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ABSTRACT

Investigations of the intensity of radiation in various
directions from actual surfaces show that it does not follow the
Lambert cosine law, Representative curves of non-conductors and con-
ductors may be determined as shown in Figure 21 where E;a is the
ratio of the measured intensity of radiation at the angle S from a
normal to the surface to the intensity of radiation from a black
surface at the same temperature ard angle B . It may be observed
that f;ﬂ is relatively constant for non-electrical conductors except
in the neighborhood of 900 where it drops off sharply. On the other
hand, é%;for electrical conductors increases with f? to a maximum
very close to 900 and then decreases rapidly. For this reason, the
total hemispherical emissivity of polished conductors may be from
1.15 to 1.20 times the total normal emissivity.(B) Values of total
normal emissivities of various surfaces may have large variations for
a single material depending primarily on the surface conditions.

The purpose of this project was to design and construct a
reliable measuring apparatus to determine the angular emissivity of
various materials within a temperature range of lSOOF to lOOOOF, Tests
were not run at the maximum temperature quoted but a temperature of
SAOOF was reached on one particular test, Five different materials
were tested under various surface temperaturés, The results obtained

compared favourably with published results, Total hemispherical

emissivities were calculated for each test by means of graphical



iii

integration. It may be noted that for the materials tested that the
total hemispherical emissivity does not vary more than 15% fromthe
total normal value obtained for any particular test.

It may be concluded that the apparatus performed satis-
factorily and that it can be used to test other surfaces for which the
angular emissivity is desired. Some minor changes were incorporated
into the apparatus before the actual tests were begun., After completion
of the tests and noting the bahaviour of the apparatus, some further
refinements could be introduced which would increase the accuracy of
the results obtained. These points are discussed in the main text of the

thesis,
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NOMENCLATURE

Angle of deviation from the normal to a surface-degree,

Btu
hr. ft

Emissive power of a body - 2 .,

Emissivity of a body or surface,
Shape factor of the radiometer fixed by the radiometer
diaphragm sige and arrangement,

Intensity of radiation - B%% per solid angle .

Constant of multiplication for finding hemispherical
emissivity.

micron, equals 1 x 10 %em.

. LU
radiant energy - hr
Stefan-Boltzmann constant 0,171 x 10—8 "__'EEE_BE“ °
hr-ft -R

Absolute temperature - °R.

Angle measured on a surface from an arbitrary position.

See Figo lo
Solid angle
Btu

Radiation flux density - ==~

7T hrert2

SUBSCRIPTS

Black body S -~ Sample
Hemisphere or hemispherical R - Radiation

Normal (i.e. when {3 = 0% C - Convection



I INTRODUCTION

This investigation was made possible by a grant provided by
the National Research Council of Canada. The main purpose of the pro-
Jject was to design and construct an apparatus which was capable of
measuring the directional emissive properties of various materials. In
this way published emissivity values of common industrial materials
could be checked and emissivities of special surfaces such as painted,
corroded etc., could be determined whenever necessary. Before designing
the apparatus, a literature search was executed to determine the para-
meters involved. Several types of apparatus have been constructed in

(1)

recent years, one of which is at the University of Minnesota and one

at the Case Institute of Technology,(2>

The apparatus described herein

was designed with the following criteria:

(1) Radiometer readings were taken on a relative basis rather than
absolute values. This tends to yield maximum accuracy results. It
also tends to offset any aging characteristics which may occur and
reduces effects of error caused by changing relative humidity.

(2) Because of small thermopile readings, an electronic amplifier was
used, All final readings were taken on a portable potentiometer,

(3) All apparatus was built of non-corroding material to maintain long
life and accuracy.

Numerous measurements were carried out in the late 1920's and

1930's by Schmidt and Eckert.,(3> This data is still used today and pro-

vides a good comparison for results obtained from similar materials to



those which they tested. Schmidt and Eckert(B) foermulated theoretical
equations for calculating the emissivity‘at a given angle for a given
surface. This involves the electromagnetic theory which distinguishes
two types of materials: electric conductors and non-conductors. For
conductors, it establishes a relation between the radiation properties
and the electrical resistivity,/ge, whereas for electrical non-conductors,
the theory relates radiation properties to the refraction coefficient.
The total hemispherical emissivity is quite often required and
not just the total normal emissivity. Definitions of these guantities
follow later. In certain cases one value may be substituted directly
for the other without involving any great error but this depends of
course on what particular material is being considered. By investiga-
ting the directional properties of the surface and assuming these proper-
ties constant around the hemispheres, the total hemispherical emissivity

may be calculated by means of a graphical integration.



II THEORY

The relative importance of several mechanisms of the transfer
of heat from one body to another differs greatly with temperature., The
phenomena of conduction and convection are affected primarily by
temperature difference and very little by temperature level, whereas
radiation interchange increases rapidly with an increase in temperature
level. Therefore, at the higher temperatures radiation is usually the
controlling factor in heat exchanges<é)

A different physical phenomenon is associated with radiation
heat transfer than with either conduction or convection. The energy
is transmitted through free space by electromagnetic waves at all
wavelengths throughout the electromagnetic spectrum. Maximum transfer
of heat occurs when the space is totally evacuated., All substances
except perhaps some in outer space at absolute zero are continuously
emitting electromagnetic waves at various wavelengths, Such waves are
generated primarily by the movement of thermally agitated electrons
in the atomic shell surrounding the atomic nuclei. These waves travel
at the speed of light in a vacuum and when they impinge on another sur-
face, produce corresponding electronic agitation and thereby effect a
transfer of energy across the void. When a body is heated, radiant
energy is emitted at a rate, and of a quantity, dependent primarily on
the temperature of the body.,(6>

Newton, Fresnel, Maxwell and others proposed different
theories by which they anticipated radiation heat transfer occurred.

Other theories were proposed near the end of the nineteenth century by



Michelson and Morley., Einstein's theory of relativity and Planck's
quantum theory help to explain the phenomena of electromagnetic waves.
What next will occur is difficult to imagine but the picture is by no
means complete,(é)
The energy flow impinging per unit time on a unit area of a
surface is called the incident radiation or irradiation and may be

denoted by H,(3> Of this total guantity some is refilected, some is

absorbed and some is transmitted,

pPrec + T = 1 . o . o (1)
P = reflectivity
o = absorptivity

77 = transmissivity

The total radiant energy emitted per unit area of the surface per unit
time is defined as the emissive power and is denoted by e. A bedy whose
absorptivity is one is called a black body. There are no totally black
surfaces in nature but one may be created artificially as will be ex-
plained later. They may be black to certain wavelengths but nct com-
pletely black to all, "No surface radiates more heat than a black body."
This is the content of Kirchhoff's law,

The ratio of the emissive power of any body to the emissive
power of a black body at the same temperature is called the emissivity &

or to be more exact the total hemispherical emissivity.

ioec € = __S' ° s ° ° ° (2)

The total directional emissivity is defined as the ratio of the



intensity of radiation at the angle F? from a normal to the surface
to the intensity of radiation from a black surface at the same

temperature and angle.

i.e: €, = T§ at angle A3 o o o (3)

Referring to Figure 1, the

radiation intensity in the contemplated

S| direction is defined as:

dg
1 O A0 §
5 a d ° o (1-4-)
Figure 1 Radiation intensity 1g of a black body

. - . ] s ro
Determining Radiation in is given by Lambert's cosine law:

Different Directions,

iB = iBN cos ﬁ R R o (5)

it

o
1l

5 fiB dw = 2ﬂ'iBN jcos B sinp ag ﬂ'iB

eS qj;l dw

S
Nows &y o= o =
B B
N
From Equation (3)
a td 3 ﬁ
ig = (%3 ig at angle D
ig= 1ig cos ;’5

ig = 4:6 ip cos 3 . . o . . . (6)

Substituting:



Referring to Figure 1 again:

dw = r d® R4 6 where R = r sinf
2 .
dw = r dp d e sin 3 r = 1
Substituting:
g

[\
€H=%J\j sn){) cosdePde o ° (7)

If é;& varies with © then:

i

I ot
= f‘:}f\ sinp cosié d/S d 6 . (8)
W P {

Egquation (8) was used to evaluate the total hemispherical
emissivity for each of the tests performed. When the radiation intensity
of a surface follows the same cosine law as black body radiation then
the directional emissivity is independent of the angle fi towards the
surface normal and identical with the total hemispherical emissivity.

Solids and liquids absorb practically all incident energy
of infrared wavelengths in very thin layers immediately below their
surface and the emitted radiation leaving their surface also comes from
such a thin layer. For conductors this layer is about 1.y thick and for
non-conductors it may go as high as 0.1 in,(B) A1l solids and liquids
reflect a fraction of impinging radiation and therefore radiate less
energy than a black body. With respect to their thermal radiation
properties in the infrared wavelength range, there is a principal

difference between electrical conductors and non-ccnductors. The con-



ductors reflect the major part of impinging radiation and therefore
radiate comparatively little heat. Non-conductors absorb the ma jor
part of impinging radiation and radiate comparatively much heat. This
rule does not apply to radiation in the visible or shorter wavelength
range,(3> Radiation emitted from heated bodies usually comprises rays
with wavelengths of one micron or more, This thermal radiation is com—
prised of waves outside the visible range and is generally called infra-
red. For both groups of materials mentioned, the reflectivity, absorp-
tivity and emissivity change with wavelength. A surface whose absorp-
tivity is the same for all wavelengths is called a gray surface,
Emissivity depends sometimes to a considerable degree, on the
surface conditions and it is often difficult to describe this condition
precisely enough. Emissivity values depend also on the temperature, A
general rule is that the emissivity increases with temperature for
conductors and decreases with increasing temperature for non-conductors.
From the total hemispherical emissivity é:H’ the heat radiated per

unit area at the absolute temperature T can be calculated by the formula:
e =€O-T1+ o e ° @ (9)

where e is the emissive power.
Information on the radiation properties of solids and liquids

(3) This theory

can be obtained frcom the electromagnetic theory.
considers radiation as a combination of electric and magnetic waves and
applies the laws for reflection of such waves on the interface of

substances which differ in their electrical properties. It is found that

predictions obtained by this theory are in fairly good agreement with

experimental results so that they may be used as a guide to measure



values which are not available as long as the radiation considered is
primarily in the infrared region. For conductors the following equation

was derived for the emissivity in a direction normal to the surface:
€N = 00570 \/fje t - 001214. fet e ° (lo)
where: fﬁe

t

ohm-centimeters

il

i

degrees Kelvin,
This usually agrees within 20% with measurements. Another useful relation
was -also obtained by Schmidt and Eckert<3) for the ratio é:H/éfﬁ as

shown in Figure 2.
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Figure 2. Ratio of Hemispherical to Normal Emissivities.

