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HEAT INSULATING MATERIALS FOR %LECT-
RICALLY H:ATED AFPARATUS. 1

BY J. C. Woodson 2

INTRODUCTION

Heat and heat processes enter into practically
every form of manufacture and the industry is indeed scarce
that does not somewhere in its organization, utilize this
form of energy to fashion or perfect its product. This has
been true of industry since its inceptioh, yet only within
the last two decades has there been any real effort to con-
Serve or reduce the heat lost in these processes. Even today,
there is very limited data available on the subject of heat
Insulating material, except for certain specific temperatures
and under conditions which do not necessarily hold for other
conditions.

While the attempt will be made in this paper to be
as general as possible on this subject, attention is called
to the fact that most of the data and curves given refer to
heat insulating material used in connection with electrically
heat'ed apparatus. It is vital and absolut",ely necessary to con-
serve all the heat possible with such apparatus, which also
requires caref'ul attention to other characteristics of insulating

material ordinarily considered unimportant. The rapid and
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TE/PERATURE RANGIS CCWSITZERTD.
as 50° F. (37°C.) or lower

uow temoeratures, such

will be congidered onlvy briefly,

and for convenicence we Till

divide cur temperature ranges into the 5 fivieisns shom in
Tahle 1.
TASLE 1. - L
Divigicn Range ~ Application
1 C° to 200° F. Refrigeration, cocling, water
-18° t5 ©3° (. heating,drying,oresses,air
heating, various liquids,
2 200° to 350° F. Steam pipes, drying, cclor
Q2%° to 177° ¢. enamel, presses, baking.
3 350° to 800° F. Japenning,core baking, bread
1?77° to 315° C. baking,oresses,anpliances,liquids.
4 80C° to 1,000° F. Temvering,ennealing, solder,
315° to 538° (. babbitt, tin welting,
5 1,000° to 2,000° F. Heat treating, drawing, forging,
523° to 1,093° C. melting, enameling.
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2 cover these five renges, there are nurerous
cradzs of insulating material of various trade
nenss «nd sotinoe;  a graat many for Jivisicns one and fwd
and te~ering 17 40 onlr tuc or three relisgkble zrsdes for
rall of these comwrercial grades

1
cen ke Iocatel in three clecsses by fundamental composition

CLASS DIVISICY CCUPCSITICNM

A 1 Heir, wo2l, felt, vsad pulp,
aninel and vegetatle fitver,
asbestos naper, cork.

B 2,3,4 Asbestos, magnesia, sponge,
earths, mineral wenl.

o] 4,5 Diatomaceous earth, wminersl
wool, earths, silicates.

— —_—— -

From this Table, it is evident that there is no clear
or definite dividing line between either the temperature di-
visicn or the classes by composition, as there is e certain a-
mount of overlsoning. Certain combinaticrns of these funda-
mental ingredients alsoc produce distinet grades of insulation,

entirely different from any of the comvonent perts. Also,
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Certelin Ll oedients are usea in one cluss as insulating
raherias, aald I oonother class as a wechesnicel bindsr or
stireogtiiener or the true insulation, such &s asbestos in
Clasaszs B aad ¢ and minerel wool in class €.

Thers are aumerous gualities desired in heat in-
suistins woterials and differen+ apolications resguire dif-
ferent quali*ics, Tut in gensral a gocd heazt insulating
material sbould have the followirg characteristics.

1. Low heat conductivity,

2. Low specific heat.

Z. Low specific gravity.
4. Non-inflsmmable.

5. Strorg and dursble mechanicaily.
Low conductivity to reduce rediation losses; low
specific heat to save as @wuch power in heating up pericd
as possidle and mare gpparatus faster; Llow specific gravity
to keep down unnecessary weight and save heating up power
as No. 2; non-inflammable as most irnsulations are subjected
to periodic or locally high temperatures; No. 5, for

length of life and reliability.
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Chtler attrivutes to be deesirel aro:

2. Electrical asn-conduction.

> o P o 2 [ N R
2. Permanent iz sattin
sat+ling.)

