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ing temperature and time can be derived using the Stefah-Boltzmgn§ f

~ré“lationship. Such an expression must include a qﬁantity which measures

- e Whenaﬁ- object 1's: hea—téd by infrared ;adiation ‘an éxpres~si-on-~relé;té-~ o

~ the radiation properties of the object. The parameter generally used

w is "emittance"ﬁan& it is uSuallyAassuméd to be constant over the
temperature range of interest.
’ In fact, it is unlikely that the ;?diatioh propertieS'ére'constant
over th; temperature range of interest; ‘To aCCﬁrately predict heating
»rateé; it'is necessary to know how these transientvproperties vary as
a function of temperatupe. ‘ ‘

This paper shows that the radiation properties of copper change
drastically with témperature and they are influenéed by environmenf,“
heating rate andin{{;al surface condition. An approach is developed
which takes into account the transient radiation properties when
calculating heating rates. Failure tc take this variation into
account éan cause errors as large as 175%.

% ) N ;: o
g - .




: -_ RS ; Tk
oo~ . INTRODUCTION | - |
o — _\MA _'*”,lv The rad{atien prouerties,efmaterials'haVe an imﬁ6rtanf iufiuence"-kl
in maﬁyapplications. Emittance~is ofmegt concern When heat.loss
from”an'object 15 considered;-as whenmeasuriug'the temperature of
: j;fr“7' a body using a radiation pyrometer (1), and when calculating heat
| losses from}the work during induction heatingL(Z). Absorptance is the
'prdperty deseribiug the ability.of a material to abaorb impinging -
- | radiant energy.wA high value of absorptance would be desirable for
‘ . the tubes in a‘boiler for example. ’
When focused infrared euergy is used to heat an object, both
absorptauee and emittance of the object are important factors.
Equations relating time and temperature of the’target include a | |
) parameter deScribing these radiation prop%;ties. The effe%t whieh )
the parameter has on the heating curves is illustrated in Figure 3
G B showing three specimens heated under identical conditions but having
| \
different initia}~aurface finishes. The radiation propertiés of a
specimen vary witﬁytemperature and extent of oxidation“and.this must -
7 be taken into consideration for accurdte calculation of heating rates.
© There is some data showing how the emittance of a material with |
a specified surfaee finish will vary with temperature (3’4’5)f How- i
evler,j heating with focused infrared is usually a high speed epera‘tion‘ i ‘
~ invqlving a rapad temperature change and iu many caaes a surface i
:ﬁe?aegegduewtojexidatieuQ Because‘ofthehigh:heating~rate,thesurfacewmmwmmm*f*;
?_ .f; - at a particular temperature cannot be assumed to be the'aame as a | . 5
““surfaée”oXidiZed at.thatwtemperaturéWfér”awiehgfﬁéribd”Efmfiﬁe as “E
‘ofteu reported'in the literature. | éc
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T;ff“'y“eﬁ.wf;_m-;transfer eguationspto calculat@heaéing*rates;‘TheveryusefulA~’-L)“' 'ﬁ
——"f;;fequations,charts, and‘curves described in this teXt repfesent what
- ~~M‘1‘s;A)Jr-eoba,bly the most generellyvused approach to the prpblem of : !
o o - calculating heating fates, Howeﬁer, they are ﬁ;sed'on the workpieee o
. ;behaving like a gray body withvconstant emittance and-specific heat
'over a temperature range; .These assﬁmptiens will’infroduce errers..
. It is the purpose of this paper to show that altheugh the radia- .
) }: tion properties of copper change greatly when heated in air, an
equation can be used to Predict heating rates in a focused infrared '
system.
p
¥ o :
S
A E . j F;
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" and radiation are involved. As the temperature di@{erence;increases,

radiant transferwbeeomes the predominant'mode.
The use of high temperature enclosures to heat an object is a