The curves in Figure 2 show as full lines the prediction of the theory

for electric conductors and non-conductors. The points indicate

(3)

measured results of Schmidt and Eckert.



IIT RADIOMETER ENERGY EXCHANGE ANALYSIS

A general layout of the apparatus and measuring equipment
is shown in Figures 3 and 12. With reference to the designed rig, the
following analysis may be applied., A sample calculation for Test # 18
is contained in Appendix B. The equation used to calculate the angular
emissivity was derived in a manner which best suited the means by
which the emissivity data was obtained. A similar approach has been

Q)

used by others on this same topic. Assumptions made in the deriva-

tion are noted as they occur.

The radiant energy flux (G) leaving the black body at

T

Ty and arriving on & unit area of the thermopile is:

tempergture

o (11)

©

_ L
GB = F G'TB o o

The sample is at a temperature TS and is completely surrounded by a
nearly perfect black guard at temperature TG which was taken as the
average temperature between the inlet and outlet water temperatures to
the base of the guard container,
The following energies arriving at a unit area of the

thermopile were considered:
1. The emitted energy of the sample.
2. Energy coming from the guard and being reflected by the sample.
3. Energy coming from the guard after being reflected by the sample

holder to the sample and in turn reflected to the thermopile,
Lo Energy coming from the holder and reflected by the sample,
5. Energy originating from either the guard surface or the sample sur-

face and reaching the thermopile after multiple reflections.
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Terms 3, L, and 5 were neglected as it was assumed that the
errors involved would be smaller than those anticipated in the actual

measurements. Thus we may write:

G = FU“€STS + FSTGh] . . . (12)

The following substitution may be made:

Lo fgs = é:s

i

The assumption that é:s 1 - %)S requires ’T; = 0 so that no
energy comes through the sample from the assumbly and that the emissi-
vity does not depend on wavelength since é:s is substituted for ’T;a

The limitation that 3’8 = 0O was satisfied by all samples
except the glass, This factor, discussed later under sample preparation,
was assumed to be negligible in the temperature range that the glass
was tested.

(3)

With respect to the second assuaption, Eckert states the
following, "For a metal surface at TS and for incident black radiation
at Ti it can be demonstrated from electromagnetic theory that the
following relations held, ol = é:(Tm) with Tm = ‘/Ts Ti°" It was
found that the emissivity did not change any noticeable amount for low
temperatures encountered and therefore the emissivity was very close
to absorptivity in this temperature range. At higher temperatures the

term containing fjs becomes negligible,

The above eguation may also be written as

1 - fs,p = GS,P

'The equation in this form also applies to the derivation but is dependent
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on the radiation from the inside of the guard container. In order that
the equation hold at all angles of /3, the radiation from the inside of
the container must be diffuse, This is a reasonable assumption since
the inside of the guard was painted with three coats of flat black

paint which, according to tests, had a hemispherical emissivity slightly
greater than 0.92. Any error that may be introduced occurs at very

large angles of /59
P b L q

G - & -
G = Fo I_LS (T = 1h) S . . (13)

The radiant energy flux leaving the guard black body at
temperature TG and arriving on a unit area of the thermopile is:

o L
GG == .P O‘J TG o ° a o © (1}~L)

Subtract Equation (14) from (11) and (13) and equate:

B G
Ay Fo
B G
> -G
Co-0% _ro
c Lo b
k,S(TS—TG)
b ok [ i
6 SEI‘B—Z-;':—?I 'gi:.'égo 0 ° ° ° (lS)
s TR T B~ ¢
s G

To relate the radiation heat fluxes, G, to the thermopile deflection,
zf; » @& heat balance may be written for the front face of the thermopile

for each energy flux input.

e o b
Cefp = 9 S0 T = Qg * o, g ’ - (18)
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Cs G = O‘G;T TFSZ+ " 9rad T Yoss ° ¢ - an
¢ G = @ GZT TFGA " %raq T %oss ° ° - (18)
where: C = loss factor accounting for absorption of energy by CO2
and water vapour in the air, (Equal to 1 if no absorption
occurs) .
G:T = emissivity cof the thermopile
Uaqg = - radiant energy absorbed by the thermopile coming from
surrounding walls,
Uoss = losses from the thermopile by convection and conduction.
TF = temperature of the exposed thermopile surface.
If we assume CB = Cs = CG and Apag and %655 remain constant we

combine and arrange (16), (17) and (18) to get:

o b A
6~ % = Tps ~ Tpg (19)
G _ G T 14‘ _ T L" o e ® o
B G FB FG
A good approximation for fourth power temperature differences is:
(provided T, = T2)
4 L .
Tl _ T2 = I T 3 wnere T,, = Tl _ T2
- - %M -
Tl T2 M M 2
G -G LT M (v -m )y T -
S G “FG FS FG* _ _FS FG . (20)
G, - G = 4 - -
G b Toet (Tepm Toe) Teg - Twe

It was verified later that the maximum deflection produced by the

thermopile during testing was approximately 0.50 millivolts. Considering
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the sensitivity of a bismuth-silver thermocouple and the number of
thermocouples involved (16), the temperature rise necessary to produce
the above deflection was 0.71°F, Thus, the temperature differences in
Equation (20) are very small and the approximation holds,

Assuming CB - CS = CG may not be valid in all cases since
the absorptivity of carbon dioxide and water vapor depend strongly on
wave length, the radiometer may be flushed with a non-absorbing gas if’
necessary.

The thermopile output causing the potentiometer deflection, 425,
is directly proportional to the difference in the thermopile hot junction
temperature TH and the cold Jjunction temperature TCQ The radiometer is
constructed tc maintain TC as constant as possible. Therefore, when the

radiometer is viewing the various components, the deflections are:

= ¢+ (T -

ACSB const ( FB TC) - . . o (21)
ZSS = const (TFS - TC) R o o o (22)
A'G_ = Const (TFG hond TC) @ e o ° (23)

Substituting Equations (21), (22) and (23) into Equation (20)

and combining with Equation (15) we obtain:

Bg-By T - Ty G- Gy
- -7 - - -
Dy - By rs = Trc Gg - G
\ }4- 14' i 1
€, - TBA”TGA Bs ol
TS - TG ng —ZﬁG

One must justify viewing the sample at an angle while viewing

the black body at a constant normal position. This may be done because



15

the sample area viewed at various angles from 0° to 900 increases at
the same rate as the intensity of radiation from the black body decreases.
i.e. By Lambert's ccsine law for a black body:

i = i cos ﬁ
B BN !

and for the sample viewing area

Ay

A, = ————
COSIS

P

Thus, Equation (24) may be used to find the emissivity at any angle and
may be rewritten as:
p Lo T L

PN~ D

T L LA, - A ° °
TS - TG B G

Equation (25) was used for all emissivity calculations. To

find the hemispherical emissivity Equation (8) was graphically integrated.



IV DESIGN AND DESCRIPTION CF APPARATUS

It may be noted that the main components of the apparatus were
centrally located around the radiometer. The main pieces of apparatus
which had tc be designed and built were the black body, guard, sample
holder and radiometer. In the following sub-sections the components are
described in detail as to purpose, design, material used and physical

size.

Radiometer

The radiometer is composed of a thermopile, a diaphragm
assemply and a water cooled Jacket, the latter two of which may be seen
in Figures 4 and 15. The purpose of the diaphragms was tc allow the
receiver area to intercept a predetermined amount of impinging radiation
and alsc determine the actual size of sample required. The water cooled
Jacket was necessary to give a constant temperature environment and to
absorb any stray radiation from the surroundings.

The thermopile was supplied by Eppley Laboratory, Inc. and
consisted of a 16 junction bismuth silver pile coated internally with
lamp black. It had a special air case with a slide providing a shutter
opening of 10.5 m. From a series of measurements performed by Eppley,
the thermopile was calculated to develop a sensitivity of 0,300 micro-
veolts per micro watt per sg.cm. Because of the lack of necessary equip-
ment we were uneble to verify this figure but it was understood to
refer to irradiation upcon the receiver surface. This figure was not used

in the thesis because relative figures were used rather than absclute
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values. This sensitivity was measured with no window in place at a
temperature of 2200 and 19% relative humidity. The amount of humidity
in the air does meke a sizable difference (estimated up to several
percent) for a change of hunidity from 20 to 60%. Since the relative
humidity in the room remained constant throughout a test it would have
negligible effect on the final results. A window made of CaF2 was
ordered with the thermopile but was not used in the tests.