10. Izpervica
(water, &

Fractically all comrercisl insulaticns have most
Ci these guzliitiss in some degree, the two last being the
creg mwost often left out., In the writer's experieance, No.
iC is not ettained by any present day insulaticas; though

several grades wiitl stund drenching in water end after being

thorcuzhly dried prove to be practically as gocd as ever.

~

C

Hewever, while still wet, this insulation is aluzost useless.
4n evacuated space is the hest thermal insulator
of conducted heat knovm, while gases under certain conditions
are probebly next. Alr is a good insulator if it can be en—
trapped in small enough spaces to prevent convection currents,
and to this fact and arrangement most present day heat in-
sulators owe their value as such, This minute honey-combing
of the structure places multitudss of confined 3zed air sraces
in eeries oprosing the heat flow, with only minute point con-
tact of the material fibers or crvstals for direct conductign,

& Weidlein, Chem. and ket. Bnz., 34,395,(1321)
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Vith souwe lmsulaticne tae rays are to e certain extent refractec
€0 ulzlt the senetraticn is relatively shallow, At teusera-

stic is important.
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turee Deginning with 300° this charact
e law of heat flovr through resisting xneterials

is anzlagous to Chu's lav for electrical circuits, expresced
as 1=I/R where I iec the current, R *tho resistazcc and E the

voltage pressure or differcence bhe*ween two points. Likewise

The amsunt of heat floving betresn two pcints of different
temperatures can be exprescad as

W= » (1)

Where W is watts flowing as heat, Td is temperature difference
end R is the therral resistance of the path of flow. Tkis
means that the rate of heat flcw ig directly proportional te¢
the resistance of the path or material composing the thermal
Circuit.

From the above, it follows at

R= Td (2)
W

(8)




& S M7= = LS PN + - - a3 - .
=8 Lo 7700 thervil resiztence of the circuit. Therefore
L L 1
k= = 1= - , - (%)
A A C
Waere
= {tohnl resistance of circuit in therxal ohas
L= lzngth of circuit irn iaches

A= area of prath in sqg. in.

= gpecific resistance of circuit in theranal
>hms per ingh cube

therwal conductivity in watts per inch
cube per ¢° (r= 1/c)

G-
i

By substituting in formula {o. 1, we have

A Td A
W=, —-— = ,c. Td (4) (2)
L T L

Where W is watts flowine per unit of time. Tables 111,
1V, and V, give the values of r for a number of building and
insulating nateriels. |

The above simnle formulae are little recommized and
Seldom usged, due to the many avkward and arbitrary urits or.
diharily used by engineers, so that while the rule rsising
Simple, the means of aprlying and using it are often complicateq

and involved, In this country, the usual unit used is the

4 C.P. Randolpp, Trans, Am. Electrochem. Soc., 21,545 (1912)
(7)




British thermal unit, and the method of expressing heat

flow is given by the ecuation

( 27 — 7 )
0= KAt (__.1______ 2__) (5)
( th )

vWhere  is, the quantity of heaé flowing through a
path of area A in time "t" the length of the path is "th"
with a temperature difference of Ty = Tg. X is the co-
efficient of thermal conductivity of the material of the
circuit, These units are ordinarily expressed as follows:

Q = B, t. u, transmitted

A = sa, ft.