famlllar operatlon relylng primarily on heat transfer by diffuse

b

radiation. Recently, the use of focusedlinfrared energy has been

developed to an advanced state (7). This systém consists of a quartz

Infeneral ‘when any two sur faces exchange energy by virtu o of

their temperature difference the processes of convection, conduction_‘

todine lamp for an energy@source and an ellipsoidal reflector to con-

centrate the energy cn the target as shown scnematlcally 1n.F1gure 1

: | Q
For the follow1ng ana1y51s, deflne the total emittance as the

ratio of-the power a body will emit at a given temperature to tne power

power. A gray body has a spectral absorptance which is  independent

of the wavelength of the incident radiation. A nonngray body has a .

 spectral absorptance which is dependent on the wavelength of thé inel-

a black body of the same size will emit at the same temperature. Total

‘absorptance is the ratio of the power a body will absorb to the incident

dent radlatlon and therefore the total absorptance is dependent on the,

qualltﬁéof the incident radiation. The‘spectral absorptance of

pollshed copper increases sharply at wavelengths less than 600&2 and E
therefore cannot be considered a gray body, R o - !
~ When radlant ‘heat is focused on- a~speeimen““an*anﬁiys ;can be s

developed using the follow1ng symbols/ - - o

—A

T = Temperaturéyo; the'specimenhin K
& .
- 4

Surface area- of “the- specimen in cm” o T




- : ) ﬁ - - ot L -
P-=%Nethpower'absorbed'by speé;;;;_;n cal/sec; :
t =‘Tiﬁe«;1épsedjin séconas:f & -
méfg.specific heat*at constant pfe;suréip\éallmole-dégf;
n = Weight of’speéimen in moles “
.a.; Totélabsorptance of fhe'specimen | “.~%r - P S

®
it

‘Total emittance of the specimen
. K = Power striking specimen in cal/sec. L 'i*ﬁ

¢ = Stefan-Boltzmann Constant =

e - 13.62 x 10-13 cal/cm.-z-sec-oK4
The temperature rise of the specimen is the net energy absorbed
divided by the specific heat and the weight.

_ Pdt 7 | . :
dT = oo | | (1)

The net power absorbed is the energy absorbed less the energy
radiated,by the specimen according to the Stefan-BOlthann equation.

P=aK-edoT? (@

For a gray body, the total absorptance is equal to the total

—emittanee -

a=e o | » - (3)

Combining equations (1), (2) and (3) and solving for "e" we have:

Fa—

en - dT - o

e = v S o @

As already descfibed, however, copper iike most materials is not

-

',*'awgray”b?dy‘andfthe“valﬁé”éf”"é”wffom”equéfiqﬁ”(4) wiiinéﬁéwfﬁﬁctibn o

2

‘of "e" and "a" but somewhat different from either. To avoid con-

s X §

TS A.F‘_maj: RS ‘V. R i
A ,
i : : S

T T L

vk

e | B

_fusion, a newmtexémealledethewraﬁiationWfactdf““f will be defined:
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o | If a specimen is.heated and the temperature versus time curve

recorded, then all quantities on the right side of equation (5) are

known.

AT

dT/dt is the slope of the temperature versus time curve and

c is the spec1f1c heat of copper as reported in f8):

g \

-3 ke
=935.41 4+ 1.5x10 T (cal./mole-deg.)

\\\\\\\\\\

reflector,

quartz tube, and size_of the specimen compared to the size of the

focused spot. The overall efficiency for the system used in this

8
investigation was found to be 439% for a 3/8 inch dlameter specimen

and 90% for a 1/2 inch diameter speclmen. Thus, equation (5) provides

the means for determining to what extent“the.radiation.factor changes

as a function of temperature.

The next step in this analysis is to solve equation (5) for dt.

dt = cn dT

Integrating equation (6) provides an expression for the time to

reach a temperature T from 298°K. Also, assuming for the moment that

' c and et ~ are constant

f K-AoT® | -

w).