Based on a shutter opening of 10.5 mm., the first diaphragm in
the plane of the actual pile was set at 10 mm, (0.394 in.) square. By a
series of full scale drawings to determine the sample size to be used,
the front diaphragm size was sef at 0.700 in. high and 0.300 in. wide.
The space between the plane of the pile and the front diaphragm was set
at 19.5 cm. (7.667 in.). The dimension of 7.267 in., shown in Figure 4
is 0,400 in. less than the set distance between front and back diaphragms
because the actual plane of the pile is 0.400 back from the front face
of the thermopile case. This is also the reason why the first diaphragm
dimension is given as 0,390 in. by 0.410 in. high (i.e. the diaphragm
size changes accordingly as you move away from the pile). The diaphragnm
assembly was machined from two pieces of solid brass 1% in. by £ in, cut
to the required length of 7.267 in. After machining the diaphragm size
lengthwise and removing the excess material between the diaphragms by
machining crossways, the two pieces of brass were joined together by
soldering to form a 1% in. square assembly with diaphragms of required
size and spacing as shown in Figures L and 15. The diaphragms were
painted with two coats of flat black paint on the sides facing the the rmo-

prile. The opposite sides of the diaphragms were polished to a dull shine.
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This was done to minimize the effect of stray radiation reaching the
thermopile. As well as this effect, the diaphragms tend to minimize con-
vective currents inside the radiometer housing. The diaphragms are

also positioned so that the thermopile cannot "see" the outside housing
of the radiometer but only the diaphragms themselves.,

The water cooled jacket covering the thermopile (Figure 15)
was not used in the experiment because it was found that with the slight
fluctuations in water temperatures which were experienced it was more
beneficial to have this jacket removed. The other water cooled jacket
over the diaphragm portion remained and was used in its original
position., Since the water jacket of the thermopile was removed it became
necessary to shield the thermopile from surrounding effects of radiation
and convective currents., Aluminum foil was used as a shield with the
polished side out. This shielding completely covered the thermopile and
water jacket as shown in Figure 5., The entire radiometer assembly was
pivoted about a %“ shaft which protruded from the bottom of the thermo-
rile case and was supported by an adjustable collar which made it
possible to raise or lower the radiometer on the half circle metal table
by which it was supported (See Figures 5 and 19). A spring loaded verti-
cal pin at the collar allowed the radiometer to be located in three exact
positions determined by three depressions drilled in the metal table at
exact viewing locations. In this manner the radiometer could be turned
to any of the three positions and as soon as the pin fell into place,
the correct viewing position was attained. It was found that this par-
ticular arrangement worked very satisfactorily. The procedure followed

in locating the three pin holes for viewing positions will be described
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in a later section under apparatus'assembling. Two thermocouples were
placed to record water temperatures in the radiometer water Jacket, one
in the inlet flow line and one in the outlet flow line.

There was some drift in the zero position of the thermopile
reading, but this was probably due to the fluctuation of the water
temperature. Some zero drift could be tolerated because the readings
were not taken for their absolute value but rather the difference was
taken between a series of readings at the three viewing positions of the

radiometer.

Black Body

No perfect black surface exists in nature and it is necessary
to create one by artificial means. One of the easiest known methods is
to build an isothermal cylinder with one closed end having the required
length for the desired diameter and emissivity of the material.

(7)

Buckley did extensive investigations on radiation from an isothermal
cylinder closed at one end., From curves shown in his work the value of
the length required can be deduced so that the radiation shall be within
1% of full radiation. In this case, an 1/r ratio of & was chosen, This
meant, according to Buckley's curves,(7) that in order to obtain 99% of
perfect radiation from the cylinder's open end it would be necessary

to have a surface whose total hemispherical emissivity is approximately
O0.L8. It was felt that this could be accomplished by a copper oxide
surface since emissivity values for copper oxidized surfaces go as high

as 0,75 according to the literature. A copper cylinder was chosen with

an internal radius of 1% in. By the 1/r ratio of 6, this made the re-
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quired length of the cylinder 7% inches. The closed end of the cylinder
was covered with a % in. copper plate of which a portion was machined
out to obtain a very large angle cone effect. (Figure 6). The opening
of the open and was cut down to l% inches in diameter by placing a % ine
copper plate over it as well. The thickness of the copper cylinder was
0.083 in. It was therefore felt that by having the following, (1) the
1/r ratio of 6 and emissivity of 0.48, (2) the large angle cone effect,
and (3) the reduced size of the hole in the open end, that the desired
99% of perfect radiation could easily be attained.

Heat loss calculations were performed on this artificial black
body assuming the temperature of the cylinder would be 10C0°F maintained
by & layer of insulation 2 in. thick with a thermal conductivity of
0.05 Btu/hr—ft—OF surrounding the cylinder, By this methed it was con-
cluded that a 250 watt heater would be sufficient., A 200 watt calrod
heater would be sufficient., A 200 watt calrod heater was placed on the
closed end of the heated cylinder. Two therchouples were placed at the
open end of the cylinder, two at the closed end and four more spaced
evenly around the periphery between the open and closed end., (Figure 6
and 16). All these thermocouples were placed nearly flush with the
inside surface of the cylinder. The black body cylinder was then placed
ineide a circular galvanized metal container 8 in. in diameter and 14 in.
long. Thermocouples and power leads were taken out through the back of
the container. (Figure 12). The space between the black body and the
outer container was filled with a "Zonolite" brand "Vermiculite,"

In order to attain a reasonably high value of emissivity on

the inside of the black body, the cylinder was heated to approximately
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7SOOF and held there for about two hours after which the temperature
was dropped to about 27OOF and left at that setting. It was found that
with the amount of insulation that was placed at the closed end of the
cylinder that the end heater was not necessary. The temperature de-
creased towards the open end of the black body even when the end heater
was turned off. It was therefore not used during any of the tests. All
thermccouples worked satisfactorily except one, Even with this, a very
good indication of the temperature distribution inside the black body
was obtained.

To check the accuracy of the black body a sample of copper was
tested after going through the same temperature sequence as the black
bedy. The value obtained for the total normal emissivity was 0.45. This
value was of course arrived at using the black body as it was, but even
then the error could be assumed to be small. It was later noted as tests
were performed that the readings obtained from the black body showed no
appreciable change with time. The black body power supply to the main
heater was continually left on., This was done to eliminate any un-
necessary flaking of the oxide on the inside of the cylinder. The
temperature at this setting was approximately 27OOF (average). Four
tests were run with the glass sample using & black body temperature of
approximately BAOO after which the temperature was returned to the pre-
vious 27OOF setting. A change in readings of about 3% were noted on the
black body after the higher temperature runs but this was not con-
sidered excessive because 2 certain amount of zero drift of the thermopile
must also be accounted for., The temperature distribution inside the

black body will be discussed in a later section under conclusions, Onl
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two different temperatures were used in the black body because the
type of analysis used on the data obtained did not require the black
body temperature to be the same as the sample temperature at any time,
Because of this it was nob necessary to have a black body temperature
control mechanism, An ordinary rheostat on a 115 volt power supply to

the main heater was all the control that was necessary.

Sample Guard

In order to have a known and constant environment surronding
the sample, a guard must be built which completely surrounds the sample
at all times, To accomplish this, a concentric cylinder arrangement was
used as shown in Figure 7 and 17. Two special cylinders of solid brass
were made, one 14 in. in diameter and 7 in. high, the other 16 in. in
diameter and 8 in, high. The 1id was made separately as shown in the
drawing. With this arrangement a 1 in. water jacket completely surrounded
the inner space where the sample was suspended, Separate inlets were
provided for cooling water to the 1lid and base of the guard container as
well as outlets. The outlet water from the lid of the guard container
went directly to the sewer bubt the outlet water from the base of the
container was in turh passed through the auxilliary black body.

A small viewing hole 13 in. in diameter was drilled through
the two cylinders to enable viewing of the sample when it was in position
inside the guard. The whole inside of the guard was painted with three
coats of flat black paint having tested normal emissivity of 0.95 and
a hemispherical emissivity of 0.92. A small auxilliary black body was

suspended from the outside of the guard container. This black body was
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composed of a l% in, diameter tube 5% in. long surrounded by a 2 in.

o~

diameter copper tube in. long., The space between the two cylinders was
filled with water which had previously passed through the base portion
of the guard container. In this manner the auxilliary black body assumed
approximately the same temperature as the inside of the guard container
(See Appendix C). The inside of the 1% in. diameter tube was painted
with three coats of flat black paint to create a black body. Six thermo-
couples were inserted in the following positions, one in the inlet and
outlet cooling water to the lid of the guard, two in the inlet and out-
let cooling water supply to the base of the guard, and three in the
inlet and outlet water supply to the auxilliary black body.

A surveyors transit scale was mounted on the lid of the guard
and used to measure the required angle é} from the normal to the sample,
A full scale drawing of the set-up is shown in Figure 8. With the
transit scale, the angle could be set to the nearest minute., By means of

two set screws in the upper movable bushing, the sample holder could be

raised or lowered to any desired position,

Sample Holder and Heater

As was mentioned previously, several scale drawings were used
to decide the physical size of the sample, the critical dimensions of
the radiometer, and the maximum angle that could be attained for measure-
ment. A 13 in. long by 3 in. high sample area was & reasonably practical
size, The length of the sample determined the inside dimension of the
1

inner guard cylinder which was set at 14 in., diemeter leaving a % in.

clearance dimension between the edges of the sample holder and the wall
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of the guard container. With the radiometer dimensions set as pre-
viously described, the sample centre line position was set at about
16% in. from the plane of the thermopile receiver. The maximum angle
ttainable was 830 according to the drawing. Thus all the critical
dimensions of the sample holder, guard and radiometer were decided
simultaneously.
4 dimensional drawing of the sa@ple holder appears in Figure 9,

The main parts of the sample holder were made from aluminum, The sample

=

holder was designed to take a sample as thick as = in. with other di-
mensions of 13 in. by 3% in. high. Small flanges at the front of the
holder accounts for a 1/8 in. oVerlap of the sample at the bottom and
the top of the holder. This leaves an area of 13 in. by 3 in. high free
to view by the radiometer. The brass bushing which is bolted immediately
to the top of the sample holder was cut partially off at an angle so
that the sample '"sses" as little of this portion of the sample as
possible. The aluminum flanges which overhang the sample surface were
kept as thin as possible. The purpose of these implemented precautions
is to keep the shape factor from the sample to the holder as small as
possible thus keeping the shape factor from the sample to guard as large
as possible, A small asbestos spacer was placed between the brass bush-
ing and the 1 in. steel shaft to act as a barrier to heat conduction up
the rod. It also insulates the sample holder from the guard container,
When the sample holder and guard were assembled the maximum angle that
could be obtained was 823500

Heat loss calculations were carried out on the sample and

holder using 1000°F as a meximum temperature. It was realized that at
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F that the convective losses from the

temperatures above 200°F or 300
sample surface would be considerable but because the sample and holder
were in a concentric container and the sample always remained in a
vertical position, the convective losses would remain constant for anyv
position chosen in a horigontal plane, Variations could exist for
different vertical elevations on the sample, This could give rise to
possible temperature variations in the plate surface., These variations
were kept to a minimum since the vertical dimension was small in com-
parison to the length and second, all materials tested at high tempera-
tures had high thermal conductivities and those with low thermal

]

conductivities were tested at low temperatures, The glass results at
high temperatures were not considered valid. There are some end effects
but again these are very small. Also several thermocouples were placed
in the sample to determine a good temperature distribution on the sample
surface facing the radiometer.

