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@ Course Outline

e Review of optical property definitions

¥ emissivity, absorptivity, total, spectral, directional,
hemispherical, intensity, power

e Conditions for grey/non-grey radiation analysis
¥ Consider spectral distributions of emitted and incident radiation

e Procedure to implement non-grey analysis in Thermal
Desktop

e Examples
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@ Spectral

Spectral Power (W/m2imicron)
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Distribution of Blackbody
Emissive Power

* Planck’s Radiation Law:
E(L,T) = (2rhc2/A5)/(ehe kT — 1)

* Flux (Q,,) = area under
curve

* Qpo1= oT*
c =5.6697 X 108
[W/m?2-K4]

e Curves have similar

shapes
Amay IS Proportional to 1/T

max

0.004 inches
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2 ‘ Blackbody Spectral Power: Log Plot

AT = 1448,-K Ao T = 2897p-K AT = 22917u-K
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z ‘ Percent Power vs Wavelength

Power Distribution
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—— 1% of Power 1% of power at A less
300 ——Wein's Maximum| | than 1448/T
a00 S50% of Power .
T 700 9% of Power Maximum power at A
E - of 2897/T, Also
E 25%/75% split
£ 500
m -
8§ a0 50% of power either
Z 0 side of A of 7393/T
=
200
99% of power at A
100 b % i
] | 1 7 less than 22,917/T
I:I T T T T | |
0 20 40 w0 80 100 120 140 160 180 200 220 240 Ze0 280 300
Temperature (K]

DG

2
=
=
=
@
O
>
o
o
3



@ Characterization of Real

Surface Behavior

e Materials are characterized by comparing their
behavior with respect to the ideal black body

¥ Nothing can emit more than a black body
Z Given by Planck’s Radiation Law
Z Equal intensity in all directions

I Intensity is Watts per projected area, per solid angle, per
wavelength interval

¥ Nothing can absorb more than a black body
Iz A blackbody absorbs all incident radiation
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@ Directional Spectral

Emissivity

e Dependent on wavelength, direction, and
surface temperature

1,(1,0,0,T,.... )dAcos@dsind d6 dp dA
1, (A, T i, JAACOSESING dO d dA

/1 (}L ‘99 (09 emltter)
/1b (/19 emltter)

‘91( ﬁ’ ‘99 ¢9 emltter)

g}t( /1 0 ¢a emltter)

lZ Power vs Intensity
lZ Subscripts: lambda, b
¥ Thermal Radiation Heat Transfer 4" Edition, Siegel and Howell
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@ Directional Emissivity Graphic

Emissivity compares actual energy leaving a surface in a given
direction, through a given solid angle, to that of a black body
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@ Power vs Intensity

e Power Is really a power flux:
v Spectral Hemispherical Emissive Power: [W/m?/..m]

v Total Hemispherical Emissive Power: [W/m?]
e Directional Intensity is power per unit projected

area, per solid angle:
v Directional Spectral Intensity: [W/m?/ ptm/ster]

e When integrated over all directions:
v E =Tl
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@ Hemispherical Spectral

Emissivity

e Directional spectral emissivity averaged over
the enclosing hemisphere

_[ r/z i,(1,0,0,T, .. )cosdsinddodedi
8/1(19]-1

emltter

j j i, (1,T,....)cosOsinddodeda

2 a2 .
/1b (2’9 emltter)j —0 j@:o ‘9/1( Z’a 99 (09 Temitter) COS QSIH 9 d@ d(D

‘9/1 (ﬂ,, emltter) - | (i T
Ab ”

emitter )7[

gﬂ (iﬁ emltter) = i '[gl( 2’9 99 ?, Temitter) COs 9 dCO

hemi

z dA, dA cancels, black body intensity is constant in all directions,
substitute directional spectral emissivity definition

2 new notation for hemispherical integration, E = 71 * |
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@ Hemispherical Total

Emissivity

e Integrate hemispherical spectral emissivity over
all wavelengths

j J. r/z' (A1,0,0,T....)cosOsin0do de dA

g(Temi er)_
i J.J- J‘ Lip (A, T gminer ) COS@SINO dO dp dA

_‘. Ab (/1’ emltter) J-g,I( ﬂ’) 09 @, Temitter) cosé da) dﬂ«

g(Temitter) — hemi
ﬂ-J‘ Ab (/19 emltter) dﬂ'