t = hours

th = inches

Ty - Tg = F°

K = B. t.u, per sq, ft., pér inch of

thickness, per hr.,, per °F, tempera-
ture difference,

(8)
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o _TAZIET 113,
X R
Zeneitv Therzal
1n.32r Saec., Bet. u, ohme At
ca.i+. Haat per per Teln, Authori ty
3g. ft. cu.in. °F.
2te.
O.C c.247 Q.17Z  1E2Z,C ?7  Van Duzen
2,48 C.251 <. 528 548,0 77  Van Dusen
7.2 L350 782.0 77 Ven Dusen
L2.2 2.321 281.0 77  Van Dusen
£, 0.221 1235.0 77 Van Dusen
2.2 Q.4+ Ce372 872.2 7 Van Dusen
7.0 0.3C2 » 30 ¢Z3.0 77 T Dusen
S U, 333 4120.0 atd on Dusen
2,77 ¢.1345 2330,2 312 Randiciph
C. L34 C.4Zz2 825,75 gig  Randolph
11.2 .32 530,03 77  Van DJusen
17.0 g.ad U.273 1012, 93 General Ins.sund
wfz.Co«
2, 4 ¢.42 C.223 S84 77 Van Duzen
17.0 C.42 ¢.248  1110.C 77 Ven Dusen
22,0 1.134 243.3 ??7 Van Dusen
1.8 C:339 ©33.0 77  Van Dusen
C.28 C.227 11Zl.0 7 Van Dasen
12.2 Q.40 0.271 10C8.0 77 Ven Dusen
11,3 0.3322 210.0 77  Van Dusen
1%.5 0.33 0.372 721.0 77  Van Dusan
16.3 0.50 0.304 288.0 150  Arxstrong Oork
and Ineuletion
Co.
24.0 0.218 2e8.¢ 77 Ven Duszan
38.0 ¢.5%7 1,000 273.0 7 Van Jusen
0.458 52,0 77 Varn Dusen
0.274 288.0 300 Stott
.9 0.2468 1110.0 &0C Ven. Dusan
55.0 0.708 Z83.0 300 Ven Cueen
0.041 88GR8.C 300 VYan Dusen
34,0 0.SE3 265.0 %CO Ven Dugon
3.0 0.87 ¢c.7°2 245,0 300 Ven Dusen
21.0 0.32 0.33% 752.2 300 Van Dusen
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wir-cel csuostes =,z C.332 382,00 C to &2z Rerdolph

s - ~ . -~ ! » 3 g
CAShegt-s gt e te 22 ¢.542  437.C 3¢ Franslin if:.°
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Lli. Asbestss zponce 12.0 .
elted T 43,0 Cc.438  58Z. 370 . lclillen
e €5% magnesisa 1% %> 13 0,812 0.807 533, 370 licliillan
Jhe 85% gagnesis 16.8 Q.444 315, 470 J.M.Ce.
J.l.fine corrugated
esbestos 15.8 0.538 807, 470 J.017.Co.
J.l.Inden%ted 0.888  40¢. 270 " leliilan
J.li.mouldzd askestos 0.778 51, a7C Melillan
J. K vitrahase, o 21.8 1.097 351, 37C  MeMillan
£ & L air-cel ashestcs 12.5 0.62C 472, 370 Stott
Leminated coryk 0.43  0.43%7 331,0 4930 Stott
f{ineral wool 12.5 0.188 0.275 22Z.C 77 Van Dusen
fineral wool 36.6 0,192 (.47¢ 572.,0 9%z Randclph
jonparsil H.p. 25,56 ©0.20 0,470 ' BEL.O 370 lickillan
jcrpareil Z.P.block 27.0 0.20 ,54Z2  203.° 270 licaillon
plastic 8579 gocnegin 0.387 428, 270 wodiilan
Doplox ‘ = 1.42 0.3834  712.0 375 anndelph
boplox 5.8C 0.483  5&2.C 2ia Rendclh
R0CK cork ' C.250  72C.0 77 Van Dasea
0.510 533.0 370 dewillen

5a.L1lmo wool feli
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1C2.C 1.775 133.& 23z Randolph
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Solid cori T.43 .218 353,C 79 0] Sto+t
Fib 32C 88%.C 200 FeD.Farnum

Thermo T3

W

C
r 1C.C C.2C C.
and Co.