In order to attain the 1000°F a heater of 2000 watts was used.
The entire heater section was made of 8 calrod heaters of 250 watts
each. They were bent as shown in Figure 10 and joined by two small bus
bars at each end to form a single heating unit. The heater unit was
placed directly behind the % in. thick copper plate in the sample holder,

Four small asbestos spacers were placed directly behind the heaters to

keep them equally spaced in the holder and then another thin asbestos

1t

v 3% in. high was positioned behind the heater

o’

plate 13 in. long

by

assembly. Three 4 in. bolts in the back of the sample holder (Figure 9)
were tightened in order to sandwich the entire assembly firmly against

the flanges on the front of the sample holder, Since the heater length

- v - \ . . 1 .
was 133 in. long at its widest peint, this left only £ in. clearance
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between the heater edge and the wall of the guard. Placement of the
heater was critical because any small amount of excess overhang would
cause the heater to rub along the guard wall.

The thermocouples and power leads were brought ocut of the in-
side of the guard by running them inside the one inch steel pipe which
supperts the sample holder. The power supply used was 115 volts con-
trolled by a variac. After several tries on the power setting of the
variac, it was relatively simple to obtain a desired temperature

within a small range,

Water from the hot and cold water lines was proportioned to
obtain cooling water at room temperature. Extreme fluctuations of water
temperature during the daytime hours necessitated running all the tests
at night. Even then fluctuations of several degrees were noted. To even
out these fluctuations as much as possible the water was passed through
a radiator and finned tube in series after which it flowed to a head
tanké A line from the head tank fed the apparatus with cooling water,
(Figure 14). Any temperature fluctuations which remained had to be
tolerated.

The flow of water through the apparatus was controlled by

three cocks on the cutlet side. Since there was no excessive heat

pickup in the apparatus, flows were moderate but high enough to maintain
a reasonably high. convective heat transfer coefficient on the water
side of the guard container. To measure the water temperature, special

thermocouple wells were machined from brass. The wall thickness was
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approximately 0.008 to 0.010 in. thick. Each well was filled with oil

into which the thermocouple was inserted and held in place by a cork,

—

Measuring Egquipment

Two main instruments used for meazsuing means in this experi-
ment were (1) a stabilised D-C microvolt amplifier and (2) a portable
precision potentiometer. Both instrumenis were made by Leeds and
Northrup.

For the D-C amplifier the limits of error given by the
manufacturer are:.

(a) of amplifier response: * 0.L% of range span,

(b) of meter reading: add 1% to (a),

(c) of zero: maximum of set * 0.5 microvolts within which drift
will not exceed 0.2 microvolts during a2 1 minute interval, after warm up.
The amplifier has a response time of two seconds for 2000 ohms maximum
source resistance and three seconds for 10,000 ohms maximum source resis-—
tance. These are approximate values for the instrument to obtain within

1% of balance. The amplifier has the following ranges with corresponding

magnification factors as tabhulated:
o 2

Range Magnification Factor
0 to 50 y4v 200
0 to 100 .yv 100
0O to 200 yv 50
0 to 500 gyv 20
0 to 1000 4v 10

0 to 2000 4v 5
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The maximum output on all ranges is 10 millivolts.,

The accuracy of the amplifier was checked before any of the

tests were performed. Two potentiometers were used accurate to T 0,005 mv,
One potentiometer was used Lo apply a bilased emf input to the amplifier
and the other used to measure the output from the amplifier., The poten-
tiometers were also interchanged and the same procedure carried out.

It was proven by this method that the error in the amplifier was well
within the limits stated by the.manufacturer@

The potentiometer is designed primarily for measurement of
thermocouple emf's but may be used to check other potentiometers. The
instrument has two ranges, one of 0O to 16 millivolts and one of O to
80 millivolts., On the low range it is possible to read to the nearest
0,01 of a millivolt and estimate the third decimal if necessary. On the

high range, you may estimate the second decimal point but no further.

Miscellaneous Eguioment

(1) A twenty-elght position thermocouple switch and thermocouple
wire,

A1l thermocouples were made of # 2l guage iron constantan
wire. In the preparation of each junction, a 4O volt A.C. voltage source
was used. One lead from the source was connected to the thermocouple
wire. The other lead was connected to a emall copper terminal which ex-
tended into an ink bottle half filled with mercury covered with a thin
film of light transformér oil. To form a thermocouple bead, the twisted
end of the thermocouple wire was dipped momentarily into the mercury at

which time an arc occured., Bach bead thus formed was tested for con-
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tinuity and observed under a microscope for any irregularities.

he accented

y

[¢)

~
v

»

uracy value as published for the iron
constantan wire was & 0.5%. This was checked at 32OF and 212°F and found
to be within # 0.25% or within the limits of the potentiometer,

Twenty three couples were originally hooked up. Two of these
were not used since they read the inlet and outlet water temperature to
the thermopile cooling jacket which was discarded before measurements
began. One of the thermocouples in the black body read incorrectly and
was disregarded.

The thermocouple selector switch used was made by Lewis Eng.
Co., Type 27 S 38 Bi (Serial No. 3361). The positioning of the switch

and various couples may be observed in Figure 28 (Appendix 4).

~~

2) An ordinary thermos for cold junction reference of thermo-
couples. Two leads entered the reference flask. Exterior copper leads to
the potentiometer were connected at a common location to the thermo-
couple leads, No thermal gradient existed near or at the junction point.
(3) Two power variacs to controller heater power supply.

A 1.6 KVA (115 volt) variac was used to regulate the power
supply to the main heater of the black body., 4 2.0 KVA (115 volt) variac

was used to regulate power to the sample heater,
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V  SAMPLE PREPARATION

e

3

Five different samples were tested for their directional
emissive properties. These were copper, aluminum, aluminum foil, glass
Pr 3 2 3 O

and painted copper, in that order, Thermocouples were placed on each

sample and the surface cleaned of any foreign matter,

Copper Sample

A 1/8 in. thick plate of pure copper was cut to sample sige,
13 in. long by 3% in. high. Grooves 0.080 in, deep were machined in
various positions as shown in Figure 11. Holes were drilled to within
0,010 in., of the front surface in each of the five positions indicated.
The thermocouple beads were placed in the holes and cemented into place
with thermon., The remainder of the thermocouple wire was laid in the
milled groove and led to the outside edge of the plate,

Excess thermon was removed from the back of the plate and
the sample was placed in position in the sample holder., Three series of
emery cloths were used to smooth the surface as much as possible. The
emery cloth was Struers pregrinder grits 320, 400 and 600. The operation
was done by hand. Finally, the sample surface was cleaned with acetone

to remove any dirt and finger prints. The sample was then located in

place and tested.

Alunminum Sample

Exactly the same procedure was followed in preparing the

aluminum sample.



Aluminum Foil Sample

Since the aluminum foil was too thin to use alone it was
placed on another surface. It was decided that since the copper plate
had a very high thermal conductivity, it would be the best material to
use. The same copper plate was used as described previously. A& thin
layer of varnish was applied to the front surface of the copper plate.
The aluminum foil was then rolled on and the excess trimmed from the
edges. The initial thermocouples were replaced with new cnes in ihe
same manner as described in part A, Since there was 0,010 in. of copper,
a very thin layer of varnish and a thin layer of aluminum foll in
series, it was assumed that the thermocouples would give a good indica-
tion of the surface temperature of the aluminunm foil, The surface wa
cleaned with acetone and the sample put into place and tested. Care
was taken during the entire process so as not to scratch or mar the

surface of the foil.

Glass Sample

Unlike the majority of solid materials, glass is transparent

to certain radiation wavelengths. It i1s nearly opaque to radiation

L]

wavelengths beyond approximately 34 and transparent to radiation at

Fy

shorter wavelength., A1l wavelengths of radiation are given off by the

Y,

surface which is directly behind the glase plate. Hence, some of the

radiation reaching the receiver comes from the metal which is directly

ehind and in contact with the glass. The total radiation reaching the

o

thermopile is given by the eguation:
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where R_ is the radiation from the glass, %n that which would be re-

g
ceived from the metal if the glass were not present, and 37 the
g
. - L e (8) e . o
transmittance of the glass for this radiation. The transmittance [

o

can be calculated if the spectral distribution of Rm is known and
spectral-transmittance data for the glass is available. The spectral
transmittance is dependent on the thickness of the glass and the type
of glass under test. The exact data were not available for the glass
used. It was decided to run the tests and neglect the second term on
the right hand side of the above equation and compare the results with
existing data to ascertain the validity of the assunption.

The glass sample was cut to the same dimensions as the other
samples, The thickness was approximately 1/8 in. Thermocouples could not
be positioned as they were in the other samples because of the diffi-
culty in machining or drilling glass. Therefore, the thermocouples were
placed on the front surface of the glass by cementing them into place

with thermon., A thermocouple was not placed in position #

3 as shown in
Figure 11, The wires for thermocouples # 2 and # 4 were run very close
to the bottom and top edges of the sample respectively so they would

not be "seen" by the radiometer during testingo Extreme care was taken
to have the thermocouple beads touching the glass surface so as 1o
obtain as true a surface temperature as possible. By running the thermo-

couple leads along the sample, the couples tend to attain temperature

b
equilibrium with the glass plate. Thermocouples were surrounded by
thermon which has a thermal conductivity approximately that of iron.