_‘.0 gﬂ( ﬂ” emltter) 721 b(/la emltter) dﬂ,

4
GTemitter

g(Temitter) —
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@ Terminology

Directional Spectral (basic fundamental definition):
g,(1,60,p,T)

Directional Total (integrate over all wavelengths):
e(0,p,T)

Hemispherical Spectral (integrate over all directions):
(4, T)

Hemispherical Total (integrate over all directions & wavelengths):
e(T)
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@ Absorptivity

e Defined as the fraction of energy incident on a
nody that is absorbed by the body

e Incident radiation depends on the source

v Spectral distribution of the source Is independent of
the temperature of the absorber
e More complex than emissivity, since directional
and spectral characteristics of the source must
be included

e Relations exist between emissivity and
absorptivity
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@ Directional Spectral
Absorptivity

energy absorbed

energy incident

d*QdA
1,;(4,0,p)dAcosO dew dA

2% (ﬂ’ 0, ®, Tabsorber ) —

2% (ﬂ“ 0, ®, Tabsorber ) —

(b)
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dA,

dAcosd dA,

Equivalent view of
Absorptivity

dAcos@d =dw dAcos @

R2

=3
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@ Kirchoff’'s Law

e Energy emitted by a surface in a particular
direction, solid angle, and wavelength interval

d ZQCM’ =& (ﬂ, ‘99 ?D, Temitter )i/lb (ﬂ’?Temitter )dA cosé da) dA

e Imagine surface placed in black enclosure at
the same temperature.

e The following must be true, otherwise surface
temperature would cool or warm on its own.

aﬂ, (/19 99 (DﬂT) — 8,1 (ﬂ“a 99 CD,T)
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@ Hemispherical Spectral

Properties (nhon-directional)

e For the rest of this discussion, we will ignore
directional dependence

g/l (ﬂ,, Tsurface) = l .8/1( /19 99 ®, Tsurface) cosé d(()
hemi
€, (ﬂ, Tsurface) = l‘c"/l( /19 99 ?, Tsurface) ICOSH d(()
T

hemi

‘9/1 (ﬂ“a Tsurface) — 5/1( ﬂ‘a ‘99 ¢9 Tsurface)
&, (19 Tsurface) =& (ﬂ“?T

surface )
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¢ ‘ Total Emissivity Calculations

3

3

5.0

0.0

E Blackbody Radiation
bb
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28K
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5 \
g 100 / \
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} ---..._.___\_
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] 20 a0 40 a0 &0 70 a0 o0 100
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DG

&(T) = [2(Epn, 1)(&, 1) (AM]/ Z(Epp 5, 1)(AL)

Wavelength dependent emissivity for UHV evaporated goid

Absorbtivity vs Wavelength for Gold surfaces at 300, 180 and 25K

0.016f \ I
0.014 \ A
ooz} )
z
E 0.01F
= 300 K
£ 0.008 - T p—
<L I I |
0.006 - _“__"i""“--.,__‘ N
]
0.004 ! 25K
| 2 ] !
1 2 5 10. 20. 50, 100.
Wavelength (um)
o4

Temperature dependence has two aspects: Different spectral distribution
of blackbody energy, and possible temperature dependent directional

spectral emissivity/absorptivity
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@ Total Absorptivity Calculations

Wavelength dependent emissivity for UHV evaporated gold

Solar Engineering of Thermal Processes, Duffie and Beckman Absorbtivity vs Wavelength for Gold surfaces at 300, 180 and 25K
2400 0.016f i 1 5
: 14 :
20001 G 0.0
s A 0.012
g 1600 — ’
2 &
3 =
g 1200+ 8 0.01F- ) |
= N 3 — || 300K
£ o 0.008} —
g 800 =y - — :
» 180 K L
§ 400 0.006 - ===
0 1 | 1 1 1 I S — — GrDD‘q' u ] 291K :
02 04 S 06, 08 M0 2 A - LE- 18 20 2% 2% %k
Wavelength, X, pm I | -
1 2 5 10. 20. 50. 100.

Figure 1.3.1 The NASA/ASTM standard spectral irradiance at the mean sun-earth distance and
a solar constant of 1353 W/m?2.

Wavelength (um)

o(T) = [Z(G;)(&, 1)(AN)] / Z(G;)(AL)

Total absorptivity is a function of the spectral distribution of the source,
and possibly the temperature of the absorbing surface.