.mﬁ}" varies considerablf; Therefore, c/f must be an effective value = TIQ;
'dependent on the path followeﬁ“by the specimen durlng heating. Definewl ;

~ can be established by solving equation (9) for "F":

w_....,,_ifl_ﬁ_Q._i‘.1.5_..,i_.ﬁ_t'al,_.]u.\,_w,;._‘s_auur.,fm.:,a,,.uc;_.e__u._..,:E..:i.nish.,_andw.a.tmos.phe-re«r--~-»-»S--1:~---1-'--~:i;<~3~t«1y~-~-s—pe-a»l‘=«i-n.-@g~~,-~wn19*~~lfi~e~~~--:'1»-An»-~1'.~-~‘é:~--~via~1u-~--~-v~-~»—~---

. -
—_ - ~——

"It is known that ¢ is not a constant and it will be shown thatp'

F to be the effectlve value of f/c and rewrxte equatlon (8) —
o o 3 1T |
’ n 1 -lA lnG

== T + tanh — T
t (F av A} ( ) ra | (9)

- 208 -

To use'equation (9) to predict the time t to reach a temperature1

T it is necessary to kiow how "F" changes with T. This relationship

a“T

F =(%) = ég)% an™! (A) T + tanhA | (f(‘ )

} - Jos (10)

- The parameters from a particular test can be inserted into the
equation to find "F" at corresponding values of T. From this informa-

tion, a curve of "F" versus T can be plotted. This function and equa-

~tion (9) can be used to_predict the heating curve for different size

specimens for any power input but under the same conditions of materiar,

surface finish should be evaluated on the basis of radiation factor

using a power source of the same spectral energy distribution as will — - -
. ' ) / ’

be used in the heating operation. - This would avoid errors caused by

the surface not acting as a gray body.

There is: a small change in the radlation properties of copper

purely by virtue of temperature change (9) However, the largest

change results from formatlon of ox1des on the surface. The formation" -

‘ofwoxideemohTcoppe;fhaefheenﬂintensiVely Studied‘w Lustman‘and Mehl (10)

—_




o I ::;."discusé the initial formation of 0xidesAon:COppéru‘ This initial oii@é:
: - or tempef film, coggistéentireiy of cuprou§ oXi&e untiiithe thickness" ]
%’. j.“ﬁ4’  ; y;é#ceeds 4008, Durihgffhisﬂfime, the‘incrgése ih thickness is pioé B ‘Ef”‘*g
| ;_fh%“ poftionai't@thevlogarithm éf time, B | '
| - 'Pilliﬁg and Bedworth.(il)performed.their c1aés1caltests on coppér‘
~at elevated temperatures andAshowéd that the increase ih thiékness Qf
"ﬁthe oxide film“beyagd temper film.thickness is proportibnaltOTthe
square root of time} ’Tge authors propose that any metal forming an “
oxide having a greater volume thaq the metal ﬁhich it replaces will have
a continugus adherent oxide,_yThié rule holdé for copper aﬁd therefore
the oxidation is a diffusion ;ontrolled process. “On this basis, the
‘parabolic,relatibnship ié r;édily developedvih:this rqferenée (11)

and elaborated upon in Wagner (12). -

It can be mentioned in passing that there is a third relationship B

SR |

between_tbe amount of oxide and time. This is a linear one which occurs

. ¥

o

when the oxide is a loose and‘porqus scale permitting oxygen to easily

LaI 0

Vi

mreagkwﬁhfwﬂﬁﬁél'Surfaﬁefwithout.thwggggaaitywﬁgrmgiiius1gnmilﬁlhf : . %%

; , | . Inbaddition‘to the effect of oxide thickness,~thén9 are tw0'oxides é

| I

| Of copper. Cuprous oxide (Cug0). is a transparent red and cupric - N

'oxide/(CuQ) is black. "Above temperffilm thickness and in air at . ' i

g b S atmospheric{preésﬁfé cupric oxide is the stable form up to 102500,1 ) 5
Above 1025 C .cup;odSOXide is thé stable oxidé. As the partial ';