¢

C

35% magresis 2.3 5892 430,C O to 752 Randoloh
Vitrified “oneooh Lloow 42 2 43 342 324.0 400 Franklin £z, Co
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0.2958
C.185
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etc.
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3.8¢ 3073 Randolxnh
38,0 to 2072 Rangd~>1ph
14.0
42,8 Velfillen
17.0 212 Randolph
27.¢C 2072 Randolph
82.0
24.7 larks
32.C Yoliillen
83.C 72 Randeolzh
3.8 Randolph
438.0C ?7? Van Dusen
335.C  10GCC quizler Fur.
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0.85 Marxss
1s.2 gedillan
18.90 3072 Randolph
343.0 1300 arzstrong
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PrOdc Co.
g1C.¢C 77 Celite
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25.0 1332 Rendoloh

Many of the materials given in the Tsbles 111, 1V and V
are not.heat insulatinz materisle in the ordlinary samese of the
term, but are given only for purposes
authorities given refer tc the value of K. K is expressed as

§§ t%g%fper hour, per square foot, per inch of thicknees, per
- Clfference.

(11)
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For flat surfaces of sufficient area so that the
end or edge effect is relatively small, this formula can be
used as given, though only approximately correct. Nckillan
gives this formula as

ts - ta

QR = x + 1
& @ Ta (6)

Where
Q = B. t.u. per sq.ft. per hr. transmittéd
ts= temperature of hot surface, °F.
ta= temperature of surrounding air °F.
x= thickness of insulation in inches

a= surface transmission factor (1/a = surface
resistance)

k= conductivity of material

This takes into account, not only the absolute}mean
conducﬁivity of the insulation, but also the resistance that
is offered by the surface of the material to the transmission
of heat. This factor 1/a varies between wide limits, and
has been determined far only a few materials, so that for
ordinary calculations 0.5 is taken as the value of 1/a for

still air conditions and a good grade of insulating material

at medium temperature.
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From formula No.5 it is evident that the factor

Ty =-- Tg

th

rate of temperature drop with distance through the material, and

is the determining variable, and expresses the

its 1limiting value or dT/dth is the "temperature gradient"

of any point in the path of flov, assuming that K is a true

constant for the full thickness of the materials.,

For cylindrical surfaces such as steam pipes, tanks,

boilers, etc., it can be shown that the heat loss is equal to

Q
Where
Rl is
Ro is
in inches.
R 1is

taken equal to R,
Q 1is
ft. per hr.
T, 1s

R loge X2
Ry

inside radius of ccvering in 1nches

radius of outside of covering (or insulation)
outside radius of pipe in inches (usually
in above equation)

rate of heat flow per in. B.t.u. per sq,

temperature of inside of pipe in °F.

temperature of outside of insulation °F,

(13)




This is the formula generally used for all

cylindrical surfaces and Table IV gives the value of K
for a number of different insulations cormonly used for
such surfaces, Tg is ordinarily taken as the temperature
on the outside surface of the covering or even room tempera--
ture, wherens it actually refers to the temperature of
the outside of the insulation, which for steam pipes would
be under the canvas sheathing, . |

In the above formulae, numbers 4, 5, 7, etc, two
assumptions are made which are not strictly correct;
first; that K is constant in value throughout the thick~
ness of the insulation, and second, that the value of K
varies inversely with the thickness, Tpe value of X varies
with the temperature as shown in Fig, 1, so that it pre-
sents a curve between T and Tge It is a matter of common
knowledge that the insulating value does not increase dir-
ectly with the thickness, but so far no general law has been
worked out. Stott® attempted this and states that for 85

bper cent, magnesia, the law is

. 2
K _ th

L = 2 (8)
Ko 2 thy

5 Power, 1902

(14)




Where X3 and Ko are the coefficients of conduc-
tivity and thy; and thy, are the thickness, while for every
other material a different constant is required. These
have not been accurately detérmined as yet. Fig. 2 shows
this general relatior for 85 per cent magnesia on flat
surfaces., Stott's law will not hold for flat surfaces as
it takes into account the increased radiating surface on a
pipe or cylinder.