Note the rise in emissivity of metals at short wavelengths, 3:1 typical
between absorptivity in solar and infrared wavelengths
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@ Radiation Exchange

Energy emitted by 1 g(T,)AoT
Energyincidenton2  F_,&,(T)AcT,
— (spectrum,) 4
Energy absorbed by 2 «, (T,)F_,&(T,)AoT,
Similarly,for2 >1  /™™™)\(T))F, .&,(T,)A0T,
1 2

To put this in the typical, reciprocal, radiation conductor form, where
Q2 = K1<—>2(7(T24 _T14)
The following must hold :
aéspectruml)(Tz)gl(Tl) _ al(spectrumz)(Tl)gz(Tz)
or
al(spectrumz)(Tl) — 51(T1) and aéspectruml)(Tz) _ 52(T2)
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7( ‘ Reciprocity Conditions

e Absorptivities evaluated using the spectral distribution of
Incoming radiation

e Emissivities evaluated using the blackbody radiation
from itself.

e Reciprocity holds when emissivities for all surfaces are
constant for all wavelengths that dominate the problem
(surfaces are grey)

¥ Find smallest wavelength from 98% power of hottest surface
¥ Find longest wavelength from 1% power of coldest surface

£ 200K to 350K would cover approximately 3 to 100 .«m.
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@ Real Materials

e Lets examine reciprocity and grey/non-grey
conditions considering some real world
materials

v Non-conductors

r Conductors

¥ Intentional non-grey
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¢ . Black Paint

Lo | - e At a given
0.3 ——— FAN AR Y wavelength, €.
N , .
0.6 doesn’t vary with
temperature
ook » Total emittance

may vary with

&
temperature as
o4}
the range of
[ wavelengths
Dozt shifts. (T) drops
as we get colder
T 2w o e e s

_rEuu Spectral emittanco of Cat.a Lac black paint at 4.2 K and
Curva applies to both tamperatures a3 In thurn 11.

Figurm 584
Spectral Emittance of Cat-A<Llac BIm:I: Paint
©at 4.2° and 77K
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@ Black Paint
Grey/Non-Grey Evaluation

e Suppose all surfaces are around 300K

v Peak Wavelength is approximately 10.:m, min is approximately
3,4m, max is approximately 80.cm. (chart 4).

v From the data, we see that the emissivity is fairly constant at
approximately .9 over that range of wavelengths

e What if we also have some surfaces around 40K?
v Peak — 751m, min — 30.tm, max — 600/.tm
v We see from the data that the emissivity varies from .9 to .3 (off
chart, best guess)
v This analysis should be done using a non-grey method
v Total emissivity at this temperature is approximately .5

2
=
=
=
@
o
>
2]
o
3



¢ ‘ Non-Grey Radiation Exchange

T=300K T=40K
Using our black paint

4 * +* 4
Q.,, x&a,0l =.9*9%cT,

S Q, ., < g,a,0T, =5*5*cT)
Q.,, «.810T,' -.255T,* not reciprocal!

: & Trying to use &,(T;) = «;, we would get
£,(300K) =.9 £,(40K)=.5 Q oC _45((7T4 _oT 4)
Q" = 5 a0~ g le2 2 1

Emissivities for all surfaces are not constant over all significant wavelengths, this
problem is non-grey. Heat from 1 to 2 is almost twice as much as grey analysis.

We've also had to assume that 1 illuminates 2 (and vice-versa) with a blackbody
“shaped” spectral distribution. Reflections further complicate problem. Absorptivity for
surface 2 from 2 to 1 back to 2 is closer to 0.5.
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@ Temperature Dependent

Emissivity

e Total Hemispherical Emissivity varies with
temperature for two reasons

v As temperature changes, spectral distribution of
blackbody energy changes. If emissivity vs
wavelength is not uniform, total emissivity will
change (previous example)

v Spectral emissivity, that is, the emissivity at a
particular wavelength, may be a function of
temperature

Iz Both blackbody shift and wavelength dependence
contribute to a total emissivity change with temperature
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¢ ‘ Metals

— For metals, radiation transfer is surface phenomenon
» All the action takes place within a few hundred angstroms of the surface
» Only very thin metal foils show any transparency

— For A > 8 um, g, = 0.00365(r/A) (r = electrical resistivity in ohm-cm)
— Since resistivity is proportional to temperature, g, is proportional to (T/A)”
— Therefore, o, is proportional to (T/A)*, total emittance is proportional to T

