capacity were measured wjj:_h the same care as fc;r,

the determination of the specific heats.

Bulk Density and Apparent Specific Gra,vity ‘

The bulk densities and appareht specific gravities of the ceramic
products, ceramic bodies and ceramic-rock bodies were determined and

calculated as prescribed in the ASTM Standaxrd C20-46,




True Density of Rocks

The true densities of the rock samples were determined in accor-
dance with the ASTM Standard C135-47. Kerosene was used as a displace-

ment liquid, at a reduced pressure of approximately two inches of mercury.

EXPERIMENTAL RESULTS

Ceramic Products and Ceramic Bodies

The mean specific heats, the bulk densities, the apparent specific
gravities, and the heat capacities, that were obtained on the selected
ceramic produci?s and oﬁ the two- and three-component ceramic bodies
A and B, are all compiled in Tables 6, 7 and 8. The temperature intervals
in which the mean specific heats were determined are also given. Since the
ceramic products and the ceramic bodies are more or less porous materials,
each heat capacity per unit volume is given as the product of the bulk density
and the mean specific heat.

The specimens of ceramic bodies A and B (except the specimens of
body Ag), shown in Tables 7 and 8, were not enclosed in aluminum cylinders
when their specificsheat values were determined. As a result, the mean
specific-heat values of these unprotected bodies containing aluminous cement
are too high by about 0.008 cal/g.°C, as determined experimentally. This
extra heat is due to the hydration of aluminous cement when the specimen is
dropped in the calorimeter water. As the same amount of aluminous cement
was used for all A and B body compositions, the results were considered

satisfactory for comparison.




S

TABLE 6 :
Mean Specific Heats, Heat Capacities, Bulk Densities, and

Apparent Specific Gravities of‘éeramic-Products

Mean Specifie Bulk | Apparent Heat Capacity
T P Heat between Density, Specific Per Unit Volume
SAMPLE g? ’ T, and T, 3 Gravity between T and T,
' % o¢ cal/g.%C g/ cm ' cal/cm’, °C
High Alumina Brick 456.1 | 26,6 0,240 3,04 3484 04730
Periclase Brick 456.1 | 27.0 0,258 3,00 3.51 _ 0477k
Magnesite Brick 56,1 | 26,6 | 00256 2,54 3,11 0,650
Silica Brick 456,1 1 2643 0.231 1.80 2,36 , 0.416
Fireclay Brick L5601 | 260k 10,227 1,83 248 0415
Building Brick 1 45641 | 26,2 | 0,222 1 2,03 2,58 - 0,451 ,
Magnesite Clinker 1500.2 | 261 | - 0,263 3.7 3,28 0.834 :
Chrome-Magnesite 500.0 | 26,5 10,221 2.86 3.79 : 0.632
Brick, crushed ) R , ' _ I B |
Aiuminous Cement , ' : ' |
Cl inkor 50242 | 27.0 0,211 . | 3.10 | 3.18 1 0.654
Aluminous Cement 50105 | 26.7 0,211 ' 1okl - , 0.304 _
. ) |
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TABLE 7

Mean Specific Heats, Heat Capacities, Bulk Densities, and
Apparent SgecifIc Gravities of Tﬁs-gomgonent Ceramic ﬁaaieg

Mean opecific| Bulk Apparent | Heat Copacity
BODIES Heat between | Density,|Specific | Per Unit Volume
» A . Tgs T, Ty and T, g/ 3 Gravity | between T, and T
Code sompositions om . o
po o og cal/g.%0 cal/em3.°¢C
A Magnesite clinker 75% '
' 1 numinous cmmt 25(/,5 155600 2606 0.262 2.‘02 3.‘}0 0'631#
A, | Chrome-magnesite 75% 456.0 | 26.5 0.228 2.46 3.49 . 0561
Aluminous cement 25%
Ay | Fireclay brick 75% 1,56,0 | 2642 0.229 1.78 2.69 0.408
Aluminous cement  25% |
A, Building brick 75% 456,0 | 26.2 04230 1.68 2.7 0.386
Aluminous cement 25% ‘
A5 | Aluminous cement 75%  |s01.2 | 27.2 | o0.210 2.53 3.30 0.531
clinker .
Aluminous cement 25%
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TABLE 8

Heat Capacitiles

Mean Specific Heats, )9) . N

Bulk Densities

and

Apparent Specific Gravitles of Three-Component Ceramic Bodies

BODIES ) Mean Specific Bulk Apparent | Heat Capacity
T T Heat between |Density,. | Specific | Per Unit Volume
~ tgy X1 Ts and T, g/cm3 - | Gravity | between Ts & T,
Code Compositions e °C cal/g.°c 4cal/cm3.°C .
Magnesite clinkers ‘25% : .l