From the above, it will be seen that these two con-
ditions tend to counteract each other, so that the result
is a curve that will vary for each temperature and each
insulating material. Common practice is to follow the in-
verse square root law for cylinders, and use a multiplier
for flat surfaces,. such as ovens, which really depend more
upon the mechanical constrﬁction of the oven than upon the
characteristics of the insulation. This multipler for
formula No., 5 varies from 1.2 to 2.5, depending on conditions.

For many applications, such as medium temperature
ovens and high temperature furnaces, it is customary to con-
struct the walls of layers of different materials having
different internal resistances. The heat loss from such a

flat wall can be calculated by the following farmula; using

(15)




the notation and form of formula No.5 we have

Q = At I, — Tg
thy th,  tmm (9)
K In

Where th is the thickness of the various layers and K
the conductivity; or more accurately this is given by

McMillan as

Q = ts - ta (10)
Xi X2 X5 1
-_— 4 ™ 4 = 4 eceoe + -
Kl Kz K3 a

using the same notations as formula No., 6. For cylindrical

surfaces this becomes

Q = ts - ta (11)

rq 1oge 1‘2/1‘1 + Tg ]_og'e rS/rQ + eee + 1
k7 ky ®
in which ry is radius of outside surface of insulatim rq

is outside radius of cylinder and ro equals rj plus thickness
of first layer of insulation, rz equals rg plus thiclmess of

second layer, etc.

(16)




Application to Apparatus

The materials in Class A Table II are used successfully
only for quite low temperature work, and due to this fact the
heat loss is generally low regardless of insulation used.

For this reason, little attention is paid to the proper se-
lection and too often a few layers of asbestos paper is used,

as this is easy to obtain almost anywhere. It has been shavn
that the heat loss from a bare bright tin pipe is less than
from the same pipe corered with 7 layers of 0.025-inch (0.64 mm.)
asbestos paper at approximately 180° F. (82°C.) in the pipe
(Fig. 3)6. sSo it is obvious that it would be better economy to
use some of the fibrous or spongy insulations given in

Table IIT even though the first cost and cost of installation
was higher than for the -asbestos paper.

Class B, Table II, is by far the most important class,
as most commercial and industrial applications fall with;.n it.
To meet this demand there are dozens of grades and brands of
commercial insulations on the market. Table 1V gives only a
few representative grades of this class. MNMuch care should be
exercised in the selection 61’ an insulation in this class, as
many are good under certain conditions and poor under other con-

ditions at the same temperatures. For instance some will stand .

6 University of Ill. Bulletin No, 117

(17)




soaking in water and when dried omnt are apparently as

good as ever., Others disintegrate and fall to pieces

under the action of water or any other liquid. Some

grades will stand up and hold their place and position

under continual jarring and vibration, others settle down

and leak out of their retaining walls and leave an air

space. So other considerations besidés thermal characteristics
are important, depending upon the particular application.v'

In the eapplication of these insulations to electrical
apparatus, the largest per cent will go on tanks, boilers,
etc., and on ovens, drying cabinets, etc. These are shown
in figures 4 and 5. On the former the insulation is usually
applied exactly as pipe covering, with an outer surface
of canvas, while with ovens the insulation is ordinarily con-
fined between two thin sheet metal walls, In building such
ovens, care should be exercised so to construct them that
there is a minimum of continuous through metal from inside
to outside of the wall; that all joints are tight and well
packed; and that the outer surface of the oven is one that
does not radiate the conducted heat readily. Cases are on

record of similar ovens in which one was finished in black

iron and one in bright galvanized iron. At 500°F.(260°C,)

7 E.R. Weidlein, Chem. and Met.Eng. 24, 295, (1921)

(18)




the black oven showed a radiation loss 30 per cent greater

than the galvanized oven., Other conditions may have con-
tributed to this difference, but it is believed the differ-

ent character of surface was the main cause, In ovens of
several hundred square feet radiating surface, this is a feature
to be watched closely.