- pressure of oxygen is IQWered the temperature at which'’ cuprous oxide , F

o : becomes stable is also lowered. This is readily shown by freeyenergy

77 considerations (14). Since the two oxides have different optical

, | S | o ” | :
S properties the change from one oxide to another should have an effect

8
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The specimens were made from cold drawn'slecfrolytic tough pitch

- copper. Where desired thé.specimens were'électrbpqiishedfin 57 per j" ,
] i centqrthophosphor;cacidat1,4\voltsfor30 mingfes;-iheprocedure_.;_
B fdlldwed%&s that“génerslly describéd by Tegart'(IS). _It'was neéessaiy |
to rinse thespeciﬁen‘at least once duriﬁg.éhe polishing cycle to h
- prevent pitting. - o | _
Prscedhre
é N ,\ll Théwequipment used to conduct shis]investigation is shown in the
: - schematic diagram Figure 1 and photograph Figureéz. It consisted of
% two 1000 watéméuartZ'iodiﬁe 1amps’and associated refiectors :o chus
% the radiant heat on the spécimen inside a quartz tube. The bottom of
i ~ the quartz tube'was connected to a vacuum pump, and a precision needle
valve at the top of the tube was used to bleed in the air required ts
‘maintain the desired pressure: '
) A 30 gauge chromel-alﬁmel thermocouple was imbedded in the specimen - |
" and connected to a recording millivo ltneter to provide a plot of tempera- -
ture versus time. These curves are reproduced in the Figuresreferred .
. | to in thediscussion;' Volfmeter and ammeter rssdings wsre used to B |
% ( * determine the poser input as contrclled by a sarisc.XThe reflectors_ 1
| weré«watér coéled to avoid oveznestiné during proldnged cycles.
The specimen was accurately held at the focal point by a ceramic
E 'sgis. This maintained its rigidity'at highAtemperatures and.minimized sQ‘

conduction losses. o et =

| * o
1
-
- L.
: i
]
i , ‘ | 7
; Ly ) } ) R ) R 3 . S Ce - R,
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~ .~ "~ DISCUSSION oF RESULTS FOR RADIATION FACTOR ' gt - _
%: L ; ',;ff The heatlng curves for teeta 1, 2 and 3 are shown in,Figure-3*"*f.“'ﬁ"
; i - Each S@ﬁﬁﬁﬁ@n vas heéated under ﬁﬁmtical conditions except for initial
f surface finish as noted 'The effect of surtace flnish is most obvious‘ ]
% «;%; B _between room temperature and 550°C, .
I Tests 3, 4'and:',an.Figure 4 show the effect of air pressure with
y -all other factors including surface the samet At approaimately 250°C
, W oxide frlms begin to.affect the surface on specimen 3rand the heating ]
o , B
: - rate increases rapidly; Specimen 4 heated in air pressure of on1§ ;
j B .0lmm Hg. does not show this sharp increase. - ) tf
g - The effect of air pressure on the radiation factor "£" is shown in ‘f
| | - a
‘ Figure 5 for tests 3, 4 and 5. The values of "f" are calculated from ’ff
equation (5). 1In test 3, "t" reaches a maximum ano then decreases - |
- » | o
§ o - 'Presumably because of a change from cupric to Cuprous oxide. Specimens i
; ‘ 2 quenched from slightiy above IOOOOC show a large proportion o(wged ;
g | cuprous oxioet The change from black to red can take place very ?
. o - - quickly because as stated by Pllling and Bedworth (11), the oxide ;
” D,,,; g always” predomlnantly cuprous ‘with only a thin f11m of cupric on %
the surface. | | %
Figure 6 shows the heatlng curves for three tests run at differentv ;
”A'Lir f power inputs but.all other factors the same, The.purpose was to deter- E
VS | | E
= mine,if the 1ength of time to reach a given temperature had any effect f
— -Onwtheﬁinstantaneoustvalue of "£". The transient values‘of "£" for : ~5é
- - these tests are shown in Figure 7 and isothermaifﬁ;es are drawn in

to permit comparison.