B, Chrome~magnesite 50% | 4L56.1 | 26.5 0.235 2,44 3.46 0.573
Aluminous cement 25% - : :
hagnesite ¢linker 25%- . , '

B, Fireclay brick 50% | 456.1 | 26.4 0.243 2,01 2,91 0.488

. Aluminous cement 25% ' '

Magnesite clinker 25% . v : '

By Building brick 50% | 456.1 | 26.7 0.246 1.89 2.95 0.465
Aluminous cement 25% - '
Magnesite clinker 50% . o

B, Chrome-magnesite 25% | 456.) | 30.3 0.237 2.45 3ebly 0,581

* Aluminous cement 25% L _ o .
Magnesite clinker 50%

35 Fireclay brick 25% | 456.1 | 26.3 0,250 2.30 3.23 0.575
Aluminous cement 25% '

Magnesite clinker 50%

Re, Building brick 25% | 456.1 | 26.3 0.255 2,08 3.19 0.530
Aluminous cement 25% .

Chrome-magnesite 25% _

B7 Fireclay brick 50% | 456.1 | 27.1 0.236 1.99 2.94 0.470
Aluminous cement 25% '

Chrome-magnesite 50% : :

Py Fireclay brick 25% | 56,1 | 26.4 0.234 2.23 3.06 0.522
Aluminous cement 25%

% Dead-burned magnesia.
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Rocks and Ceramic-Rock Bodies

The mean specific heats, the true densities and the heat capacities,
that were obtained on the rock samples, are compiled in Table 9. Because
the results of the first fifteen rock samples (Nos. 1 to 15) were also used
for another project, their mean specific heats were determined over the
range of 27.0° to 625°C. This procedure was considered satisfactory for
the requirements of this investigation. In order to prevent eventual disso-
ciation, pafticularly of magnesium carbonate, the thermal properties of
five carbonate«rock samples (Nos. 16 to 20) were determined over the
range of 26.7° to 456°C. The mean specific heats of the last fourteen
rock and two rr;ineral-concentrate samples {(Nos. 21 to 36) in Table 9 were
determined ovef the range of 26.5° to 500°C. Since the porosities of most
of the rocks examined are low, each heat capacity per unit volume is given
as the product of the true density and the mean specific heat.

The results obtained on the two- and three-component ceramic-rock
bodies are given in Tables 10 and 11. The specimens of the first three
bodies, Gj, Gy and Cg, in Table 10 and the specimens of the six D bodies‘in
Table 11 were in form of briquettes, and their specific-heat values were
determined in the same manner as those of bodies A and B in Table 7 and 8.
Here, again,the given mean specific-heat values of the above nine C and D
bodies are too high by about 0.008 cal/g.°C. The specimens of nineteen
bodlies, shown in Table 10 and designated as Gy to G,,, were enclosed in
aluminum cylinders before their specific heats were determined. Prior to

that, the rock constituents of bodies Cg, C13 to C1g, and Cz2 were pre-heated

at 1000°¢ for one hour to expel the water of crystallization and the eventual
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TABLE 9

" Msan Specific l-leaimE Heat Capacities, and Tiue Densities
of Rocks anﬂ Mineral Concentrates

srLE o | n, [ el beneigy, | FornieTVolie | . after one Howr
oK AYD HINERAD o; % T, ando'.l', ofen’ between T :nd T,| Heating at 10000C

Ho. CONCENTRATES | cal/ese o cal/cm3 %C

1] Albite Granito, H-195 62500 | 27.1 | 0,21 2,650 . 0639 : s11gnt1§" friable
2 Amrthoﬂm, M~193 625.0 | 27,3 | 0,234 2.825 |- 0.661 su;huy-naker
3 | Sandstone, 4-178 625.0 | 26,8 04246 2,657 | ° 0.5 Slightly friable
4 | Cabbro (Diabasic), M-178 625,0 | 27.0 06227 - 2,978 . 0,676 Quib'o strong

5| Hophelins Syenite, M-188 625.0 | 2669 04237 . 2+632 0.62) Not heated

6| Basalrt, u=149 . 625,0 | 27,4 | 04236 3.043 " o0.n8 .| Hard and strong
7| Rhyolita, M~190 ‘ 625.0 | 2647 0,237 2664 . | - 04631 Not heated

8| gyenite, H191 62540 | 27.1 0.229 © 24637  0.604 Not heated

9| Mordmerkito, M~192 625,0 { 27,0 0.231 2,660 | /0614 | Mot heated

10| Granite, M19% , 625,0 | 27.0 0.238 1 2,649 0,630 " Not heated

11 | Granodiorite, M-208 625.0 | 26.8 0;237 2,766 0.656 Ver éri.bh

. : ) diaintograto& .