The thermon tends to assume the same temperature as the glass surface,

The error was assumed to be negligibe or small at low temperature, More
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explanation on actual values is given in the results.

opper Sample

Y
¥
3
ot
©
2
(@]

The same copper plate was used as previously described. The
holes where thermocouples were placed were extended to just break the
surface of the copper. The thermocouples were positioned as previously
described under the copper sample,

After the thermocouples were placed, the front surface was
painted with three coats of flat black paint made by Northern Paint Co..

The sample was positioned in the holder and tested.



of the apparatus. The guard, radiometer, black body, one variac,

[©)

thermocouple switch and ice bath were placed on a rigid table. The re-
maining variac and two instruments were placed on a counter next to
the table in the room., Before the tests could be performed the
radiometer, black body and guard were placed in exact alignment with

one another. The procedure followed is listed below:

1o The table upon which the apparatus was to be placed was
leveled,
2 The base plate holding the radiometer was positioned and

leveled close to one edge of the table. This assured that the radio-
meter pivot shaft was vertical.

3. Before the sample holder and sample were placed inside the
guard container, the vertical centre line and horizontal centre line of
the sample were identified on the sample surface. A small circular
mirror was placed over the centre point of the sample and taped in
place. The thermocouples and power leads from the sample and sample
heater respectively, were brought out through the 1 in. steel shaft.

The sample holder was now placed in the guard container and the 1id was

Lo £ line passing through the centre of the guard had been marked

W=

on the bottom of the guard when the 1% in. viewing hole was drilled
previously. This same line was used to align the radiometer with the

guard assembly. (i.e. the centre line of the radiometer was made to

FANERBITY SN
“~ N
LIDRARY
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coincide with this line). The guard was placed on two boards which
raised it about 1% in. above table level. The guard was moved forward
until the radiometer, when rotated, cleared the viewing hole in the
guard by about % in., The guard assembly was leveled in this position and
secured to the table.

5. The back of the thermopile was removed and a light source was
placed inside the guard so the mirror was visible. By looking through
the back of the radiometer one was now able to 'see' the sample. First,
the sample holders vertical position was set by adjusting the set

screws in the bushing on top of the guard. The sample holder position
was set so that approximately % in. space remained belween the bottom

of the holder and the bottom of the inside guard container., The vertical
position of the radiomeler was then set to make the horizontal centre
line of the thermopile correspond with the horizontal centre line of

the sample surface,

6. By looking through the back of the radicmeter and rotating

the sample holder and radiometer slightly, one was able to "see” the
image of the front diavhragm of the radiometer in the mirror. When the
image of the diaphragm appeared to be reflected straight back, the radio-
meter centre line was taken to he exactly perpendicular to sample
surface in both the vertical and horizontal plane,

7. With the sample holder in the above position the verniers

were adjusted to read zero on the transit scale. Also a mark was made
on the base plate of the radiometer where the spring loaded pin fell.

A small depression was then drilled in the base plate. By positioning

the sample using the transit scale setting and radiometer with the spring



the perpendicularity was again checked as above and any

N

minor adjustments made if necessary. It was found that the spring
loaded pin positioner on the radiometer worked very well, always

the radiometer in the same exact position. Cnce the radicmeter
position was set and the verniers of the transit scale read correctly
the maximum angle that could be turned was determined., While looking
through the back of the radiometer towards the sample, (with light
source in place inside the guard) the sample was rotated slowly and

stopped in a position where the outer edge of the szmple first became

o]

. . . , - - .. wny 2O
visible. The reading on the transit scale at this point was 82.5 .

: . ) PN ; . : N
Thus, it was surmised that E2° would be the maximum angle used in the
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8. The auxilliary black body had been mounted on the side o
the guard with its opening at the same level as the viewing hole of the
guard. It was therefore only necessary to align the centre line of the
radicmeter, This positioning was not as critical as the previous. Vhen
the two were in line, a second depression was drilled in the base plate
of the radiometer for the radiometer positioning pin.

9. The rediometer was again rotated to view the large black body.
The black body centre line and radiometer centre line were aligned, The
black body was positioned vertically so that the radiometer viewed the
black body through the centre of its opening. When this was established
a third depression was drilled in the base plate to yield the final

nole for the positioning pin. Thus the three exact viewing positions of

the radiometer had been determined.



10. All thermocouples and power leads were connected. The
thermopile output was connected to the D.C. amplifier and the amplifier

was grounded. A double pole, double throw switch was used in conjunction
with the potentiometer to enable readings to be taken from either the

thermocouples or the thermopile.

11, All water supply ard return lines were connccted.
1z, After some preliminary tests were run, it was found necessary

to connect the radiator and finned tube to the water supply in an
attempl to reduce the magnitude of the water temperature fluctuations.,
The radiometer wes shielded with aluminum foil after it was determined

3

that the water cooled jacket on the thermopile was not beneficial,
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Flgure 12
GFANERAL ARRANGEMENT - A

Figure 313
GENERAL ANRANGTMENT - B
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Figure 14

CENERAL ARRANGEVENT - ©

Pigure 15
RADIOMETER ~ NOT ASSEMBIED.
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Figure 16
BLACK BODY - SHOWING THERMOCOUPLES

Plgwea 1Y
GUARD ASSEMBLY
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Figure 18
SAMPLE HOLDER

Pigure 19
PLAN VIEW OF RADIOMETER



- Piguve 20
COPPRE PLATE
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VII TEST PROCEDURE

Once the three positioning holes were determined for the
radiometer the tost procedure became relatively simple.

The cooling water was turned cn and the porticns of hot and

}._l
°

cold water were adjusted to yield a water supply at room temperature,
The various flow rates were set so that there was just a small trickle
of water from the overflow on the head tank.

2. The power was turned on for the sample heater and the variac
was set at the desired voltage. The black body was left on continually.
3. The ice was placed in the thermos and the cold reference
Junction was inserted. Both instruments were turned on and adjusted
for zero position. The apparatus was allowed to reach equilibrium con-

ditions whereupon the test was begun.

Lo Enf's for all the thermocouples were taken with the time being
noted.
5. The radiometer was rotated frem position to position with

readings being taken in the following order:
(a) Auxilliary black body,
(b) Sample,
(¢) Main black body,
(da) Auxilliary black body,
(e) Sample,

s e o o . o 0 o o
This procedure was repeated for the following angles, O, 10, 20, 30 .

450°, 56°, 60°, 65°, 70°, 75°, 80°, 82° and back to 0°. Step (c) was

o o o 4n0 . . .
only performed at 07, 307, 60" and 82 since it remained reascnably con-
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oted for each set of readings
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ach angle., Occasionally, the time was only taken at inter-
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vals when the test had tc be discontinued momentarily to wait for water
temperature fluctuations to dissipate.
6. When the readings on the radiometer were completed all thermo-
couple emf's were again talen with the time being noted.
7. To complete the test, the wet and dry bulb temperatures were
taken.,

The date sheet is shown in the sample calculation section

.

(Appencdix B). Thermocouple emf's were averaged and the corresponding

temperatures found from the appropriate tables.



VIII RESULTS

Five samples were tested, two non-electrical conducting,
materials and three electrical conductors. Tach sample was tested over
approximately, the same temperature range, 200°F to 8OOOF, to attempt
to establish any trends in the change of emissivity with temperature.
The directional emissivity and tectal hemispherical emissivity were
calculated for each sample. The directionzl emissivities are tabulated
as designated in the following subsections. The total hemispherical
emissivity for each sample and the ratio of the total hemispherical

emissivity to the tctal normal emissivity appear in Table 5.

Corper

Some difficulty arises in testing a material such as copper
over the design temperature range because of the changing characteris-
tics of the surface as the sample is heated tc various temperature
levels., The sample was polished to as smooth a surface as possible with
fine emery cloth before the tests were begun. The polishing was done
in the horizontal direction with respect to the test position, None or
very few vertical scratches or ciscontinuities remained in the vertical
direction. Tests # 1 to # 7 inclusive were run on the copper sample
at temperatures indicated in Table 1. Once the maximum temperature test

was performed there were no extreme changes in emissivity values on

Ry

the following two tests, # & and # 7.

¥
{

Directional plots for Tests # 1 and # 5 appear in Figures 22

W
o}
2

23 respectively. It may be noted from Figure 23 and the results of
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Test 7 6 and # 7, that both conducter and. non-conductor properties are
shown, This fact may be born out by Figure 20 which is a photo of the
copper plate after it was removed from the apparatus. 4n oxide coating

appeared on the surface but it was not uniform and had scaled off in

numerous positicns. This double property relationship is also shown by
s P oo s
plotting the obtained ues of t‘H/- y On Figure 2. The value falls

between the theoretical plots<3) for conductors and non-conductors, The
<TH/&VW ue for Test # 1 is slightly higher, which it should be, for
the oxide layer had only started to form at this low temperature and
the metallic properties prevail.

As may be seen from the results of Tests # 2, # 3 and # L,

the surface conditions of the plate changed as the temperature was
increased. It is difficult, for copper, to compare results with published

values because of the different degraecs of oxidation which may be obtained
3 W A (L> 2 - : N : . - . ~
on such a sample. McAdams gives a total normal emissivity for a

, NN - O cer o O
copper plate oxidized at 1110 F as 0,57 for a tem iperature range of 390°F
to 1110°F. This is censlderably different from our value of é:M = Q.45
but a temper ture of 1110°F was not attained in the tests and this would
probably account for the difference.

To check the validity of Fguation (10) by Schmidt and
Bckert s & value of {: was calculated at 202°F for the copper sample,

The value obtained was E:N

il

0,0155. This total normal emissivity
was considerably lower than any results obtained by measurement in
these tests and also lower than the lowest published value of

3 A~ (3 . Ce
= OoO)O(’> for a highly polished copper plate.



Aluminunm
The formation of any additional oxide on the surface of the
aluminum was virtually undetectable in the results of the tesis or by

visible inspection of the plate after it was removed at the completion

of the tests. The sample was originally polished in the same manner as

oo oa ol

o # 14 inclusive were run at the tempera-
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tures given in Table 2.