It 1s apparent that the longer heatlng tlmes,m, |

(slower rates) result in higher values of "

£" for a'given temperature

- . - - v I, . ; o -
- -IHII':"(I‘“I-.'EE\ i IR HId a0

11




particularly at the higher temperatures. The explanation for this is

,curves for tests 9 and 10 which are ident:ieal exeept for surface finish,

that the 'ﬁ:hi@kneee of the oxide fum, is time deéendent and "f" isa ~

function of film thickness. - S | : #
Another point of interest is the change in "f during heating as
a functien of initial surface finish Figure 8 shows the heating

L

7 Specimen 9 is degreased only and specimen 10 is electro'polished | The

radiation factor versus temperature curve for both specimens is shown |

‘ in Figure 9, As expected, there is a wide differenee between the two

~ .specimens at lower temperatures but above 550°C, the values of "f"

Y

are identical. This behavior of "f" manifests itself by the 90 second
heating time to 550°C for the degreased specimen compared to 26/,2
seconds for the electropolished specimen. The heating time from 550°C

to 1000%¢ is 42 seconds for hoth specimens.

12




B ~ DISCUSSION OF RESULTS FOR HEATING FACTOR "F" "
- 'Equetion‘(Q)' pro&ides a neanS‘for ceienieting~e heeting curve;
~ All_of theparameters can be measuned excegt "F" which accounts for the
- .‘ /~;\ B changes 1n specific heet end radiation properties upon heating. If a -
. heatiug curve for a particular materiel surface ;inish 'and atmosphere!
is available then an "F" versus temmerature curve can be evaluated from
.;i; } | equation (10) |
. - If it was necessary to run a test curve of-time versus temperature
“for each conditionlof interest then-the aovanteges of this approach
Qould be limited to calculating the effect of power weight and shape .
changes Far greater aaventege would be realized if the heating time
i - for an object could be calculated without the neednfor an experimental
heating curve.
'To accomplish this goal, the "F" curves for three test snecimens
having different initial surface conditions are plotted in Figure 10. :
Other conditionshof atmosphere and power input are identical as oescribed 3
in Figure 3. é
- 10 are approximately constant with respect to temperature. Therefore,
” it is"easy to interpolate for the curve of a'specimen'“having a different *
initial survface‘finish.“ _"A"s'guides, the interpolated "F" curVes for .
specimens heving.an' initiai 'radiation\ factor "fg" of 0.270 and 0.102 are
,:WM;W;ﬁWWW__ im;MWMW%BQWQLW.Iheminitial~radiation factor "f " is dependent on the surface (/*"’mi
B - “ff}gfcondition of the specimen at the beginning ot the heating cycle‘which ""f“;
; | I 1' is room tempereture (298° K) In”these.tests "fé is calCulatgqmgromfi:w:- ‘» TE
A fewheeting curve and equation (5). To eliminate the need for experimental o g;
13 ‘ - | S
) s ?




the proper. "F' curve.