12| Granite, K209 6250 | 27,1 | 0.237 2660 | 04630 | Mot neated

13 | Querts Monsonita, M=210 625.,0 | 26.8 0,240 2,676 0.642 Not haated

14 { "Quarts Rock¥, M=179 625,0 | 2605 0.250 2,660 04665 Disintegrated

15| Quartoite, H-207 625,0 26.5 06249 . 24665 04664 No change

16 | Limantons, }4-134, o 55640 | 26,6 0.241 | 2728 ' 6.657 ~Soft and friable
17 ;ﬁgg;tona {Radrystallised), 456,0 2§.7 06241 2,70 - _0.660A Soft and :?1.1;1.
18 | lngnondan Limeotono, M-187 1_.56,,0 2646 0,243 2,752 0,669 ‘ V;ry soft nnd friable

(Gontinued)
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TABLE 9 (conttd)

Mean Specific Heaty, Heat Capacities, and True Dengities
of Rocks and Miner oncentrat
SAMPLE Mean Specific True Heat Capacity Physical Condition
Ter | To [Heat batmgen | Demelsyy | Do veon ™. cani T, | Hoating ab 10005
Nos R N CANTRATES - °c % cal/g.%C &/om cal/em3.0C
19 | Dolostone, M-186 456.0 | 26.8 0,251 2,500 0.628 Very weak and friable
20 | Dolostone, M-168 L56,0 | 26,6 0.253 2.856 0,722 Very soft and friable
21 | Microsyenite 500,1 | 26.2 0,224 3,078 0,689 No change
22 | Olivine 501.1 | 27.4 0.243 30331 0,809 Very hard
23 | Dumortierite 501.2 | 2642 0.248 2,981 0,735 Relétively strong
24 | "Talc", dark 500.0 26,7 0,280 2,832 0,792 Very hard
1 25| Talc, dark-grey 50040 | 2643 0.253 2,942 T 0. 7hb Hard
26 | Talc, light-grey 500.0 | 26.6 0.251 2.857 0.726 Hard
4 27 | Serpentine, dark-Zreen 499.8 | 26.8 0,286 2.500 0.715 Disintegrated

28 | Serpentine, light-green 500.3 | 26.8 .0.290 2,600 0.777 Disintegrated
29 | Amphibole, #420 501.1 | 26,2 0.211 34867 0.816 Friable
30 | Specular Hematite, Ontario 500,0 | 26.2 0,220 34,690 0.812 No change
31| "Iron Formation"™ 501,0 | 2644 0.232 2,837 .0.658 No change
32| Amphibolite 500,0 | 26.2 0.226 3.266 0,738 No change
33 | Specular Hematite, Labrador 501,2 | 2642 - 0.212 3.405 0.723 Not heated
34 | Hematite Concentrate, Labrador 50049 | 26.1 0.193 4.991 0.963. Not heated
35| Hematite Super-ooncentrate 500e4 | 26.3 0.193 54293 1,022 Not heated
36 | Magnetite Ore, CM=323 50042 | 2644 04210 Lo 240 0.840 32;2 ;?goibzgggﬁsc




28

TABLE

10

Mean Specific Heats, Heat Cagacibies, Bulk Densities,and Apparent Specific Gravities

o=Component Ceramic~Rock Bodies

BODIES Masan Sﬁécii‘ic " Bulk Appéront . Heat Gap'acity" 'éh‘ysical bonditién
T o . T Hoat between .| Donsity, | Specific |. Per Unit Volume ‘after One Hour
Code Compositiong ou o T, and T, " afend Gravity | between T, and T, " Heating at-
‘ ¢ "¢ | car/es °C cal/cmds 9C 1000°C
c Quartnito, Me207 75% . ' : . T e . Hard snd strong
2 Aluminoug cement 25% 45660 | 2602 ' 0246 1.9 2:69 . _ 0ak90 ‘Suitable for blockse
c Sandstona, M=176 . 75% , P pag Herd and atron
2 Aluminous cement 25% k5§.0 26.3 0.245 1f99 ) (276 . 0%88 Suitable for blockse
C,. Granite, M-195 75% | < : Sufficiently strong. - -
3 Aluminn{m. cenment - 25% 45640 26.3 0+245 1.99, 2"77_ nga _Gan be used for blo;km
c Anorthosite, M=-193 75% ’ ] ; Jery hard and strong
‘\'v . Aluminous cr:ament % 5W05 26.6 . 0-232 ) 202l& 2.78 4 0.5&) . -Suitable fOI‘ blOCkB’o.
c Gabbro, M-178 75% ‘ ' : : Hard and strong
E] ﬁu‘min'ous' cemont 25%1 500.0 26k 0°216. 2°39_. 2:94 0.516 Suitable for bl;ckeo
c Basalt, M-l e i _ : Hard and strongo
6 Alv;in:)ua cﬁent Zg; : 500,0 | 26.6 ) 0.221 235, 27 -04519 Suitable for blockss
C, ‘| Microsyanite 75% ' P Hard and ptrong:
7 Aluninoun cement 25% 500.0 | 2645 0,222 2034 2,88 00519 Suitable for blockse
C 0livina 75% a . ‘ Hard and strong
8 Aluminous cement 25% 50100 | 2649 0,235 2.56 3,13 04602 " Suitable for bl;ckso
Dumortierite : Very weak and friable,.
Cg (Pre;galcined at " 502,0 | 25,0 0,233 2,12 2,65 0,493 No% suitable for blockse’
1000 . 75 : i ’
Aluminous cement <25%
[ RPale®, darls 75 ' Hard and strong
10 | (Ralet.darh ome S 501.9 | 26.4 0.269 1.9 2,74 00511 el S
c Tal dark-~ Hard and sufficiently
13 Al?.\mim')us cemglgy Z?g 502,0 | 2646 04247 1.87 2476 00462 gtrog%c ksz be used
T or blocks,