DG

Emittance of Platinum Model's Emiittance of Platinum
0,046 .'. )
0.0€90 ’?‘ o
0.005 T p—r /
% 0020 — =0k . OOS ~/
= 1 100 K E
T 0% T el ‘
W gozn o) W emn
\”‘-\“'.L\\ é
0.015 = ﬁ é
0.010 B S = oms =
0,005 T iy | O
0.000 ! %
’ 0.0
o] 1} a0 &0 =1 10 120 0 160 120 200 n o im 180 2m 280 g
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EMITTANCE, E

More Metals

Emittance of metals varies

( proportionally to electrical resistance
.12 -
/ Best conductors have lowest emittance
.10 P .
i Pure metals have lowest electrical
.08 & .
MOLYBRENUX /7 _—~ resistance

.08 / — * ALUMINUM

Alloys have higher emittances

Polished surfaces have lower
emittance

0 200 200 600 800 Usually better than VDA
TEMPERATURE ,

Annealing reduces electrical resistance
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@ Temperature Dependent
Emissivity and Reciprocity
e In order to use reciprocal radiation conductors (radks),
greyness must hold. That is, the emissivities of all

materials must be constant over the significant range of
wavelengths in the problem

e If total emissivity is a strong function of T, then most
likely your problem is not grey, and a traditional
analysis will not work.

e Cases where temperature dependent total emissivity
may be valid:
v Insignificant incident radiation (all goes to space, a’s out of the
picture)

v Spectral Emissivity is a horizontal line, which just raises or
lowers with temperature (still grey!)
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@ Intentional Non-Grey

e S0 far, the focus has been on typical types of
analysis where non-grey conditions may have
been neglected

e Some systems are intentionally non-grey

v Thermal Photovoltaics

lZ Contains a radiant heat source (600 C), a band gap filter,
and a photovoltaic cell that operates in a narrow band

v Annealing Processes for Silicon Wafers

Iz Optical properties can also change as a function of time as
the wafer grows
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7( . Thermal Photovoltaics

Blackbody

~ Spectrum Elgﬁgf
Transmitted
Spectrum
4 y: : Wasle
Reflected Heat
Spectrum
Photon Spectral TPV
Radiator Control Cell
Device

Figure 1. Schematic of TPV conversion components

Definitely Non-Grey!

Reflectance, 450 AOI

100

80
60

40

!
/

,IJ “! Interference

! \Filter
. / “\/Nf\
\'n, |I|' \“\)‘/I/\/
Plasma Filter
5 15 is
Wavelength (ram)

Band gap is at the peak wavelength of the radiation source

Thermalphotovoltaic Spectral Control, DM DePoy et al., American Institute of Aeronautics and Astronautics
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2 Non-Grey and Spectral
@ Temperature Dependent
Methods

e Non-grey problems are handled by breaking the
problem up into wavelength bands, such that within
each band, the problem becomes grey again.

v Banded approach takes care of £(T) changes

2 Even though total emissivity changes with temperature, if the
material’s spectral distribution is not temperature dependent, no
temperature dependent iteration is needed. Energy automatically
shifts between the bands.

e If there are temperature dependent spectral
emissivities, they must be handled in an iterative matter

¥ New radiation matrices (a matrix for each band) must be
computed for new temperatures
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@ Banded Approach

e With one band, we use the total emissivity and
radiate using the total emissive power oT *

¥  We assume that the absorptivity = total emissivity (greyness holds within band)

e With a banded approach, we break the problem
up into separate wavelength bands
04,4 >4, 4 >4, 4 >

¥ We also assume absorptivity = (band averaged) emissivity
 Absorptivity will always tend towards emissivity as the bands become narrower

e In each band, each node radiates with the
amount of energy in that band, instead of T *
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@ Banded Energy Balance

one band
Q1<—>2 = K1<_>2 (GT24 — UT14)

multi - band
Quoz = K (Foang (0,4, T,) 0T, = F g (0,4, T) 0T, ) +
K52 (Foana (hs 450 Tp) 0T, = Py (4, 4, T) 0T, ) +
K22 " (Foana (Aas 45, T,) 0T, = Py (A5, 45, T) 0T, ) +
. T
Klﬁ:;w( Foand (4,0, T,) UT24 — Foang (44,0, T;) 0T14 )