There is a noticeable increase in the emissivity values
for Tests # 10, i#ll, and # 12. Bach test shows the same increase over
the previous., The increase was not attiributed to the formation of an
additional oxide coating because for Tests # 13 and # 14 the emissivity
values decrease again to produce results even slightly lower than the

Tests # 8 and # 9. This changze may have

(4]

first two low temperature runs,
been due to a surface condition change in the aluminum caused by the
annealing of the sample at the high temperature, The increase in

emissivities with an increase in tempe ure is & common characteristic

of metallic surfaces. A directional plot for Test # 10 is given in

Figure 2L,

. - e # o . .
The hemispherical emissivities and (:H/ ., ratios are listed

J/ \*T values for Tests 7 8 and # 9, the

Y
n

in Table 5. Except for the

remaining values show definite ccnductor properties. For an aluminum

(&)

b

s s ] . . o Oy 3
surface oxidized at a temperature of 1110 F, McAdam

. a

¥
N

[¢]

gives values of

. - , , O, o
0,11 to 0,19 for a temperature range of 390°F to 1110°F. The

wn

tetal normal emissivity velues of our tests fall well within this range.
Aluminum has the property of oxidizing very auickly and then showing

very little change with age or increase in temperature,
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Eguation (10) was used to check the total normal emissivity
my o

- . - . \ a o
of aluminum. The value calculated for a temperature of 202 F was

P
Ty = 0.0212. This value is again lower than any of the results ob-

N
o B
talned and lower than the published result values at that tempera-
ure.

—

Foil

A 2
Alvminum

Only four tests were run on the aluminum foil because the

equipment, up to this point, seemed to be performing quite reliably.

Temperature and emissivity values are recorded in Table 3. There is an

unaccountable drop in the emissivity values of Tests # 15 and # 16. It

was first thought this dro due to incorrect temperature readings
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caused by the aluminum fcil breaking the bond between itself and the
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coppar plate. This may have been p
sample was removed, there were areas where the aluminum foil had formed
very thin air pockets., These pockets did not appear directly in front

of any of the five thermocouples and the temperatures at these positions
were assumed to be correct bul it may not have been the same in
positions where air pockets existed. This situation may have resulted

’

in temperature gradients existing on the sample surface which would

become more pronounced at higher sample temperatures. The two low
temperatu runs yield similar vajues. These values are very close to
14
(3)

those obtained by Schmidt and Bekert as indicated in Table 3.

it was menticned previously that for bright metallic surfaces
that the total hemispherical emissivity was usually 1,15 to 1.20 times

- (3) o,

the total normal emissivity. 'nis is born out by the values of
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\JT,/LT\T in Tests # 16, # 17 and # 18. Test # 15 is slightly lcw but

one must keep in mind that any small change in the value of éjm would
change the ratio considerably. By comparing both the directional
total hemispherical emissivities with published results, it is concluded

that the results of Tests # 15 and # 18 are most reliable. A directional

plot for Test # 15 is shown in Figure 25.

Glass

A4s tests were run at higher temperatures, it became evident
that either some radiation was passing through the glass from the copper
plate or the thermccouples were not giving a true temperature. Cre of
the four thermocouples geve an extemely low emf compared to the others
so this low temperature reading was not included in the calculations,

The remaining three were in good agreement on températures below
300°F,

It was confirmed that the assumption made previously on neglect-
ing the radiation passing through the glaés was false at high temperatures
but net for temperatures b@lOW'SOOOFe It was mentioned previously that

\

no radiation having a wavelength of greater than 34 will pass through

the glass., Assuming the plate behind the glass emits black radiation at

‘ o L - -
a temperature of 34L07F, the portion of radiation emitted below a wave-

length of 3.4+ is approximately C.5% which introduces negligible error

compared to others., Lrrors in surface temperazture measurement plus others

are inh=srent in all test results, of these reasons, results of
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therefore excluded, Tests # 19, 7 23 # 24 and # 25 showed good con-

The results obtained from glass sample show the non-conductor

[
Q0

ies very well as may be noted in Figure 26. The tabulated results
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ol all tests performed on glass are recorded in Table 4., Since there

are many different compositions of glass, direct comparison of results

is rather difficult, TCkert(B) gives value of C:\ 0,94 for glass at
4 : o O i ' J Y

a temperature of 194 F and a2 value of oy = 0.88 for the same tempera—

ture. These values are approximately 0.05 lower than those obtained in
the tests but this difference may result because of a different composi-

tion as well as other errors in true surface temperature measurement,
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The amount of transmittance o the low temperatures is

CNersy
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Vzlues of G,H/ <, are given in Table 5. These results compare

favourakbly with those of Tckert given as 0,93 to 0.95,

Two tests were performed on the painted copper surface at the

niform results. Temperature and
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literature. Some published values of & .. for flat blnCK lacquer are

N
0,95 to 0,98 F c , e of 100°F m(3L>
96 to 0,98 for a temperature range of 100°F to 200 Another
n £
value range of S for oil paints (all colors) is 0.92 to 0.96 for a

) I — }‘
temperature range ol 2l2obc<”)



Umir carried out a similar test at a slightly lower tempera-
ture on a flame oxidized copper plate painted with one coat of flat

N . s . Ve N ' I
black enamel paint and obtained an . of 0.87 and an €, of 0.83.

H
The discrepancy would appear to be in the fact that the paint used was
different and also only one coat was used rather than three,

m N
1 v

e means by which the surface temperature was measured will
be discussed in the conclusions of this report. Small errors in tempera-—

ture measurement are involved and values of emissivities bear this out

w

as compared to published results. Values of E:H/ 6’V are given in
Table 6 and are in the expecied range of 0.95 to 0,98, A directional

,

; ; Hoaf C s
plot for Test # 26 is shown in Figure 27.
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SAMPLE-PATNTED COPPER

Test Numbers
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MISPHERICAL AND NORMAL EVMISSIVITIES

Area in2 He étH= 2 x Area x K {:N. Q:H /ézxf
9.03 0.00349 0,063 0,060 1.050
6.57 0.03L9 0,459 0.450 1.020
6.32 0.0349 0.L41 0.426 1.035
6.20 0.0349 0.433 O.L35 0,995
9.71 0.00698 0.136 0.133 1.023
9.17 0.0069% 0.12¢ 0.128 1.000

10.43 0.00£98 0,146 0,137 1.06%

11.27 0.00698 0,157 0,144 1.090

12.25 0.00698 0.171 0,156 1,096
9.62 0.,00698 0.134 0.122 1.098
8.56 0.0069% 0,119 0.112 1.063
6.37 0.00349 0,044 0.040 1,100
Le55 C.003L9 0.032 0.028 1.143
5.20 0.00349 0,037 0,032 1.156
5.78 0.00349 0.040 0.035 1.143
6,61 0,0698 0.923 0,990 0.932
6,66 0.0698 0,930 0,970 0.959
6,50 0.0698 0.907 0.985 0.920
6.6L 0.069¢8 0,927 0.990 0.936

26.L5 0.01732 0.921 0.950 0.968

26,53 0.01732 0.925 0.958 0.965

[
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dependent on the angle of emittance and the type of material being con-

O

5

sidered, Conductors and non-conductors show definite directional

characteristics by which theyv may be easily indentified. The tests

«

demonstrated that

5 a material may

yield results which may be associated with either or both types of

material,

emissivily with respect to its tempera-
ture dependency have not been well established because of the number of

2sts, the

>
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tests run and the type of material used., In one serie

directional emissivity values
with an increase in temperature. The fact that there was some increase

is characteristic of metallic surfaces and is exemplified by Equation

S ) .

(10) wnich was proposed by Schmidt and Eckert, Only two specific

3

results were calculated for coprer and aluminum using Equation (10) and

Q.

both values were lower than test or published results. Resulis obtaine

from Fquation (10) would compare more favourably with emissivity values

(10)

for completely unoxidigzed surfaces. No such condition existed during

A ~

the test procedure. Comparing individual results, the values fo

h

*3

aluminum and aluminum foll show the best agreement with published re~

sults., Values obtained for copper are difficult to check because of the

®

extreme dependency of emiftance on the cooper oxide formation on the

surface,
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by aboul 0.05 from the published

believed that these results were as reliabl
Seiievel Tnat Lnese resullts were as reliahie

specimens. The differences may be due to a
betweern the glass tested and that for which

surface temp

3

in

)
pla

painted

published results. The fact that the radia

cenducting material is examplified by

characteristics,

' :

At this point
ment would seem apt. The !

isothermal surface or considered so

Placing thermocouples so as to measure the

be th

copper

Ling

for the other

as those
erence in compositicn

comparali

error. Here

o
3
H
[
L
o)
o
o]
)
[
o+
b

ces occurring

S

=
o
n
ot
o
o)

surface ¢

jola}
v
o
3
-
LY
o
®
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0
W
3
O
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its typical directional emissiviiy

on surface temperature measure-

temperature was to be measured

for most practical purposes.

h

true surface temrerature

proved to e most difficult task. Care was teken in each case to
interfere as litile as possible with any of the forms of heat transfer

v
T

which toolk place, ¥Witr

the exception

couples were placed behind

ductivity much higher than glass bul anp

et

O

thermocounles were nlaced on
thermon which has a thermal con-

R
tely the same emissivity.



wath the surface and ©

sample surlface

ihis metnod was chosen over

ing the thermocouples

w

P

ion of the heat flow. In the

mple in the dire

ults consider

m
&)

[«

e

oven quite sat

d were only for low temperature

St te a minimum, This

sere the above cond

L
®

and the power selting as

surface, The temp

(=N
o]

fact that

j-
w
o

absclute values.

he heat passed directly thr

dreop across the paint film

of this error is shown in the error

water vapour depen

product of the partial

temperature of the water vapour,

sure prevailing.

layer, the partial

vapours need great
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and the recelver were kept to a minimum and remained the same through-

the pressures mentioned previously

absorption occurs in cnly certain
regions of the infrared spectrum. Taking intc consideration all these
1t is assumed that the error introduced by any vapour

absorption would be negligible in comparison to other errorshluncﬂﬁnt

i

=

in the results., Cne referecnce quotes the fact that the water absorp-

i

y Y0~

o

Total hemispherical emissivities and ratios of

st
=

fall within the range of rublished data. To obtair a frue value of the
total hemispherical emissivity one should perform tests throughout a

o s - , . e e . -
3607 rotation of the sample with respect to the vertical plane of sample

rotation. It is possible that the emissivity could change as the

direction of surface finish or structure is changed with respect to the
In Appendix D it is shown that the theoretical absclute error
ne two greatest components of this errcr are caused by the
sample temperature and the black body temperature. The actual guard
temperature could be determined., This would involve certain difficulties

wnich were previously encountered in surface temperalture measurements.,

At higher temperatures the effect of the guard temperature is reduced

resuvlts 1s not as nctable hecause it appears in both the top and bottom

terms of the emissivity expression., This is particularly true when the



black body temperature are of

to the guard temperabure. The
black body temperature which generally varies by about 6
to back of the black bodv for an average temperaturevof

telerated., The variation in this femperature could be re
neans as menvioned under

some zerc drift of 25 occ
temperatu fluctuations Urd
going adverse conditions it is conceded that the error
10 to 12% mark. Every effecrt was made to eliminate this

as carefully as sible in o

o8]

The tests were manipulated nos

76
similar megni-

front

=y

rom

7 /‘.