(cont :I.h_ued )
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TABLE 10 (cont'd)

Mean Specific Heats, Heat Cagacitieg, Bulk Dsnsities,and Apparent Specific Gravities
) =Component Ceramicw-Rock Bodies

BODIES Mean Specific Bulk | Apparent Heat Capacity Physical Condition
Ty T, Heat betwaen Density, | Specific Per Unit Volume after One Hour
o’ o Ty and T, g/cm3 Gravity between T and T, Heating at
Code Compositions - c c cal/ge °C cal/cm3. og 1000°
c Tale, lightegrey 75% 2
12 Muminous cement 25% 50240 | 2646 0.248 1.89 76 041469 }S{ﬁi‘:aﬂg ?‘gf-og%;cks.
13 | GeeRai{pror dark- 500.L | 26,8 |  0.260 1.93 2,52 0,502 ooy fetaoome, T
caleined at 1000°0) 75%
Aluminous cement  25%
[+ Serpentil lighte Strong snough to bo
U | preen (pre & 499.5 | 27.0 04243 1,97 245k 0.479 used For blockss
Baloined at 10009C) 75%
Aluminous cement 25%
c Amphibole #420 Hard and stronge.
15 (pgescalciied at p 499.8 | 26.5 0.208 2.79 349 0,580 Suitable for blocks.
C 75
Aluminous cement 25%
Hard and strong
T gﬁ::ﬁir(;‘:‘:?‘ue’ 500,0 | 26.3 04214 2.85 3¢39 0,610 Suitable for blocks.
calcined at 1000°C) 75%
Aluminous cement 25%
Hard and strong
O17 ?g-gfczgﬁﬁﬁm' 500.0 | 2645 0.228 2.35 2.78 04536 Suitable for tlocks,
at 1000°C) 75%
Muminous cement 25%
Herd and stronge
C18 fmggfﬁmm at " 501a5 | 2644 0,222 2.51 3,00 06557 Sultable for blockse
10000°C) 75
Muminous cemant 25%
Hard and strong
G1g | Precular hemabite, 500.5 | 2645 0,224 2,49 3.2k 0.558 Suitable for blockse
Aluminous cement 25%
Hard and strong
G20 | Homatite concs, 75% 500.0 | 26.5 04200 3426 4e05 0.652 S tante Por Diockss
Aluminous cement 25%
Oz | Uematite supor- conc,75% 0.3 | 26 0.200 2.99 4405 0.598 Hard and ouronge
1 | Muminous cement % 500.3 ol . . . Suitable for blackse
Hard and stron
22 *&gggﬁgigzg,agndﬁ 500,0 | 26.2 0,197 2,90 3.59 0.571 Sultabloe for biockse
1000°C) 75%
Aluminous cement 25%
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TABLE 11

ic Heats, Heat Capacities

Apparent Specific Gravities of .

raee=Component

Bulk Densities and

eramic=Rock Bodies

BODIES ; HeaﬁvSpeQific ,Bulk _ Apparent 1Heat Capacity
: : Heat between | Density,|Specific | Per Unit Volume
Code Compositions Tgo T, |Tg and T, g/em? | Oravity | between T, and T
% % Cal/F° 2 . cal/em’ %

Magnesite clinker 30% | - o 3 o T o

D, | Quartsite, M=207 25% L4L56,0 | 26,6 | 0.258 2,24 - 3,01 0,578
Aluminous ‘cement 25% : - : . .
Magnesite clinker  25% B e S 4 :