As brought out previously, it is essential that the
specific heat or heat absorbing power of an insulation be
taken into considerations as well as its conductivity. Fig.
6 and 7 shav curves of identical ovens, one with a commercial
grade of mineral wool, the other with a commercial grade of
aircel asbestos insulation. It will be noted that the former
not only has a lower constant loss, but comes up to tempera-
ture more rapidly, thus storing less power to be lost when
the oven is shut down at night.

Some of the insulating materials in Table V can be,
and often are, used for temperatures as low as 300° F.(149°C.)

but their real field lies in furnace work, where temperatures

of 1,000 to 3,000°F. (538 to 1,650°C.) are encaintered,

While these insulators will stand direct contact

with the heating elements and temperatures of 2,000°F., it

. is better practice to line the inside of the furnace with

a good grade of refractory fire brick, and place the insul-

ating brick outside of these. As these insulating brick are

(19)




not strong mechanically, a layer of building brick or
red brick outside of them will protect them and insure
permanent insulating value. Fig. 9 shows one of the
large electrical furnaces insulated in this manner.

Due to the fact that the absolute mean conductivity
of air is considerably lower than any present day commercial
insulation, industrial plant engineers often try to increase
the efficiency of furnaces and boiler settings by including
air spaces in the walls. The results are invariably the opposite
from fose desired. Thig is due to the fact _that even thin
air spaces readilv set up convection currents, and that the
radiant heat leaps across the air space with little opposition,
especially if the air space is close to the inside of the
furnace.

Tests by the U,S.Bureau of liines, proved that a wall
of solid fire brick or building brick lost less heat than a
Similapr wall with a 2-inch (51 mm.) air space enclosed in 1t.8
Therefore, this practice 1is poor and should be abandoned en-
tirely where medium and high temperatures are involved.,

Conclusions.
While there are numerous grades of heat insulations

on the market, there are none that can compare with electrical

insulators. Of all the different grades, there are only a

8 Bureau of Mines Bulletin No., 8
(20)




few fundamentally different sorts, as some half dozen

items will cover the raw materials successfully used. In

all these materials the true insulation value lies almost
entirely in the entrapped dead air spaces of their structure.
The difference between grades then really goes back to the
physical structure of the crystals or cells. This fact leads
many engineers astray in the use, in furnace and oven walls,
of air spaces, which actually increase rather than decrease
the heat loss.

The application of poor insulation can have the
same effect as the air spaces mentioned above, as shown by
the University of Illinois in tests of asbestos paper on hot
air pipes. See Fig. 2.

While the conductivity of an insulation is of
primary importance, other thermal characteristics must be
considered, such as specific heat and specific weight. The
application also has to be considered with regard to the
physical properties of the material. |

The laws of heat flow are simple and follow closely
those for electrical energy, but are little used or understood.
This probably is due in part to the fact that there are few
reliable data available on the subject, and of these the values

given by different authors vary over wide limits,

(21)




It is the writer's opinion that a great deal
more research and development work should be done along
the lines of heat insulation engineering, as we have about
come to a stop and have accepted our present standards by
saying "there is bound to be a certain amount of heat lost,
and this is as good as we can do."

I pelieve that if there wé.s a wider distribution
of available data and a broader dissemination of the laws
and charscter of heat flow and its prevention, it would
help to conserve the national coal supply and result in
better insulation methods being developed. The progress of
electrically heated apparatus is Vdependent to a large
extent upon the efficiency of its insulation, and warrants
the keenest étﬁenti’on of electrical, chemical and mechanical

engineers, as well as of heating and ventilating engineers,

(22)
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