2707F must be

duced by certain

urred while water
¢r all the fore-
uld reach the

poesibility,

rder to keep

2

experimental errcr to a minimun. Other similar projects have quoted
theoretical errcrs in the corder of 4% to 10% for their results and have
excellent reproducibility.

The reproducibility of the results was very satisfactory. The
average reproducibility for coprer, painted copper and glass samples is
.02 and for the aluminur 0,015, Except for two values at high angles,
the alurinur foil results reproduce Lo within 0.01. It is concluded
that the apparatus and test resulis have proven tc be a success and
the apparatus will prove to be of utmost benefit in further investiga-
tions,.

Performance

In general the agperatus performed satisfactorily with very
lTew me jor obstacles being enccuntered, In order to improve the operation
of the set-up, one of the [irst considerations should be given to ob-



~J
-3

use in cenjunction

o
* % F cannct be

a cooling medium

2

for the radicmeter. I this constant temperature bath were available,

arcund the outside of the thermorile case. The present back of the

]
=]

thermopile case cculd be removed and the new water Jacket would fo:

the back., The prime consideration in this tvue of construction is to

eliminate any air pockels between the thermopile case, and the jacket.

With a constant temperature bath, 2 thermopile water jacket and ade—
guate shieiding, the reliability and reproducibility of the radiometer
could be greatly improved,

Some experimental error is involved in the temperature

gracdient which exists in the main black body. This error would increase
o eliminate this problem it would be necessary
Lo remove the end heater {rom its presentvbosition and reposition it on

the open of the black ody. By having the two heaters controlled

as they are at present, by veriacs, it would only be a matter of adsust-
o h 5 o b3 o J

ing the end heater to cempznsate for the temperature gradient towards

may aliso be added. It should

order Lo veri

of the paint film without recording error due to radiation received from

the sample or sample holder which is usualiy at a2 high temperature,



Generally, small error is involved in surface temperature measurements
varticularly at low temperatures and low heat fluxes. Assumpbtions made

1

assumed to be valid and intro-

-

e main black body emissivity is believed to

The auxilliary black body is believad to

D_,

be near perfect, The inside of the guard container is assw to
approach an iscthermal enclosure with an emissivity of 0,92. It must be
noted that copper was used instead of brass when testing the emissivity

Tv

of the paint., This i1s believed to have no bearing on the results and

using copper helped to reduce any temperature gradients in the backing

plate next to the paint. Other indeterminate errors that have not been
mentioned are considered ncgligible in comparison to those accounted
for,

The remainder of the equipment performed satisfactorily. The

was accurate and easy to manivulate. The fact that few and reliasble
instruments were utilized, tended to simplify the testing procedure, It
must be kept in mind that each sample should be prernared carefully and

a sufficient number of thcermocouples positiorned to give a good and
accurate value of the surfzce tempersiure, Particular care must be
taken when endeavouring to measure temperatures of materials which have
]

very low thermal conductivity. It is fthus surmised that with the fore-

going improvements implemented snd sufficient care taken, the apparatus

would wield minimum error resulis the maximum simplicity in pro-

cedure and operation.



Talbert, S.G An Exper] tal Investigation of the Directional
D Porous Metals," M,Sc. Thesis,
er, 1959,
Imissivity," ¥M,Sc, Thesis,

May, 1953,

™ - + YT mn BRIV | .
Dckert, B.R, G., Dral 2nd
DT L AT ALY o ¥
Tdition, McGraw-F

o

MeAdams, William H., . Transmission, 3rd Edition, McGraw-Hill
Beeck Co,, New York, 195/.

Buckley, H., "On Circular Cylinder,”
Philosorhical ; O, pp. LLT7 - L57,
1928 3 17, pop.

"The Tot
Journal

i

ir

10, Cctober 1947

-~ [ ] h) DAt
Standard of Radl

# 10, op. 1256 -

n

(oS ON Pl

‘;..._l

el
W
O
<

Kreith, Frank, Princinles of ", Interpnational Textbook
‘eant o > Ee
Co., 3canton, Pa., 16

"Total









-
Lo

~a

"y
A\l

101

Ry

[O2N

positions

bt

1le

P

Tmocou

o
o]

S

8

nocounles

Thern

9

11

=
1

<
&

Temper

er

24V

r
Wi

tlet

Cut

15

Loy
I

£

rat
fa T

T

£y
§

oS e T
Uuulb'\,- WaLE



ni

o

> Lhe

[

!

(-

«
,
>4
d

ng and 22

51

armocounl

thnls p

ause

C

diﬁ

ize

ahil

1




e e U

f ! RN I
{ B \MO OO

AT I AN NS N T
ARRANGENMENT

FOTENTIOMETER

b =

: L COPPER  AIRE,
COPPER WIRE —

/—TV\’O JOINS MADE AT SAME DOSiTION

TANTAN

\

= G oN

—

RMOCOUPLES
i) SAMPLE , _ . '
oo UNIVERSITY OF MANITOBA

13 BLACK BODY o o ~ e
. o I DEPT OF MECH. ENGINEERING
-2 WATER TEMPERATURES R N N _ '

SCALE —NONE DATE JAN/%4

e . o ) DRWN ik
= SERE ALSO APPENDIX A







o 5PN ey P
S [ 9D =T o] e
I 4D o] H v £ e
O 0 [l e L 2
$1 @ £ > = 1 oy ]
Sy ~ s ) = o~ @
3 Q ) &= G 99 Preter G R »
[ = a3 Kol (o @] (\ b 43
FR— 5 gW N O
R o) A o) £i 0 X S e
= joR Q o [ @ < 9 a
= i I o Nh] 9] 3 £y Gy 23 3
O 53] W 1 < (] [4a) O a2 o O
S (] £ 0 @ [0} « [0} 42 4
4 o e} R =4 = (O] < 100} a D
o * ~ O o o QO 43 @ ° fe]
o @ 43 o) o - 3 43 R 3
42 e 1 [ P & o] ) [ Q
- o [0} 0] o b k ol @ = a3 o =
- < Q & A2 o S > 4 i 4 & it
o] o joN W 42 3 =4 < [0} < 0 O o]
= c [ © e [ 2 & 9] 9 fit
o ot o By g 0 ® O S o0
1] el © 0] » @ 7] 0 ot ® Ul 9} @ S
O o £ e o o iel ! &N 4]
D] T © 4+ o e @ e 2} @]
o § U @ g £ Ko < o ol &)
v 43 p b Q o > — ® gel
ol Jsi] @] ol —t (L s} r
G R} o < N o C Q. .
o ¢ 4+ 3] o% IS A £ edes
i j o} ke’ 5) v @ a ) I3y D]
@] o] o [s39) e £ e = ] i
. ot - Q > 3 w (] 4 fwv
St 2 2] O <3 A 3y 42 — s Q
s : O 2 O] G-y o S < 3] e
2 £ Seny 4 < 69! >4} o Ke] —~ 43
— c D el [} ™
L Gy 5] 1 a3 Sy - ] (O] iy 3 S~ (]
[} e} 42 — o} [} ) 0} 43 18} 2
I < S = © S = o @ 4> ooy o
3 Gy j3] L < Y [ Lo I (@} i
(%] = o ) 52 e 1 se 43 s ot §
) n 5] [0} ] a3 3 4 42
[ 4] [} o = &8 42 54 e d 3 o
- o3 i ~ @] (o] o2 Uz a1 [ o] o]
geo! ey 0} 43 “ -+ 1 = & 3 &
e @ 5 £t B N e C & © . c
4+ £ > +> 51 I o o O 4 4 < < —
o O 2 ot < Ee o3 C O & < |
1 [ O o8 o o ° ES] o 42 a3} 42 0} L2 E O
42 4 4 &= 0] 3 £ O &~ - Gt
5 o] Q, ¢ S [ Q < 24 o £ +2 £t
© 43 C =) ko) 4D - S KR ! o] -l © [5] @ %] il
= < O w kS 3] O IS R < = N
o 4 i &) o] © i) + D £ [ 3 &
= 3 oy [} Sy =G [ Goq a2 S j (0] O m“
I35 (9] & @] 3] [5) Q 0] < 43 S e
u, i [0} p- &} $q A - 4 [0 Goy Gy 4 o < O {
3 S T © ) [l ] O je3) « G5 ] o o] /;., ..v
=0 O o3 < ~ > 4 s = 2 o] o0 3 n
e} 4 ] 4 ] [ D @ 9]
< o @ 0] [50] (] © o o £y e
il & ~ e D b (@ £ o a O G a o}
O ~} £ o} ) o vl © <, I e ©
pa) < 4 &t = G S 1 - W Oy $q
[o} © [ Q
i o @ 3 ol
) ~ ~~ o & o $ 1 i ~~
W i &Y o\ @ ) o] @ i3] [e¢]
£ ~— - ~ = =t K =3 Kl ~