D, | Quartzite, =207 50% ). - L56,0 | 26,5 04255 2,08 | 2,83 . © 0,530
Aluminous cement i 25% : . o "' i
Magnesite clinker "50%) . |. - , R B B c

D Sandstone, M=176 25% |° 456,0 | 26,5 0.257 - 2.28 | 3.06 04586

3 | Aluminous’c ement 25% : , _ :
Magnesite clinker 25% o N R o '

] Sandstone, M-176 50% 456.0 | 26,5 0,252 2,14 2,92 04539

4 | Aluminous’cement 25% . R e

Magnesite clinker 50% I 1 '

Dg | Granite, H-195 25% | - 456.0 | 264 | 04258 231 | 3.1 0596
Aluminous cement 25% / . : ST
Magnesite clinker 25% - . . :

Dg | Granita, M=195 - 50% 456.0 | 26,4 0.248 - 2.15 1 2.89 ' 0.533
Aluminoug cement - 25% S R , : - :




gases from minerals.,

DISCUSSION OF RESULTS

Ceramic Products and Ceramic Bodies

(i) Ceramic Products

The data in Table 6 indicate that the mean specific-heat and the
heat-capacity values of the high~alumina and the periclase brick are
superior to the rest of the bricks investigated; the periclase brick has
the highest mean specific-heat and heat-capacity values, The magnesite
brick has almost the ‘same mean specific heat as the periclase brick,
but its bulk der;sity.is lower. Consequently, the heat capacity of the
magnesite brick is lower. The silica, the fireclay, and the building
brick have lower mean specific heats and heat capacities than the
former three ceramic products.

The mean specificrheat and the heat-capacity values of the dead-
burned magnesia (magnesite clinker) indicate that this ceramic product
is an excellent constituent for ceram-imbody compositions. The mean
specific heat of the aluminous-cement clinke|r is as low as that of the
aluminous cement. However, the bulk density of aluminous-cement
clinker is high and the heat capacity of it is similar to that of the magnesite
brick. The mean specific heat of the chrome-magnesite brick is slightly
higher than that of the aluminous-cement clinker and the heat-capacity value
of this brick is very close to the heat-capacity values of the magnesite brick

and the aluminous~cement clinker.
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(ii) Two- and Three-Component Ceramic Bodies

The results compiled in Tables 7 and 8 shoW»that the t}ierrnal‘
properties of the ceramic bodies are inferior to those of the high-
alumina brick, the periclase brick, and the magnesite Brick. - The -
difference is even greater beeause the specimens of bodies A and B,
except the specimens of body Ay, were not enclosed in alurnipurn-
cylinders when their specific heats were determined.

Ceramie body A; in Table 7 eqnsiste_of magnves';a'. cliﬁker and
aluminous cement in the ratio 3:1. It has Af';he hi'ghest.hea§ '_c.a‘,lyaa.city
in the two-componenf'; ceramic body group. Bedy A, is 1:_he. ﬁee:t_:
highest; it has low mean 'specific‘heat, but 'adequate heat "c':epvacify.f V'I,'he .
bodies A, and 'A'4 do not have rnagnes.ia clinker in their':com‘pos'if'ions,‘.
end their mean specific-heat end hea_t-capacity. values are low. . Body‘A5v A
also does not contain magnesia clinkelf and its mean specific hea't_ 1s the
lowest. : However, the density of the .body'A;‘s is tiuife_high and the heaf
capa,eity is close to that of the body Aj. o .'

The resulﬁs shown in Table 8 foiiovs; the isame ‘gen‘er'al trend as
do the results reported in Table 7, i.e., the bodies with high magnesite~
clinker content have high,fneap specific heats aea hig'h,heati c':avpé.&:itivete.
The,thre_e—cornpoﬁent ceramic body B (eeﬁsisting of megﬁesite elinker,
crushed chrome—magnesite brick, and aluminous cement in the ratio of
1:2:1) has relatively high heat capaeity; I.f‘tfle magne,eia in the chrome-:‘
rna.gnesite brick is taken into coneideration, body B has a high magnesia

content of about 40 per cent. In addition, the bulk de;i’sity of the chrome-
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magnesite brick is high. Replacing 50 per cent of chrome-magnesite brick
with an equal quantity of fireclay brick or building brick, thus lowering the
magnesia content from about 40 per cent to about 25 per cent, produced
results as indicated for B, and B3, These two bodies have slightly higher
mean specific heats than B, but their bulk densities are low. Consequently,
their heat capacities are inferior to that of body B;. Three-component
ceramic bodies with a heat capacity similar to that of B; can be prepared,

if magnesite clinker and aluminous cement are used with chrome-magnesite,
fireclay, or building brick in the ratio of 2:1:1. Bodies By, Bg and By are
typical of such compositions. An increase in the magnesite~clinker content
improves the specific-heat and the heat-capacity values. Further, the chrome-
magnesite can be successfully replaced by less expensive fillers, such as
fireclay and building brick. Compositions consisting of chrome-magnesite,
fireclay brick, and aluminous cement, in the ratios of 1:2:1 and 2:1:1,
produced results indicated for bodies By and Gg. The specific-heat values of
B and Bg are lower, but the heat capacities are slightly higher than those of

the bodies B, and B3.