,data it'would—be:necessary'to obtain "f by comparison with. known
‘surfaces or develop a me thod for determining "f " from.a knowledge of

surface roughness ‘and degree of oxidation. When "f " is known for a

‘Wspecvmen to be heated in air at one atmosphere pressure the values of

T'are readily obtained from Figure 10, and an accurate heating curve

- can be calculated.u
If the specimen is to be heated in atmOSpheres'having an oxygen
partial pressure less than that found in air at one atmosphere thenia

modification of the "F" curve is necessary. In Figure 11 the effect of

reduced,pressure on the’"F" curves for an electropolished specimen is

Ed

shown. The slope of the curve at 20mm Hg air pressure is 66 per cent

of the slope at 760 mm Hg. air pressure. Reducing the air pressure to

.Olmm Hg. reduces the slope of the a

F" cur%e to zero. This is consis-

tent with Pilling and Badworth (11) who found that lowering the oxygen

pressure has little effect on the oxidation rate until very low pressures

&

are obtained

As an example of using this information let us calculate thegww

heating curve for specimen 13 having f " equal to 0.140 when heated

in air at 20mm Hg. pressure . The specimen is 3/8 diameter and 1 3/32"

long. The pswer input is 1000 Watts

The first step is to determine

This is done by interpolation’of the curves in

Figure 10 and then the slope of the 1nterpolated curve is reduced by

..............

—0. 34 to account for the reduced pressure Using equation (9) the -

heating curve is calculated and compared to the test curve in Figure 12

Close agreement is apparent.

......

14 T




L e

D}As a second fllustration the hgating*curve for a specimen heated - o
at much reduced power is calculated in a similar manner. Specimen. 11

" has an "fomlequalktb 0.18 and a power input of/37i watts. The calculated

N

‘heating curve and the actual curve are compared in Figure 13. Note P

that the{@ctual heating-rate is somewhat faster at higher temperatures.
This is caused by thexhighéf radiation factors résultingfrom the
slower heating raté-as discussed in relation td Figure 7.

As a last check dn the validity of the equation; the heating curve
is calculated for-a\iarger specimen and a higher power input. Specimen
12 is'1/2_inch diaméter énd 1 3/32’inches long. The power input is
1300 watts. The calculated and actual heating curves are shown in
Figure 13.

Thus the heating times are accurately calculated based on a

~ knowledge of initial surface condition, atmosphere, power input,'area

and weight.

When the value of "F" is obtained by interpolation of Figure 10,

[ D

the small cuange in slope is accounted for. If the SIopeﬁis considered

i

t =

e
. .
\

the same for all values of "f " a small error will be introduced, but

it is possible to write a general equation for heating copper: _
S - - 7] : T
‘ _2 _ 1 r;an l(—— : T + 1:a.nh-1 A
.IMf_+2.02k(T-600)10° | (é:g) % K

’F_ K JL | | N h ~298

T Where £_= Initial radiation factor

= . e -k = Correction to account for environments other — —— —§

M

&
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(| GENERAL DISCUSSION

Basically there is no reason why the procedure used for copper -~

~f¢ould not be applied to other metals. Howevér,~if the metal undergpes-

a transformation on heating then the heat of transformation will reduce

L id

thej#lope,cf the time versusitemperature curve. It is apparent from

equation (5) that this would artificially 10wer'the calculated value

~_of the radiation factor.
The lowerIQOnductivity of some metais wiiI‘distort the values of

"£" and "F"Abecausé the equations were developéd on the basis of uniform
;temperaturé throughoﬁt the specimen. In the 3/8 inch diameter.copper

- specimens used in this investigation, the maximum.temperéture diffefence
was 12°C at QOOOC.  Increased size of'specimen Will also increase the

. non¥uniformity of témﬁérature and thérefore larger sizes should be

heéted at a slower rate if thé conélusions based on uniform temperature

are to remain reasonably valid. The reason that a non-uniform temper-

ature will distort the“radiation factor is that the radiation factor

is evaluated on‘the basis of the net power absorbed by the specimen.

........ S ‘ ,
This is the pro@uct of weight , specific heat and temperature change.