Z |:band (Aiviile;T) =1
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emissive power e}\b()«, T (\U‘

Band Fraction Function

Foand (A: 4, T) gives the fraction of energy radiated

.~ Distribution for between 4, and A, for a blackbody at temperature T

blackbody temperature T

i

¢ %

% ~ Band emission L E,,(4,T)dA 1 b
= ?"" for interval A; to Ay Foang (41545, T) =2 = T ) E,,(4,T)d4
g /y A = F 2 O'T4 J. E/‘Lb (A,T)dl
5 f M =Ag 0
@ 5 ~Emission under  Implemented as two integrals
§ /4 ” entire curve = oT* 1 1, i
: Fond (1122, T) = ([ Eip(A.T)dA - ["E,, (2. T)d]
2 %4 ;_-_'._ _ re-arranged in terms of the product AT

MR - 1 ¢4" Ep(A,T At B, (A,T

el 3 Frng U 2o T) = 22Dy my - [ 20Dy

FIGURE 1-11 Emitted energy in wavelength band. Fband (ﬂ’l , ZZ,T) = FO»ﬂ (AZT) — FO%/1 (ﬂ,lT)
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@ Fractional Blackbody

Emissive Power Function

L T
T |
i A
2606 |5216 7393 11067 41200| | AT, pm-°R
| 1448 __|2898 4107 6148 22890 |_| AT, pm-K i
1 25 50 75 98 Percent emissive
. J ' ! l ! power below AT
: I ! i | —T
| L]
! ! ﬁ : P ;
i
l 1N |
: -8 | | | II
t |
2 : H-HHA |
] | !
| |
5 6 ! : l/ﬁ i :
2 | Lo | |
5 | ﬂy | {
2 | TRk
§ .| LA ] l
R i !
S ' AL |
g | / ! l I
L 2 1 A s | |
: \ T l] f
\ ! | 1
I ] I H
| | i | I
oL | g [
2 4 6 .81 2 4 6 810009
Wavelength-temperature product AT, um - °R
l l A O I I | Loy
d 2 4 6 .8} 2 4 ot

Wavelength-temperature product AT, um - K

FIGURE 1-13 Fractional blackbody emissive power in the range 0 to A7T.

_ 2AC, = %
FO—)AT (ET)_ GC; _L eg _1d§

£=C, /AT

C,=hcZ, C,=hc,/k

h = Planck's constant = 6.626x10*J s

k = Boltzmann constant =1.3806x10%J / K
c, = the speed of light = 2.998x10°m/s

Both tabular and series form solutions are available
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@ Non-Grey Implementation
with Grey Radiation Tools
e Manually examine optical properties, pick wavelength bands,
and generate emissivities for each band

e Perform separate Radk calculations for each band, using the
appropriate set of emissivities

e Use separate submodels and generate “band-radiation”
nodes in each radk band (as sink or heater nodes)

v For node MAIN.200 generate MAIN_B1.200, MAIN_B2.200,
MAIN_B3.200, etc...

e Set the temperature for each band-radiation node so that it
matches the emissive power in the band

ol ;oo o1 = Foana (411 4, Tzoo)O'T 200
Perform a steady state or transient iteration

e Take the net heat flow Iinto each band-radiation node and
sum it into the parent node
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@ Implementation in Thermal
Desktop/RadCAD
e Non-grey and temperature varying spectral emissivity analysis
automated using Thermal Desktop/RadCAD

e Define wavelength and/or temperature dependent properties using
one form, under one optical property name

e Pick bands for radk run using Case Set Manager

e That's it!

v RadCAD will recognize banded analysis and automatically compute
required optical properties for each band, and automatically compute
radks for each band

v Sinda contains built-in logic to perform the band-fraction functions and
appropriate energy bookkeeping

v Dynamic link between Sinda and RadCAD if temperatures change
such that new radks are required
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Thermal Desktop
Optical Property Definition

r ™
Comment; | o Set Colar....