Rocks and Ceramic-Rock Bodies

() Rocks
The thermal properties of the first fifteen rock samples, listed in
Table 9 from Nos. 1 to 15, are inferior to those obtained on the dead-burned
magnesia, the-periclase brick and the high-alumina brick. As the specific

heat of the materials used here decreases with decreasing temperature,

the thermal properties of these rocks could be expected tf) be even lower if
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thé rocks were examined over the r_a!nge of 26.5%t0 SOOOC, Basalt M-189
(No. 6), Gabbro M~178 (No, 4), Quartz Rock M~-179 (No. 14}, Quartzite
M~207 (No. 15), Anorthosite M-193 (No. 2}, Granodiorite M-aZ.QB’(No. 11y,
Sandstone M-nll'?é (No. 3}, and Albite Granite M-195 (No. 1) all have
relatively high heat capacities and were congidered good constituents for
ceramic-rock bodies.. Before the final selection, samples of the above
rocks were heated at 1000°C for one hour. Such a teraperature could be
reached in the vicinity of electrical hea;i:ing élernents 'if. the roéks‘ were used
as thermal~-storage media, and a decréase in strength, or even decomposition,
may take place. The re&sults of the .hea’cing are showﬁ in the last column of
Table 9; only six of the eight selected rocks, such as Basalt M-189 (No. 6),
Gabbro M-178 (N6, 4), Qﬁartzi’ce)M—-ZO? (No. 15), Anorthosite M~193 (No. 2),
Sandstone M~-176 {No. 3) and Albite Granite M~-195 (No. 1}, "cux%ned: o/u.tA to be
suitable constituents for ceramic-rock bodies. The thermal properties of the
re st of the first fifteen rocks in Table 9 are lower and could be compared with
those of the bodies Aj and AZ in Table 7 and the bodies Bl’ Bé.and Bg in Table 8.
The thermal properties of the five'carbonate-xoc-k ‘samples, -shown
in Table 9 from No. 16 to 20, appeared to be similar to:the six best .rock
samples previously discussed, i.e. Nos. 1, 2, 3,4, 6 and 15, As was
indicated'befpre, the results on carbonate rocks were ob’tained at a lower
temperature intelfx}al; if this is téken into cohsideration; 'theri the thermal
properties of cé.rbona‘te rocks are sul.)er'ior, Dolostone M-168 (No. 20),

for example, has thermal properties that are very close to those of the




magnesite brick in Table 6. Notwithstanding their excellent thermal
properties, the carbonate rocks have a deficiency as thermal-storage
media. When such materials are heated to higher temperature, dissociation
takes place. This may happen in the vicinity of electrical heating elements.
The ca.lciﬁed part hydrates, on cooling, by picking up air moisture and this
causes disintegration of the body. This shortcoming could be avoided if
stabilized materials, such as stabilized dolomite, were used.

The thermal properties of most of the last fourteen rock and two
mineral-concentrate samples, shown in Table 9 from No. 21 to 36, are
superior to those obtained on the high-alumina brick and the periclase
brick; the heat capacities of some are even higher than that of the dead-
burned magnesia. Both Hematite concentrates (No. 34 and 35), Magnetite
Ore CM323 (No. 36), Amphibole #420 (No. 29), Specular Hematite, Ontario
(No. 30), with high percentage of .hema.tite and/or magnetite in their composi-
tions, as well as Olivine (No. 22) and "Talc'" dark (No. 24) containing fors-
terite and chlorite respecfively, -have particularly high hea;t capacities.