This investigation was based on radiant heating; except in a
vacuum there can' be convection heating or cooling. These convection

eftects-will be reflected in the values of "f" and "F". This may not

'be undesirable for "F" because the purpose of this factor is to predict

- heaffﬁg fimégwﬁﬁaégwéuspeéifiéd sé;%;fwgggégti;ns, However, if thé'

- “value pf'"f"as_apurelyrédiat%odmféctdr is desired-thennconvection

i} heiféQtSMWillmakéitigss_accuratéj. In these tests the quarts tubs-

%f compensated somewhat fdr the'convéction cooiingby,heating.ﬁP during

'3




Il

the test. 'As‘a resu1t‘of.these-bppOSing~faCtOrs;'itvwag calculated

Q

that the error in K" is zero at poom temperature, 2.5 per cent low:

‘ét’@ﬁooéwand 5 per cent high at 1000°C.

Curves of "f" versus temperature may be useful for calculating

heat losses in inductiongheating. The emittance of the part being

&

heated has a large effect on radiation heat losses. .Although these

B

losses may be‘negligible for rapid surface heating,}they become sig-

‘nificant for through heating when heating times become longer.

“~

Simpson (2) states that accurate heat loss calculations are difficult

*

because of the change in emittance of the work pieée; Information
given by the "f'" versus temperature curves should be useful in improving

the accuracy of the heat IOSS*calculations. The curves in Figure 5

suggest that a cdpper work piece heated in air at 20 mm Hg. would have

heat losses approximately one half those that occur in atmospheric
« e

LN

pressure.,




copper and presented in Figure 10. Failure to take into account the .

‘as shown by the "F" curve for specimen 3.

o g,

o< . coscwsions e

.These testS’shbw ciearly that the radiation properties dﬁ-copperM”

yomarworey

change appreciably with temperature whip heafing in air;'Thesé proper-
~fies are a function of ihitiai Surface'conditigp, environment and to
some extenf heating rate. This information is”ﬁseful in éituations
where the transient nature of the radiation prbpérties greatly affects
the results.as_in temperatufe measunement and in calculatidn Qf‘fagiant
heat losses. 4
The equation fdf calculatioﬁ of heating rates in focuséd infrared
Systems which takes into account the transient nature of the radiation
propertiés is shown to be,validf- The usefulness of the equation is

based on being able to predict the mannér in which thé radiation prop-

erties will var& during heating. This infommation was developed'for

variation of radiation properties as a function of temperature can

result in errors in calculated heating times as large as 175 per cenf

t —
9K (A 1 4

approximatioti by a single equation as follows:
: o - - é . % - T
= = - 1 ' tan-l Ag| * T + tanh 1 Agl T
.171f +2,02k(T-600) 105 ke | =

. | o | - | 298 -
'f*‘ff'Whére'fo = Initial radiation factor - o T

k M;wCorrectionatewaeceunt'fcr“envi?ﬁﬁﬁéﬁfs‘othefwwfffi

T m g than air at 1 atm(-)spherg pressure

— /




“*. | SUGGESTIONS FOR FUTURE WORK . “ -
The "F" curves for copﬁer'were found to be very regular and there-
fore easy to interpolate. Other metals should be investigated to

—_—

L]

cpuidSe'put‘inlén'@qﬁally‘useful form.
Focused infrared heating closely approéches a purely'iadiépt method
of,heating.wabther methods‘such as furnace heating usually include
cOnﬁeétioh effects. ‘bek could'bemdonéwfbmdetermine how‘usefui
the apprOach'would'be”for heéting calculations in a fﬁrhaée.
When a heating curve is calculated by the method outlined, it is
necessary'to'estimaté the'initial radiation prOperties of thé sur-
faée. 'A guide for fhis purpose could be mﬁde by correlating thé‘
.radiatioh properties.Qith a'wide'range of sufface finishes,
:u4. Referring to Figure 9, there appeafs to be a ﬁery rapid increase
in the radiation%factor between 300°C and 400°C. This is most

| / o] -

‘pronounced on the degreased sample. Work to determine the cause of

&

this would probably center on the formation of oxidesAin the tempér

g“b;

I

film stage.
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