lJze Properties: [Wavelength Dependent for Badks, Basic for Heat Bate Calculations 'l

i | Wavelength Dependent s B
L = Enter 'Wavelength [micro-m], Emissivity
E miiszivity: 1 Edit Table... [¥] Use Table . —
a0m. 052 - Wavelength [micro-m], Emissivity
Tranzmissivity: Edit Table... [ 13000, 091
19000, 094 0.0
o : 20000, 082
5 pecularity: 0 Edit Table... [[1Use Table 30000, 095 —\
40000, 095 08l
.. . . 60.000. 078 Sk
Tramsmissive Specularity; 0 Edit Table... []Use Table 110000, 0§ E
1000.000, 01 -
. . . 0-7 |
Refractive Indices Fatio: 1 F \
2061
= F
=
-
‘E05
L C
041
03f
02+
01f
| | | | | | | | | | | | | | |
T 0 200 400 600 300 1000
1 L4 Wavelength [micro-m]
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@ Thermal Desktop Case Set

Manager Input

Select Case from Case Set

-

Case Set Manager | 23 | M
Editing 1 Case Set - wavelength - g
All Caze Sets Wavelength Bands For Calculations
. eavclend Radiation Tasks Radiaticn Analysis Data

Edit Radiation Task, selected
“Advanced Control”

@ Equal Increments

Analysis Group Job | Control | Advanced Control E

BASE Oct Cells Mumber of Increments:

Use Octree to accelerste calod Minimum W avelength: micra meters

Edit Wavelength Dependent
Properties

Max oct4ree subdivisions: W asimnumn W avelenath: micro meters

Max surfaces per cell:

© List
Random Number Seed Control 000900 Se I eCt Wave | e n gth ban d S
@ Use unigue random number s 100338880
() IUse same random number seed ?gﬂngggggﬂ T D/R C/S F d OeS th e reSt
500.000000
() Use same random number seed 1000000000

Modalization Schemes

@ General () Specific

Radk Calculation Spectrum - Used f

@ Infrared () Solar

Wavelength Dependent Properties
Enable Wavelength Dependent Calcs

Mot enabled
Run 1 Selected Ca E

Mot Enabled 10

[

oK ][ Cancel ][ Hep
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@ Examples

Demonstration
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Example 1
Two Parallel Plates

[@]AutoCAD 2004/Thermal Desktop 4.8 Beta 4 - [C:ACRTECHATFAWSA\2005\E xamples\TwoPlates\thermal48. dwa] ol
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@ Problem Description

Two Parallel Plates

e 1x1 rectangles separated by a distance of 16
e One rectangle held at 250 K.

e Spectral Emissivity Data for Cat-A-Lac black
paint used for analysis

e 1,000,000 rays per surface
v 1St case: constant emissivity of .92 for both surfaces

v 2nd case: constant emissivity of .92 for hot surface,
constant emissivity of .5 for cold surface

v 3" case: wavelength dependent for both surfaces
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@ Results
Two Parallel Plates

e Hot surface maintained at 250K

¥ Case 1, .92/.92: Cold surface 46.2 K
¥ Case 2, .92/.5 Cold surface 46.1 K
¥ Case 3, wave/wave Cold surface 42.9 K

e Why the same results for the cold surface for both
emissivity equal to .92 and .5 ?

¥ Cold surface comes to equilibrium based on heat absorbed
from the hot surface and radiation to space.

¥ Ratio remains essentially the same, at .92 it absorbs more heat
from the hot surface, but also radiates more to space. At .5, it
absorbs less, but also radiates less.

v In reality, the cold surface absorbs at .92, but radiates at .5!
Z Modeled correctly only using a wavelength dependent analysis
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Example 2
Simple Shields
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@ Problem Description
Simple Sheild
e 5 spherical shields

e Wavelength/Temperature dependent emissivity
using UHV evaporated gold data presented
earlier

e Three Cases:
v Constant Emissivity
v Temperature Dependent Total Emissivity (still grey)

v Temperature Dependent Spectral Emissivity (non-
grey)
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7( ‘ Simple Shield Results

Min Temp Max Temp
Constant Emissivity 31.55 658.2
Temp dep Total Emissivity 31.77 658.8
Wavelength & Spectral Temp Dep 52.77 617.7

Temperature dependent Total Emissivity gives
the same answers as constant emissivity, for the
same reason as the two parallel plates.

Using total emissivity as a function of temperature
IS not a good approximation to a true non-grey
analysis
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@ Summary

e Examine optical properties and range of temperatures
to determine if problem is non-grey

e Implemented and Automated in Thermal Desktop
v Wavelength and temperature dependent optical property input

¥ Automatic breakdown and computation of bands
¥ Dynamic feature for temperature dependent radiation networks
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