As before, thirteen rock samples were heated at 1000°C for one hour prior

to their selection as constituents for ceramic-rock bodies. The results of the
heating are once again shown in the last column of Table 9. Ten rock samples
were not affected by the heating and were considered good aggregates for
ceramic-rock bodies. Samples of Serpentine No. 27 and No. 28 disintegrated
and the sample of Amphibole #420 (No. 29) was quite friable. Considering

the mean specific-heat values of both serpentine samples and the density and
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the composition of the Amphibole #420 {No. 29), they were also selected

as satisfactory aggregates if calcined prior to use for ceramic-rock bodies.
Samples of Specular Hematite, Labrador (No. 33) and two Hematite concen-
trates {No. 34 and 35) were used in ceramic-rock bodies "as received!,
Their mineralogical analyses indicated that temperatures up to 1000°C will
not affect their strength. |

(ii) Two-Component Ceramic-Rock Bodies

The thermal properties of twenty-two two-component ceramic-rock
bodies shown in Table 10 and designated from Cj to Cy, are lower than
those of pure.rock samples. Bodies Cg, Cyg, Cjgs Cig, Cj9s Cz0, C21
and Cy3, containing hemaﬁtes' magnetite andfor magnesium silicates, have
higher thermal properti.és than the rest of the C bodies, which do not have -
‘the above minerals in any a.ppreci.able amount in their rock constituents.
The mean specific heats of these eight C bodies are relatively low. However,
their bulk densities are high and therefore the'u; heat capacities per unit
volume are high. In contrast with that, the mean specific-heat value of body
Cig is the highest shown in Table 10, but Cjy®s bulk density is one of the
lowest, Hence the heat capacity of the body Cjg is only moderate. By
comparing the thermal pi‘operties of bodies A in Table 7 with those of
bodies C in Table 10, it can be seen that the thermal properties of the
latter are genérally superior. - For example, bodies Cj¢, CZd’ Cpz1 and
Cy2, being rich irl1 hematite or magnetite, are just as effective as body A1s ..
bodies Cg, Cy5, Cjg, and Cig can successfuliy substitute for bodies A,
and Ag. Furthermore, the results indicate that in two-component ceramic-

rock bodies consisting of a filler and aluminous cement in the ratio 3:1,

R T
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the twenty rocks and two mineral concentrates listed in Table 10 are
more effective fillers than the fireclay brick and the building brick
(Table 7). The mechanical strength of eighteen C bodies was excellent
after one hour heating at 1000°C; two' others, C3 and C142 were only
moderately strong. Bodies Cg and Cj 3 were weak and friable and there-
fore not suitable as thermal-storage media for block heaters.

(iii) Three-Component Ceramic-Rock Bodies

The results compiled in Table 11 prove once again that the bodies
with high magnesite clinker content have high thermal properties. The
three—componeﬁt bod.y Dj, consisting of magnesite clinker, quartzite,
and aluminous cement in the ratio of 2:1:1, has high mean specific heat and
relatively high heat capacity. Replacing 25 per cent of magnesite clinker
with an equal quantity of quartzite produced results as indicated for D,.

The mean specific heat of D, was only slightly affected, but the bulk density
was lowered considerably and therefore the heat capacity is lower. The
same applies to bodiés D3, D4, Dg and Dg. The heat capacities per unit
volume of the three-component ceramic-rock bodies D generally approach
but does not exceed that of the best C bodies in Table 10. By comparing

the thermal properties of bodies B, and B3 in Table 8 with those of Dj.

Dy and D¢, it can be seen that the thermal properties of the latter three are
superior. This indicates that in the three-component bodies consisting of
magnesite clinker, fireclay brick (or building brick), and aluminous cement
in the ratio of 1:2:1, the fireclay brick (or building brick) might be success-

fully replaced by quartzite, sandstone, granite and similar rock fillers.



By means of a calorimeter, using water,it has been established
that the samples of ceramic products and ceramic bodies have mean
specific heats ranging frorﬁ 0.210 to 0.263 cal/g.°C, ai;d heat capacities
per unit volume ranging from 0.304 to 0.834 cal/cm34oc, over the range
of 26.5° to 456° (500°)C.~'* It was also established that the samples of
fifteen vroqks have mean specific heats ranging from 0.227 to 0. 250 cal/g.°C
and heat capécities per unit volume ranging from 0.604 to 0.718 cal/cms3.°C,
over the range of 27.0° to 625°C; and that samples of twenty -one rock
and ceramic-rock bodies havg mean specific heats ranging from 0.193
to 0.290 cal/g.‘;C, and heat capacities from 0.462 to 1. 022 cal/cm3.°C,

over the range of 26.5° to 500° (456°)C. %%

The thermal p roperties of the materials and the bodies investigated

are as follows:

. Dead-burned magnesia (over 95% MgO) and 'highly calcined'
alumina (over 99% Al,0,) have high mean specific heats. Having high

bulk densities, both materials have also high heat capacities.