42 [
£y o} +2
O 2 o
o o 0]
& o] i3]
o3 (o8 [0
= S-1
< O €2,
(] (&) ()
wm o] 3
¢ o] 1
ﬁl, ’ 4 a O
9] Q [£9] e
o] - o] 0 (@]
9] = (9] o
w ~0 oy o~ (O [} o o 0 [0}
A e R AR &~ 0 O s 3 w4
R O 1 [SAY i i 1 i i [QY] - il o
o (@ O I @] @] &) @) O 9} I [}
2 wi s ° ) a 2 2 kS B S o [}
Sl o~ (9] )] O < (@] C C O O C (@ e @ [}
< N £
o Ay - A ®© i) Q,
<l © O w
xﬂ%., M vl £ A Gq $st
g ¢ 2 { s Q
Q. @ @) L) ©
(] S 1 s =1 B
> i ) = @ 8]
9] Q S
—~ 42 x|
@ 3 2
d - . @
& c 3 Q. Z &
[ o a 0 - C
ot (&} wM 6] 43 ]
4 = (] 91 * A4
£ 9] I L A T a N
& < o o o oy C (o [SAY [Q¥4 o 42 > X
el 43 " ~1 oy ~F -1 ~F ~d <8} —~ N o o Ly
& [ o o o 2 o @ i 3 K‘UA: o 52 e}
=’ 2l o O @ [ [ O < o (@] D & Mu, mu, _Ou -
e 5 & £
o O r— O
D o - o3 Qm
$q (o] ) f
= o4 o A S SA TS SR LA NN S o O O O N 2 =
~— 43 92} s s} [sa) (S s N\ N\ N o~ Q St (N i ©
™ @ (@] o < O O < & o O O o ol ]
—i ranb a kY Y Y £y o o a B a oy el 3 (@)
] ) O O (@ O o O O O C (@] 2] G
il Q 0 [65] a
: ‘Mm ‘J h/m jos] m
3 i o GJ ATV w «
3 : ~e.. O @] C O @] @) o O Q @) 1] © o
5 L) » e S -5 W S VAN SRS SR ¢ SN O T
S it “ .« @
Q. o o 81D
AN = I (ORI AN RV
L) o} 4 fn K 4
pNY O @] al -+
i »
. @ . joN ® w o
-t L Lo
P o] 1, 2 Cpq o




0.040

PN
[SAY
S

1n-Cih

\
¥

o

T

e

1T,

elvi

-
g

s

2

)
[

by

@]
ol

111

!

n—C

{

on

5

Z
~O

2,019 x 10

)

S




o i

A N

LA v

olTs

&

(04




N X ; . , . G i | H i :
: . TR VUV R C B I B Os : i : : on :
P R R L Y, SR & : : AV, f
HEARE SN ~ Do, N N e (4 i ) ; . ;
2 - S A ~ A A PN O : ; ; i : g i :
iie B ~ o \J o U o 1 S B . i B : . N '
N o0 oqr BN Y A S SR A : ; ; : :
y 9 S N L FEE A TR A TS TR CTIRN ‘ : ; :
| ORS¢ FER GRS B Vi A S , :
. o VTG ; ; ; : i ! ;
O O C“ . : : ' h i i :
i : i H ; i
- SRS PR SNUD STU dn s e e — PR T S, ; . H
N : . ' = ny 2\ ¥ X i i ‘ ;
co N s <0 R DAL A B S A INE : . : o
S AT A AT P N o o : : : ; ; w i
N - s T N NG ~ O . : ' | : ; : 1 {
G o ogr GG UL O Q: SR S (R
- N, S A oA A 0 ¥ ; . : ! : :
o oL o O O O o W Q: ; : ¢ ) ; '
. U, 80N NN ; > i i : ; : f
: P : ~ ol IN N ; ; ; S :
; e T 0 T N b N : ; ‘ ; : g i
L ~ AN ~— Ia) &y ~4 o ~ (N Do ‘ ! H i § i
B & O 6] S| o N HaSY N 4 i H ! i H y
. . PnE— —~— — - N : : ! ; M i
B O LT T - ¥ . Pl : ; ; : ;
= ~ AL e~ VoAl Q- QY ; ; : : ; ; ;
fey R ) c v o o S s S : ; ‘ ; : : {
(A —_ — = — ~— s — - H i i i H 4
p ' — . H H K H ‘
. e o . T e e B S «\}J».l!la\_.!\q:(”.i\(\\ SIS ST S S
T N P ; S N : ! } : : : ; i
i IR SR S I N Ov o b b
) : R 2 BRSO O RN SN T A S S S S
N s = T e e e } : ; i : : ; :
O s N : ~ s Q : O B H i : i N H H ¢
~ . o€ N Q : E ; : : : ¢ : i H
o 0 ; O o E—e ; . Q H H i i : i : B i
D Ry U SR AU U S ST ‘ : ! LIS S et :
: : { : ; ; i : : ; i
- O i : i i : i : : ;
o = P : S S ;
z - e S A A :
o : ' : ) ; i i ; ;
- (O ! } { i : } : ! ;
wies — : ; ) 4 i H A H
R : B I v i 1 ! N i
v B e I S MUY EURN SR . ' A )
. 7 [ { ; ! i i : :
o O Yl ; ; ¢ ; ! : ;
AN A I : N ! ¢ ! !
B PO T ;
N Viio ! { Voo : “
N ~ - S N H H . o ‘ i
o e . v b p
; . : i ; : ; : i : i
DA - LN ; i i ; ¢
R < R ; _,
. < - ; : B H : :
. S N : | H : H ;
,. X S : ; : : ‘
b : s ‘ i 3 § H
o .+ 0 . ; i i
A : h : L B H ! M
T T T A A T ; ; : i !
- ~ : § ; ;
. J ! : : i { H
H 10 ! i i ; i
e ol : . 3 H i
- 5 — . ; ! : :
~ . ‘ i : . : H
. : i f
— ; ; ! w
; : : } : ! { :
S U N SR SO O U R SO S, : : SO, AU A S
Y : ! :

.
S
I
S
;

o 0l 29 0y 9w G g



74
A

e

SN

1 ox

R -7 - . N
S LR

e

5
(

NS »
AN D Ry
{ e

0
AN

m
[

(]
e
Vi
B2




TURRNTT Y



e}

ke

<

C

or

in

™

[}

o/

Ly

Rial

b

A8

[




iven

o
o

)
]
U]

f
Vel

<

5

v

1wt

abeor

¥
o

£
@]
j "
L
®

ne

b






~ o
1.2%

® I
£ a
O
] $r £ °
U a3 Q 0]
» E 2
) “ o] ot o
AL o ) ~—r
49 Ly o] o
4 ] ot} )
S [} S o}
O 3 o 4 e ———— O
Cof o e fes) a v
&} 3 o 3 e}
® 18} [} [0} 5] ! ~3 |~
& O = 2 ) < ) ol o8
) — o] 4 Q, Yy N
K © Rl ! 42 Q [N °f @
) > « © Q <t [FaV TN
ol Q 3 ©
W O 4+ e G ! [
& $q o} Ny O
b 3 3] ~f A
O Q. i3] cl o O
Gy ® ksl b] [Q2 IS0 BN By
S 6] 8 o I I o Vi BlreV]
® Tl 4 -2 jaa AN BN e o BENFAN
[ R o] a n
jon 4 LN N
3] 1 josi !
wt e [ } i RO
4 —
&} red 48] R e S S ~O
o © & ol 8 O -
0 2 SOeN gy O D o
y 90 o) o & Py @ EY o
{ — ot o] A ~0O N
5! N L -
- RIS o L e I bo~
ol : @ o © ! =
4 5] o N e
S 0 o @ - ™
o o [ L0 OO o~
i 42 9] O [Q¥3 ANV a
L4 R o e} et [ o N i
0] Gt 1} (] a2 £ o~ 0
o o S <3
[ s il > o 3 Gy
o 6] D 4 o O +i + 1
O 42 £ ] ] fe.
o ~ o] P = (@] <
-4 j’ o] &) T = &4 @]
G n © 1 & o o o Il il
< © ) £ BE) 3 o 42
O S o} j£a] > 2 asd
9] o 0] (0] 5] o £y
A3 o] [N i (0] ~ O
43 < &) Ko [N [¢5] fot
a (O3 £ s [ = pn
- < £ [ o o
[} 42 0 £ O
o Q Ly o~
o] o [ Q ) ? .
o L N 43 (S N
49 ® oW 1 >
o o} R =] L
g & + & "
y jos} —~ =]
O O 2 ol S ERTatEVaN

(o] Gy O ~— G e~



ON

N T
-3 -
N Nj
[ o
° [SaY
N o
¥
_ }
Gt~ 10
s LN
N af oS
S NOf -k
o R [Q¥]
R ERYON S\
| 2
e ] Pt BTN
BNy s = TR
Oz ol W
0N S o~ [FRN
o QN By [ [ -
ey 3 WO O ()
o~ LD o~ (@) 3
[ | 2 HO . oY @]
[ ~O i B o G
i W r ~ O o~ 2 NS
4 [Ns} o~ (@) O~ L] (@) b et
O~ > D (@) 1 VeV 2
N O M ~r N i [REQY ROl ie]
o &} ~0 Y] ~O L
U, £t ~ [ VO S 1
- o [N He) B ¢
| oY) o~ O
A1 1 -+ +1 -1 ° @ )
-z (@] N [T,
193]
£ T
- i i i it i il It , ke
e o [} 1 -H
s-f \\4»“ (@]
Ty & Il it < i
3 O ! ™~
S 4 i
o S = &
® ® ) O
I e8] $
0 % S - Sy
£ £ j€a] H ]
N N TN N
Ee [$) e )
p— g N N




ON

» ®
—~i =3
£ -t
ot 42
1] al
¢ -
Q [
2 [0}
B )]
= »
o 4

= Q.
0P
~ &

J

= [}
o