* Mean specific heats of four ceramic products (Table 6), and of one
two~component ceramic body (Table 7), were determined over the range
of 26.5° to 500°C. :

%% Mean specific heats of rocks Nos.16 to 20 (Table 9) were determined
over the range of 26.7° to 456°C. :
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2. The silica brick, the fireclay brick, and the building brick all

have lower mean specific-heat and heat-capacity values than the

calcined alumina and dead-burned magnesia. The mean specific

heat of silica brick is higher than that of the fireclay brick and of

the building brick. However, the heat capacity of the building brick

is higher than that of the silica brick and the fireclay brick.

3. The chrome-magnesite brick and the aluminous-cement clinkex

have the lowest mean specific-heat values of all the ceramic products
examined. However, their bulk densities are high and the heat capa-
cities per unit volume of the chrome-magnesite brick and the aluminous-
cement clinker are practically the same as that of the magnesite brick.
4.,  The thermal properties of the two- and the three-component

ceramic bodies are inferior to those of dead-burned magnesia and
Thighly calcined?! alumina. Dead-burned magnesia with aluminous cement,
in the ratio of 3:1,has the highest mean spécific heat and the highest
heat capacity in the two-component ceramic-body group. The mean
specific-heat and the heat-capacity values of the two-component bodies
are lowered when the dead-burned magnesia is replaced by chrome-
magnesite, fireclay brick, or building brick. Aluminous-cement clinker
with aluminous cement, in the ratio of 3:1,has a low mean specific-heat
value. However, the heat capacity per unit volume of this two~component
body is as high as that of the body made from chrome«magnesite brick

with aluminous cement.




40

Three-component ceramic bodies follow the same trend: the
bodies with high dead-burned magnesia content have high mean
specific heats and high heat capacities. Any attempt to reduce the
dead-burned magnesia content in the three-component bodies lowers
the value of these properties.

5. Of the thirty’;four rocks investigated, eleven have higher thermal
properties than those of Thighly calcined' alumina, and might be
considered effective substitutes for the latter. Two hematite concen-
trates, and the r‘ocks that have a hig.h~ percentage of hematite, magne-
tite and/oxr magnesian compounds in their compositions, have particul-
arly high heat capacities and might even successfully replé.ce dead-
burned magnesia in ceramic-rock bodies. Rocks such as basalt,
gabbro, quartzite, anorthosite, sandstone and granite have better
thermal properties than those of the fireclay brick and the building .
brick, and can effectively replace them in some body compositions.

The five carbonate rocks have thermal properties superior to
those of basalt, gabbro and quartzite. The mean specific heat and
the heat capacity of dolostone are close to the thermal properties of
the periclase brick. However, only stabilized délostoné might be
cons idgred an effective substitute for dead-burned maghesia-.

6. The two-component and three-component ceramic-rock bodies
have lower mean specific-heat and heat-capaqity values than have the-

pure rock samples. Two—compohent ceramic-rock bodies that contain




41

hematite, magnetite and/or magnesian compounds have higher heat
capacities per unit volume than the bodies that do not contain such
constituents; similarly, three-component ceramic-rock bodies with
high dead-burned magnesia content have high mean specific heats

and high heat capacities. Any attempt to reduce the dead-burned
magnesia content in the three-component ceramic-rock bodies lowers
the values of these thermal properties.

The electrical properties of the thermal-storage media investigated
were not measured, although it is possible that some of the ceramic
products, rocks and their compositions would be electrically conductive,
particularly at higher operating temperatures. In this work it was assumed
that the electricaiheating elements of the heat-storage blocks are insulated
from the thermal-storage media. If, however, the electrical heating elements
are placed in direct contact with the thermal-storage media, the electrical
resistivity of the latter should be taken into consideration to avoid possible
electrical breakdown of the heat-storage blocks. To evaluate the thermal-~

storage media from this aspect a further systematic study is required.
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CONCLUSIONS

Tb.e investigation has provided evicience that, of the ceramic
products examined, the dead-burned magnesia and *highly ca.lcined‘
alumina have the best specific heats and heat capacities. Hematite
concentl'atg, qnd rocks rich in hematite, .magnetite and/or magnesian _
compounds, have higher heat capacities than have 'highly calcined?
alumina and even dead-burned magnesia. Two- and three-component
bodies made from ceramic products, or ceramic products and rocks
bonded with aluminous cement, are economically more attractive and
practical but have lower heat capacities than have hem_a.tite concentrates,
hematite- and/or maénetite—containing rocks, and dead-burned magnesia
and its products.

Within the scope of this work, it is concluded that ma.teria.ls and
ma.tve_ria.l compositions rich in hematite, magnetite, and magnesian com-
pounds are excellent thermal-storage media, costing less than other
matériais é.nd material compositions having similar heat capacities.
Reduction of any of the above materials in the body compositions reduces
the heat capacities of the bodies and, consequently, their value as thermalr~

storage media for block-type electric space heaters.
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